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Preface

This handbook is a subset of the Encyclopedia of Reagents for
Organic Synthesis (EROS), a knowledge base with detailed
information on organic-chemical reagents and catalysts. As of
mid-2016, the online collection offers reviews on 4959 differ-
ent reagents and catalysts that are regularly updated. To keep
up with the continual evolution in the field, about 200 new
or updated reagent articles are added per year to the online
database.

In addition to the complete collection that is available only
online (see http://wileyonlinelibrary.com/ref/eros), a number
of highly focused single-volume handbooks in print and elec-
tronic format on editor-selected subjects have been published
(Handbook for Reagents in Organic Synthesis, HROS). Recent
titles in the HROS series include:

• Reagents for Organocatalysis
Edited by Tomislav Rovis (2016)

• Reagents for Heteroarene Functionalization
Edited by André B. Charette (2015)

• Catalytic Oxidation Reagents
Edited by Philip L. Fuchs (2013)

• Reagents for Silicon-Mediated Organic Synthesis
Edited by Philip L. Fuchs (2011)

• Sulfur-Containing Reagents
Edited by Leo A. Paquette (2010)

• Reagents for Radical and Radical Ion Chemistry
Edited by David Crich (2009)

Data mining of EROS user downloads guided by editorial
adjudication has yielded the present collection of 52 often-used
reagents that will facilitate the daily laboratory endeavor of
every organic chemist. The collection contains oxidants (15),
reductants (10), metal and organic catalysts (11), Brønsted and
Lewis acids (8), and bases (6), to cite a few general mechanistic
categories.

We hope that this handbook will prove to be an invaluable
primary resource for both beginning graduate students and ex-
perienced Ph.D. researchers.

Philip L. Fuchs
Purdue University, West Lafayette, IN, USA

André B. Charette
Université de Montréal, Montréal, Québec, Canada

Tomislav Rovis
Colorado State University, Fort Collins, CO, USA

Jeffrey W. Bode
ETH Zürich, Switzerland

http://wileyonlinelibrary.com/ref/eros




Short Note on InChIs and InChIKeys

The IUPAC International Chemical Identifier (InChITM) and its
compressed form, the InChIKey, are strings of letters represent-
ing organic chemical structures that allow for structure search-
ing with a wide range of online search engines and databases
such as Google and PubChem. While they are obviously an
important development for online reference works, such as
Encyclopedia of Reagents for Organic Synthesis (e-EROS),
readers of this volume may be surprised to find printed InChI
and InChIKey information for each of the reagents.

We introduced InChI and InChIKey to e-EROS in autumn
2009, including the strings in all HTML and PDF files. While
we wanted to make sure that all users of e-EROS, the second

print edition of EROS, and all derivative handbooks would
find the same information, we appreciate that the strings will
be of little use to the readers of the print editions, unless they
treat them simply as reminders that e-EROS now offers the
convenience of InChIs and InChIKeys, allowing the online
users to make best use of their browsers and perform searches
in a wide range of media.

If you would like to know more about InChIs and
InChIKeys, please go to the e-EROS website: www.
wileyonlinelibrary.com/ref/eros and click on the InChI and
InChIKey link.

http://www.wileyonlinelibrary.com/ref/eros
http://www.wileyonlinelibrary.com/ref/eros




General Abbreviations

Ac acetyl
acac acetylacetonate
AIBN 2,2′-azobisisobutyronitrile
Ar aryl

BBN borabicyclo[3.3.1]nonane
BCME dis(chloromethyl)ether
BHT butylated hydroxytoluene (2,6-di-t-butyl-p-

cresol)
BINAL-H 2,2′-dihydroxy-1,1′-binaphthyl-lithium alu-

minum hydride
BINAP 2,2′-bis(diphenylphosphino)-1,1′-

binaphthyl
BINOL 1,1′-bi-2,2′-naphthol
bipy 2,2′-bipyridyl
BMS borane–dimethyl sulfide
Bn benzyl
Boc t-butoxycarbonyl
BOM benzyloxymethyl
bp boiling point
Bs brosyl (4-bromobenzenesulfonyl)
BSA N,O-bis(trimethylsilyl)acetamide
Bu n-butyl
Bz benzoyl

CAN cerium(IV) ammonium nitrate
Cbz benzyloxycarbonyl
CDI N,N′-carbonyldiimidazole
CHIRAPHOS 2,3-bis(diphenylphosphino)butane
Chx =Cy
cod cyclooctadiene
cot cyclooctatetraene
Cp cyclopentadienyl
CRA complex reducing agent
CSA 10-camphorsulfonic acid
CSI chlorosulfonyl isocyanate
Cy cyclohexyl

d density
DABCO 1,4-diazabicyclo[2.2.2]octane
DAST N,N′-diethylaminosulfur trifluoride
dba dibenzylideneacetone
DBAD di-t-butyl azodicarboxylate
DBN 1,5-diazabicyclo[4.3.0]non-5-ene
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCC N,N′-dicyclohexylcarbodiimide
DCME dichloromethyl methyl ether
DDO dimethyldioxirane
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
de diastereomeric excess

DEAD diethyl azodicarboxylate
DET diethyl tartrate
DIBAL diisobutylaluminum hydride
DIEA =DIPEA
DIOP 2,3-O-isopropylidene-2,3-dihydroxy-1,4-

bis-(diphenylphosphino)butane
DIPEA diisopropylethylamine
diphos =dppe
DIPT diisopropyl tartrate
DMA dimethylacetamide
DMAD dimethyl acetylenedicarboxylate
DMAP 4-(dimethylamino)pyridine
DME 1,2-dimethoxyethane
DMF dimethylformamide
dmg dimethylglyoximato
DMPU N,N′-dimethylpropyleneurea
DMS dimethyl sulfide
DMSO dimethyl sulfoxide
DMTSF dimethyl(methylthio) sulfonium

tetrafluoroborate
dppb 1,4-bis(diphenylphosphino)butane
dppe 1,2-bis(diphenylphosphino)ethane
dppf 1,1′-bis(diphenylphosphino)ferrocene
dppp 1,3-bis(diphenylphosphino)propane
DTBP di-t-butyl peroxide

EDA ethyl diazoacetate
EDC 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide
EDCI =EDC
ee enantiomeric excess
EE 1-ethoxyethyl
Et ethyl
ETSA ethyl trimethylsilylacetate
EWG electron withdrawing group

Fc ferrocenyl
Fmoc 9-fluorenylmethoxycarbonyl
fp flash point

Hex n-hexyl
HMDS hexamethyldisilazane
HMPA hexamethylphosphoric triamide
HOBt l-hydroxybenzotriazole
HOBT =HOBt
HOSu N-hydroxysuccinimide

Im imidazole (imidazolyl)
Ipc isopinocampheyl
IR infrared



xiv GENERAL ABBREVIATIONS

KHDMS potassium hexamethyldisilazide

LAH lithium aluminum hydride
LD50 dose that is lethal to 50% of test subjects
LDA lithium diisopropylamide
LDMAN lithium 1-(dimethylamino)naphthalenide
LHMDS =LiHMDS
LICA lithium isopropylcyclohexylamide
LiHMDS lithium hexamethyldisilazide
LiTMP lithium 2,2,6,6-tetramethylpiperidide
LTMP =LiTMP
LTA lead tetraacetate
lut lutidine

m-CPBA m-chloroperbenzoic acid
MA maleic anhydride
MAD methylaluminum bis(2,6-di-t-butyl-4-

methylphenoxide)
MAT methylaluminum bis(2,4,6-tri-t-

butylphenoxide)
Me methyl
MEK methyl ethyl ketone
MEM (2-methoxyethoxy)methyl
MIC methyl isocyanate
MMPP magnesium monoperoxyphthalate
MOM methoxymethyl
MoOPH oxodiperoxomolybdenum(pyridine)-

(hexamethylphosphoric triamide)
mp melting point
MPM =PMB
Ms mesyl (methanesulfonyl)
MS mass spectrometry; molecular sieves
MTBE methyl t-butyl ether
MTM methylthiomethyl
MVK methyl vinyl ketone

n refractive index
NaHDMS sodium hexamethyldisilazide
Naph naphthyl
NBA N-bromoacetamide
nbd norbornadiene (bicyclo[2.2.1]hepta-

2,5-diene)
NBS N-bromosuccinimide
NCS N-chlorosuccinimide
NIS N-iodosuccinimide
NMO N-methylmorpholine N-oxide
NMP N-methyl-2-pyrrolidinone
NMR nuclear magnetic resonance
NORPHOS bis(diphenylphosphino)bicyclo[2.2.1]-hept-

5-ene
Np =Naph

PCC pyridinium chlorochromate
PDC pyridinium dichromate
Pent n-pentyl
Ph phenyl
phen 1,10-phenanthroline
Phth phthaloyl

Piv pivaloyl
PMB p-methoxybenzyl
PMDTA N,N,N′,N′′,N′′-pentamethyldiethylene-

triamine
PPA polyphosphoric acid
PPE polyphosphate ester
PPTS pyridinium p-toluenesulfonate
Pr n-propyl
PTC phase transfer catalyst/catalysis
PTSA p-toluenesulfonic acid
py pyridine

RAMP (R)-1-amino-2-(methoxymethyl)pyrrolidine
rt room temperature

salen bis(salicylidene)ethylenediamine
SAMP (S)-1-amino-2-(methoxymethyl)pyrrolidine
SET single electron transfer
Sia siamyl (3-methyl-2-butyl)

TASF tris(diethylamino)sulfonium
difluorotrimethylsilicate

TBAB tetrabutylammonium bromide
TBAF tetrabutylammonium fluoride
TBAD =DBAD
TBAI tetrabutylammonium iodide
TBAP tetrabutylammonium perruthenate
TBDMS t-butyldimethylsilyl
TBDPS t-butyldiphenylsilyl
TBHP t-butyl hydroperoxide
TBS =TBDMS
TCNE tetracyanoethylene
TCNQ 7,7,8,8-tetracyanoquinodimethane
TEA triethylamine
TEBA triethylbenzylammonium chloride
TEBAC =TEBA
TEMPO 2,2,6,6-tetramethylpiperidinoxyl
TES triethylsilyl
Tf triflyl (trifluoromethanesulfonyl)
TFA trifluoroacetic acid
TFAA trifluoroacetic anhydride
THF tetrahydrofuran
THP tetrahydropyran; tetrahydropyranyl
Thx thexyl (2,3-dimethyl-2-butyl)
TIPS triisopropylsilyl
TMANO trimethylamine N-oxide
TMEDA N,N,N′,N′-tetramethylethylenediamine
TMG 1,1,3,3-tetramethylguanidine
TMS trimethylsilyl
Tol p-tolyl
TPAP tetrapropylammonium perruthenate
TBHP t-butyl hydroperoxide
TPP tetraphenylporphyrin
Tr trityl (triphenylmethyl)
Ts tosyl (p-toluenesulfonyl)
TTN thallium(III) nitrate

UHP urea–hydrogen peroxide complex

Z =Cbz
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2 BIS(DIBENZYLIDENEACETONE)PALLADIUM(0)

Bis(dibenzylideneacetone)palladium(0)

CHCOCH CHPh)2Pd(PhCH

[32005-36-0] C34H28O2Pd (MW 575.01)
InChI = 1S/2C17H14O.Pd/c2*18-17(13-11-15-7-3-1-4-8-15)14-

12-16-9-5-2-6-10-16;/h2*1-14H;/b2*13-11+,14-12+;
InChIKey = UKSZBOKPHAQOMP-SVLSSHOZSA-N

(catalyst for allylation of stabilized anions,1 cross coupling of
allyl, alkenyl, and aryl halides with organostannanes,2 cross
coupling of vinyl halides with alkenyl zinc species,3 cyclization
reactions,4 and carbonylation of alkenyl and aryl halides,5 air sta-
ble Pd0 complex used as a homogeneous Pd0-precatalyst in the

presence of additional external ligands)

Alternative Name: palladium(0) bis(dibenzylideneacetone).
Physical Data: mp 135 ◦C (dec).
Solubility: insoluble in H2O, soluble in organic solvents

(dichloromethane, chloroform, 1,2-dichloroethane, acetone,
acetonitrile, benzene, and others)

Form Supplied in: black solid; commercially available.
Preparative Method: prepared by the addition of sodium acetate

to a hot methanolic solution of dibenzylideneacetone (dba)
and Na2[Pd2Cl6] (from Palladium(II) Chloride and NaCl),
cooling, filtering, washing with MeOH, and air drying, gives
Pd(dba)2; which is formulated more correctly as [Pd2(dba)3]-
dba.6,12a Alternatively, palladium(II) chloride, sodium acetate,
and dba can be added to a 40 ◦C methanolic solution, cooled,
filtered, and washed copiously with H2O and acetone, in suc-
cession, and dried in vacuo.112a

Handling, Storage, and Precautions: moderately air stable in the
solid state; slowly decomposes in solution to metallic palladium
and dibenzylideneacetone.

Tris(dibenzylideneacetone)dipalladium(0)-Chloroform

O

PhPh
2

Pd

[52522-40-4] C52H43Cl3O3Pd2 (MW 1035.14)
InChI = 1/3C17H14O.CHCl3.2Pd/c3*18-17(13-11-15-7-3-1-4-

8-15)14-12-16-9-5-2-6-10-16;2-1(3)4;;/h3*1-14H;1H;;/
b3*13-11+,14-12+;;;

InChIKey = LNAMMBFJMYMQTO-FNEBRGMMBW

Alternative Name: dipalladium-tris(dibenzylideneacetone)-
chloroform complex.

Physical Data: mp 131–135 ◦C,111 122–124 ◦C (dec).6,112

Solubility: insoluble in H2O; soluble in chloroform, dichloro-
methane, and benzene.

Form Supplied in: purple solid; commercially available.
Preparative Method: the reaction of Na2[Pd2Cl6] and dba give

Bis(dibenzylideneacetone)palladium(0), [Pd(dba)2dba], re-
crystallization from chloroform displaces the uncoordinated
dba with chloroform to gives the title reagent as deep purple
needles.112a

Tris(dibenzylideneacetone)dipalladium

O

PhPh
3

Pd2•CHCl3

[51364-51-3] C51H42O3Pd2 (MW 915.72)
InChI = 1/3C17H14O.2Pd/c3*18-17(13-11-15-7-3-1-4-8-15)14-

12-16-9-5-2-6-10-16;;h3*1-14H;;/b3*13-11+,14-12+;;
InChIKey = CYPYTURSJDMMP-WVCUSYJEBM

Alternative Name: dipalladium-tris(dibenzylideneacetone).
Physical Data: mp 152–155 ◦C.6a

Form Supplied in: dark purple to black solid; commercially
available.

Preparative Method: prepared from dba and sodium tetra-
chloropalladate.6a

Original Commentary

John R. Stille
Michigan State University, East Lansing, MI, USA

Allylation of Stabilized Anions. Pd(dba)2 is an effective
catalyst for the coupling of electrophiles and nucleophiles, and has
found extensive use in organic synthesis (for a similar complex
with distinctive reactivities, see also Tris(dibenzylideneacetone)-
dipalladium). Addition of a catalytic amount of Pd(dba)2 activates
allylic species, such as allylic acetates or carbonate derivatives,
toward nucleophilic attack.1 The intermediate organometallic
complex, a π-allylpalladium species, is formed by backside
displacement of the allylic leaving group, and stereochemical
inversion of the original allylic position results. Subsequent nucle-
ophilic attack on the external face of the allyl ligand displaces the
palladium in this double inversion process to regenerate the orig-
inal stereochemical orientation (eq 1).7 The allylpalladium inter-
mediate can also be generated from a variety of other substrates,
such as allyl sulfones,8 allenes,9 vinyl epoxides,10 or α-allenic
phosphates.11 In general, the efficiency of Pd(dba)2 catalysis is
optimized through the addition of either Triphenylphosphine or
1,2-Bis(diphenylphosphino)ethane (dppe).

OAc
CO2Me

CO2Me
1% Pd(dba)2, dppe
NaCH(CO2Me)2

THF, rt, 48 h
83%

>95% cis

(1)

The anions of malonate esters,12 cyclopentadiene,12 β-
keto esters,13 ketones,13,14 aldehydes,14 α-nitroacetate esters,15

Meldrum’s acid,15 diethylaminophosphonate Schiff bases,16 β-
diketones,17 β-sulfonyl ketones and esters,17 and polyketides18,19

represent the wide variety of carbon nucleophiles effective in
this reaction. Generation of the stabilized anions normally is

Essential Reactions for Organic Synthesis, First Edition. Edited by Philip L. Fuchs.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



3 BIS(DIBENZYLIDENEACETONE)PALLADIUM(0)

accomplished by addition of Sodium Hydride, Potassium Hy-
dride, or basic Alumina15 However, when allyl substrates such as
allylisoureas,14 allyl oxime carbonates,17 or allyl imidates20

are used, the allylation reaction proceeds without added base.
Nitrogen nucleophiles, such as azide10 and nucleotide21 anions,
are useful as well.

The coupling reaction generally proceeds regioselectively with
attack by the nucleophile at the least hindered terminus of the al-
lyl moiety,22 accompanied by retention of alkene geometry (eq 2).
Even electron-rich enol ethers can be used as the allylic moiety
when an allylic trifluoroacetyl leaving group is present.23 When
steric constraints of substrates are equivalent, attack will occur at
the more electron rich site.19 Although this reaction is usually per-
formed in THF, higher yields and greater selectivity are observed
for some systems with the use of DME, DMF, or DMSO.14,16,20

Alternatively, Pd(dba)2 can promote efficient substitution of al-
lylic substrates in a two-phase aqueous–organic medium through
the use of P(C6H4-m-SO3Na)3 as a phase transfer ligand.24

(2)

OAc CHE2

+

CHE2

1% Pd(dba)2, dppe
NaCHE2

THF, rt, 48 h
E = CO2Me

(E) isomer
(Z) isomer

47%
62%

 95 (E only):5
 76 (Z only):23

Intramolecular reaction of a β-dicarbonyl functionality with a
π-allyl species can selectively produce three-,25 five-,25 or six-
membered26 rings (eq 3).

E

OAcO

E E

E

O

E EH

H
NaH, Pd(dba)2, PPh3

THF, 65 °C, 10 h
75%

(3)

E = CO2Me >98% cis

Asymmetric Allylation Reactions. Employing chiral biden-
tate phosphine ligands in conjunction with Pd(dba)2 promotes
allylation reactions with moderate to good enantioselectivities,
which are dependent upon the solvent,27 counterion,28 and
nature of the allylic leaving group.27 Chiral phosphine ligands
have been used for the asymmetric allylation of α-hydroxy acids
(5–30% ee),29 the preparation of optically active methyl-
enecyclopropane derivatives (52% ee),22 and chiral 3-
alkylidenebicyclo[3.3.0]octane and 1-alkylidenecyclohexane
systems (49–90% ee).27 Allylation of a glycine derivative pro-
vides a route to optically active α-amino acid esters (eq 4).28 The
intramolecular reaction can produce up to 69% ee when vicinal
stereocenters are generated during bond formation (eq 5).30

N

CO2Me

Ph

Ph

1. LDA, –78 °C, THF
2. CH2=CHCH2OAc
    1.5% Pd(dba)2
    (+)-DIOP

3. 10% HCl
4. K2CO3

CO2Me

NH2

(4)

60%
57% ee

7% Pd(dba)2
(–)-CHIRAPHOS

K2CO3

THF, –51 °C, 3 h
65%

69% eeN
H

AcO
NO2

N
H

NO2

(5)

Cross-coupling Reactions. Allylic halides,5,31 aryl diazo-
nium salts,32 allylic acetates,33 and vinyl epoxides34 are excellent
substrates for Pd(dba)2 catalyzed selective cross-coupling reac-
tions with alkenyl-, aryl-, and allylstannanes. The reaction of an
allylic halide or acetate proceeds through a π-allyl intermediate
with inversion of sp3 stereochemistry, and transmetalation with
the organostannane followed by reductive elimination results in
coupling from the palladium face of the allyl ligand. Coupling pro-
duces overall inversion of allylic stereochemistry, a preference for
reaction at the least substituted carbon of the allyl framework, and
retention of allylic alkene geometry. In addition, the alkene geom-
etry of alkenylstannane reagents is conserved (eq 6). Functional
group compatibility is extensive, and includes the presence of
CO2Bn, OH, OR, CHO, OTHP, β-lactams, and CN functionality.

CO2Me

Cl
Bu3Sn

CO2Bn
3% Pd(dba)2

PPh3

THF, 5 °C
87%

CO2Me

+
CO2Bn

(6)

Similar methodology is used for the coupling of alkenyl halides
and triflates with 1) alkenyl-, aryl-, or alkynylstannanes,35 2)
alkenylzinc species,3,36 or 3) arylboron species.37 This method-
ology is applied in the synthesis of cephalosporin derivatives
(eq 7),35 and can be used for the introduction of acyl3,36 and
vinylogous acyl3 equivalents (eq 8).

N

S

O

RN
H

Ph2CHO2C

OTf

OP

Bu3Sn
N

S

O

RN
H

Ph2CHO2C

3

2% 
Pd(dba)2,

, ZnCl2

Ph

O

25 °C
65%

(7)

R = 

ZnCl

OEt

Ph

Br
1. 5% Pd(dba)2
    PPh3, THF

2. HCl, H2O

Ph

(8)

O

68%

+

Intramolecular Reaction with Alkenes. Palladium π-allyl
complexes can undergo intramolecular insertion reactions with
alkenes to produce five- and six-membered rings through a
‘metallo-ene-type’ cyclization.4 This reaction produces good
stereoselectivity when resident chirality is vicinal to a newly
formed stereogenic center (eq 9), and can be used to form
tricyclic and tetracyclic ring systems through tandem insertion
reactions.38 In the presence of Pd(dba)2 and triisopropyl phos-
phate, α,β-alkynic esters and α,β-unsaturated enones undergo
intramolecular [3 + 2] cycloaddition reactions when tethered to
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methylenecyclopropane to give a bicyclo[3.3.0]octane ring sys-
tem (eq 10).39

OAc
BnO BnO

7% Pd(dba)2
PPh3

AcOH, 80 °C
6 h

72%

(9)

trans:cis = 93:7

O

Ph

Ph

O

Ph

PhH

H

11% Pd(dba)2
P(O-i-Pr)3

toluene, 110 °C
42 h
47%

(10)

Carbonylation Reactions. In the presence of CO and
Pd(dba)2, unsaturated carbonyl derivatives can also be pre-
pared through carbonylative coupling reactions. Variations of
this reaction include the initial coupling of allyl halides with
carbon monoxide, followed by a second coupling with either
alkenyl- or arylstannanes (eq 11).5 This reaction proceeds with
overall inversion of allylic sp3 stereochemistry, and retains the
alkene geometry of both the allyl species and the stannyl group.
Similarly, aryl and alkenyl halides will undergo carbonyla-
tive coupling to generate intermediate acylpalladium complexes.
Intermolecular reaction of these acyl complexes with HSnBu3 pro-
duces aldehydes,35,40 while reaction with MeOH or amines gen-
erates the corresponding carboxylic acid methyl ester41 or amides,
respectively.42

EtO2C Br

OMe

THPO

Bu3Sn

EtO2C

OMe

(11)

THPO

3% Pd(dba)2
PPh3

55 psi CO
THF, 50 °C

75%

O

+

Palladium acyl species can also undergo intramolecular acyl-
palladation with alkenes to form five- and six-membered ring
γ-keto esters through exocyclic alkene insertion (eq 12).43 The
carbonylative coupling of o-iodoaryl alkenyl ketones is also
promoted by Pd(dba)2 to give bicyclic and polycyclic quinones
through endocyclization followed by β-H elimination.44 Sequen-
tial carbonylation and intramolecular insertion of propargylic and
allylic alcohols provides a route to γ-butyrolactones (eq 13).45

600 psi CO
5% Pd(dba)2

2 equiv MeOH
NEt3, 36 h

73%

I

O

OMe

O
(12)

(13)
OH O O

20 atm CO
4% Pd(dba)2

dppb

DME, 150 °C
48 h
80%

First Update

F. Christopher Pigge
University of Iowa, Iowa City, IA, USA

Bis(dibenzylideneacetone)palladium(0) or Pd(dba)2 continues
to be a popular source of Pd(0), used extensively in transi-
tion metal-catalyzed reactions. The reagent is widely available
from commercial sources and exhibits greater air stability than
Pd(PPh3)4. The dba ligands are generally viewed as weakly co-
ordinated and so are readily displaced by added ligands (usually
mono- or bidentate phosphines) to generate active catalysts. De-
tailed mechanistic studies, however, have revealed that dba ligands
are not as innocent as originally thought and exert a profound in-
fluence upon catalyst activity through formation of mixed ligand
species of the type (dba)PdL2 (L = phosphine).46 The reagent is
also a convenient source of phosphine-free Pd(0). Synthetic ap-
plications of Pd(dba)2 include catalysis of allylic alkylation reac-
tions, various cross-coupling reactions, Heck-type reactions, and
multi-component couplings.

Allylation of Stabilized Anions. Electrophilic π-allyl Pd(0)
complexes can be generated from Pd(dba)2 and functionalized al-
lylic acetates, carbonates, halides, etc. These complexes are sus-
ceptible to reaction with a range of stabilized nucleophiles, such as
malonate anions. Alkylation usually occurs at the less-substituted
allylic terminus. Silyl-substituted π-allyl complexes undergo re-
gioselective alkylation at the allyl terminus farthest removed from
the silyl group (eq 14).47

SiMe3

OAc

NaCH(CO2Et)2

THF

EtO2C

SiMe3CO2Et

5% Pd(dba)2

5% dppe

67%

(14)

Allylic alkylation catalyzed by Pd(dba)2 and (iPrO)3P has been
used for incorporation of nucleobases (pyrimidines and purines)
into carbocyclic nucleoside analogs.48 In certain cases, unstabi-
lized nucleophiles have been found to participate in allylic alky-
lation reactions. For example, an allenic double bond is suffi-
ciently nucleophilic to react with the π-allyl complex generated
upon heating Pd(dba)2 and 1 in toluene (eq 15).49 Formation of
the trans-fused product (2) was interpreted to arise via the dou-
ble inversion pathway commonly observed in conventional Pd-
catalyzed allylic alkylation reactions. Interestingly, changing to a
coordinating solvent (CH3CN) resulted in allene insertion into the
π-allyl complex to form the isomeric cis-fused product (3).

Asymmetric Allylation Reactions. Enantioselective allylic
alkylation is used extensively in asymmetric synthesis with chiral
nonracemic phosphines often serving as the source of enantio-
discrimination.50 A monodentate phosphabicyclononane deriva-
tive in conjunction with Pd(dba)2 was found to be effective in
promoting the asymmetric allylation of 2-substituted cyclopen-
tenyl and cyclohexenyl carbonates with malonate and sulfonamide
nucleophiles with ee’s ranging from 50 to 95% (eq 16).51
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AcO C

EE

PhMe

CH3CN

E

E

E

E

E = CO2Me

1

5% Pd(dba)2

90%

5% Pd(dba)2

90%

2

3

(15)

OCO2Me

Ph
CH2(CO2Me)2

ClCH2CH2Cl

CH(CO2Me)2

Ph

P

Ph

2% Pd(dba)2

4% L

BSA, LiOAc

97%
95% ee

L =

(16)

Catalysts generated from aminophosphine phosphinite chelates
and Pd(dba)2 were found to be effective at promoting alkylation of
1,3-diphenylpropenyl acetate with low to moderate enantiomeric
excess.52 An unusual monoylide monophosphine ligand (Yliphos)
structurally related to BINAP also has been used to generate an
active asymmetric allylic alkylation catalyst from Pd(dba)2.53 Ax-
ially chiral allenes have been prepared via asymmetric alkylation
of in situ-generated alkylidene π-allyl palladium complexes. The
reaction proceeds with reasonable levels of stereocontrol in the
presence of BINAP (eq 17)54 or a modified bis(silyl)-substituted
BINAP derivative.55 Interestingly, higher levels of enantioselec-
tivity were observed in reactions using catalysts generated from
Pd(dba)2 and BINAP than in reactions performed using preformed
Pd(BINAP)2. It is believed that the presence of dba in the re-
action mixture promotes equilibration of two diastereomeric (π-
allyl)Pd(BINAP) intermediates.

R Br

10% Pd(dba)2

10% BINAP

Nuc
base

C
R

Nuc

41–89% ee

Nuc = C(NHAc)(CO2Et)2; CMe(CO2Me)2

(17)
H

Cross-coupling Reactions. Metal-mediated C–C and C–X
bond formation via various cross-coupling reactions has emerged
as a powerful tool in organic synthesis. Palladium-catalyzed
processes are ubiquitous and Pd(dba)2 is frequently employed as
a catalyst precursor. Cross-coupling sequences involving π-allyl
palladium complexes generally proceed with overall inversion of

stereochemistry with respect to the allylic leaving group and so
are stereocomplementary to allylic alkylation reactions. Stereo-
and regioselectivities of alkylation and cross-coupling reactions
involving substituted cyclic (π-allyl)Pd intermediates have been
investigated. Tetrabutylammonium triphenyldifluorosilicate
(TBAT) was found to be a better transmetallation agent than an
organostannane (eq 18).56

OBz

CH3

10% Pd(dba)2

10% PPh3

TBAT
THF
91%

Ph

CH3 CH3

Ph
+

10:1

(18)

Readily available functionalized aryl siloxanes are also
viable cross-coupling partners for Pd(dba)2-catalyzed allylic
arylations.57 A mixture of 5% Pd(dba)2, allylic halide, and in
situ-generated aryl zinc reagent produces allylated arenes in high
yield.58 Aryl boronic acids have been converted to allylated arenes
as well.59 Diastereoselective intramolecular Stille-type coupling
of two allylic moieties (allylic acetate and allylic stannane) has
been performed in high yield to produce the key intermediate in
the synthesis of racemic 10-epi-elemol (eq 19).60

E

E
OAc

SnBu3

LiCl

E

E

10% Pd(dba)2

20% PPh3

DMF/H2O 91%

E = SO2Ph

(19)

Catalysts derived from Pd(dba)2 readily participate in oxida-
tive addition reactions with aryl and alkenyl substrates and this
forms the basis for a range of C–C couplings. The displacement
of dba groups by added ligands provides a means to easily al-
ter the electronic and steric environment around the metal cen-
ter. For example, aryl bromides and iodides undergo Stille cross-
coupling reactions with organostannanes using a catalyst prepared
from Pd(dba)2 and dicyclohexyl diazabutadiene with turnover
numbers approaching one million.61 Suzuki-type couplings
between aryl halides and aryl boronic acids have been reported
using Pd(dba)2 in combination with mixed phosphine/sulfur62

and phosphine/oxygen donor ligands.63 Biaryl couplings with aryl
chlorides are readily facilitated by the combination of Pd(dba)2

and an N-heterocyclic carbene ligand generated via in situ depro-
tonation of an imidazolium salt (eq 20).64 The addition of tetra-
butylammonium bromide was found to be crucial for successful
coupling.

Heterocyclic aryl chlorides can be coupled with aryl magne-
sium chlorides using a Pd(dba)2–dppf catalyst system.65 Even
unactivated aryl tosylates have been successfully coupled with
aryl Grignard reagents in the presence of as little as 0.1% of a
catalyst prepared from Pd(dba)2 and chelating phosphines of the
Josiphos-type.66 Symmetrical biaryls can be prepared from the
direct homocoupling of aryl iodides and bromides using a combi-
nation of phosphine-free Pd(dba)2 and TBAF in DMF.67
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Cl

O

PhB(OH)2

KOMe

Ar
N

N
Ar

H

O

3% IPr-HCl

10% Bu4NBr

PhMe/MeOH

83%
IPr-H+ =

(Ar = 2,6-diisopropylphenyl)

(20)

3% Pd(dba)2

Although known for some time, the ability of organosilanes
to participate in metal-mediated cross-coupling reactions has
received considerable attention in recent years.68 While several
palladium sources have been employed in such reactions, Pd(dba)2

often gives the best results. Aryl and alkenyl halides undergo
Pd-catalyzed cross-coupling with vinyl and aryl siletanes,69

organosiloxanes,57,70 organosilanols,71 and silyl ethers72 under
slightly different reaction conditions (i.e., with or without fluo-
ride ion additives). This feature has resulted in development of a
sequential cross-coupling approach for the synthesis of unsym-
metrical 1,4-dienes (eq 21).73 Hypervalent silicates have been
found to give cross-coupled products with aryl bromides under
microwave irradiation.74

Si

Si

Me Me

OH

Me

Me
Ph

1. TMSOK, Pd(dba)2

2. TBAF, Pd(dba)2

R1

R2

(21)

~80%

R1C6H4I

R2C6H4I

Cross-coupling reactions leading to the formation of C–X
(X = heteroatom) bonds catalyzed by Pd(dba)2 have been re-
ported. Aniline derivatives have been prepared via reaction of
amine nucleophiles with aryl halides in the presence of Pd(dba)2

and phosphines, especially P(tBu)3.75,76 Likewise, diaryl and aryl
alkyl ethers are produced from aryl halides (Cl, Br, I) and sodium
aryloxides and alkoxides under similar conditions.77 Conditions
effective for the coupling of aryl chlorides with amines, boronic
acids, and ketone enolates using an easily prepared phosphine
chloride as a ligand have recently been uncovered (eq 22).78 The
preparation of aryl siloxanes79 and allyl boronates80 via Pd(dba)2-
catalyzed C–Si and C–B coupling have been reported as well.

Cl

MeO
O

H
N

PhMe

ButN NtBu
P

Cl

OMe

N

O

+

5% Pd(dba)2

10% L

63%

L =

(22)
NaOtBu

Enolate Arylation Reactions. The direct coupling of aryl
halides with enolates (or enolate equivalents) of ketones, esters,
and amides is now well established. Malonic esters, cyanoacetates,
and malononitrile can be arylated upon treatment with aryl halides
in the presence of Pd(dba)2 and electron-rich phosphines81 or N-
heterocyclic carbenes.82 Carbene ligands have also proven effec-
tive in promoting the α-arylation of protected amino acids.83 As
a caveat to the use of Pd(dba)2, the arylation of azlactones in
the presence of this palladium source and phosphines was less
efficient than that with Pd(OAc)2. The dba ligands were found
to react with azlactone substrates to form catalytically inactive
palladium complexes.84 Diastereoselective enolate arylation has
been achieved through the use of chiral auxiliaries appended to
preformed enol silyl ethers (eq 23).85 The role of the zinc additive
is not clear, however, it appears that discrete zinc enolates are not
involved.

O N

OTMSO

5% Pd(dba)2, 10% P(tBu)3

PhBr, 50% Zn(OtBu)2

DMF

O N

OO

Ph

70%, 82% de

(23)

In contrast, lactams such as 2-piperidinone have been α-
arylated via the zinc enolate.86 Intramolecular ketone arylation
has been used to construct 4-arylisoquinoline derivatives that have
been subsequently converted to the naturally occurring alkaloids
cherylline and latifine.87

Heck Reactions. The Heck reaction is a Pd-catalyzed olefi-
nation usually performed between an aryl halide or triflate and an
acrylate ester. While phosphines are traditionally used as ancillary
ligands, new Pd(dba)2-mediated reactions have been performed
with a variety of other ligand types. These include chelating N-
heterocyclic carbene/phosphine ligands,88,89 benzimidazoles,90

and quinolinyl oxazolines.91 Air stable catalysts have been pre-
pared from Pd(dba)2 and sterically hindered thiourea ligands
(eq 24).92 An effective immobilized catalyst has been prepared
from Pd(dba)2 and a dendritic phosphine-containing polymer.93

Multicomponent Coupling Reactions. Tandem one-pot
Pd-catalyzed processes have been developed that permit the cou-
pling of three (or more) reactants in a single step. For example,
allenes, aryl halides, and aryl boronic acids react in the presence
of Pd(dba)2 and CsF to afford functionalized olefins (eq 25).94

In related transformations, in situ-generated benzynes have been
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coupled with allylic halides and alkynyl stannanes95 or aryl metal
reagents.96

I

OMe

+
CO2Bu Pd(dba)2

NMesMesN

S

DMF, Et3N

aerobic conditions

CO2Bu

MeO

(24)

99%

C +

I

OMe

+

B(OH)2

CF3

Pd(dba)2

CsF
DMF

OMe

CF3

75%

(25)

A four-component coupling between benzyl halides and alkynyl
stannanes has been developed for the preparation of function-
alized enynes.97 Activated olefins participate in a regioselec-
tive Pd(dba)2-catalyzed three-component coupling with allylic
acetates and Bu3SnH.98 Allylic amines have been prepared via
reaction of vinyl halides, alkenes, and amines in the presence
of Pd(dba)2 and Bu4NCl.99 Organogermanes and silanes have
been constructed via multicomponent carbogermanylation100 and
carbosilylation101 sequences.

Miscellaneous Reactions. Palladium dba has been employed
as a catalyst for effecting various annulation reactions. Medium-
sized nitrogen heterocycles have been prepared from allenes and
amino alkenyl halides in the presence of a Pd(dba)2/PPh3 catalyst
system.102 1,3-Dienes can be converted to benzofuran derivatives
upon reaction with o-iodoacetoxy arenes and this reaction has
been applied in the synthesis of new coumarins.103,104 Dihydro-
quinoxalines and quinoxalinones have been obtained via reductive
annulation of nitro enamines (eq 26).105

Cyclobutylidene derivatives have been regio- and stereoselec-
tively reduced to substituted vinyl cyclobutanes with Pd(dba)2 and
sodium formate.106 Heteroaryl benzylic acetates (including 2◦ ac-
etates) undergo Pd-catalyzed benzylic nucleophilic substitution
with malonate nucleophiles.107 Cyclobutanone O-benzoyloximes
have been converted to a variety of nitrile derivatives using
Pd(dba)2 in combination with chelating phosphines (eq 27).108

The ratio of cyclic to acyclic product was found to be a function
of added phosphine.

MeO NO2

NH

N
H

N

MeO N
H

H
N

MeO

O

6% Pd(dba)2, 6% dppp

12% 1,10-phenanthroline

6 atm CO, DMF

+

57% 40%

(26)

iBu

iBu
N

OBz

K2CO3

iBu

iBu

NC

CNiBu

iBu

Pd(dba)2

+

22% 66%

(27)

BINAP

A novel route to biaryls has been reported starting from 1,4-
epoxy-1,4-dihydroarenes. These substrates participate in a sym-
metrical coupling reaction in the presence of Pd(dba)2, Zn, and
HSiCl3 (eq 28).109 Finally, a heterogeneous catalyst prepared
from Pd(dba)2 and a phosphine-containing polymer resin has been
found to facilitate the cycloisomerization of enynes in water.110

MeO

MeO

O
HSiCl3
PhMe

OMeMeO

MeO OMe

Pd(dba)2

85%

(28)

Second Update

Christopher S. Regens, Ke Chen, Adrian Ortiz &
Martin D. Eastgate
Bristol-Myers Squibb, New Brunswick, NJ, USA

Introduction. Bis(dibenzylideneacetone)palladium(0) and its
derivatives are the most widely employed commercial sources
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of air stable “ligand-free” Pd(0). In its most typical applications
the weakly coordinating dba ligand of Pd(dba)2 are exchanged
in situ with better and more donating ligands (e.g., phosphines,
N-heterocyclic carbenes, amines, etc.), enabling the formation of
a more competent catalytic Pd-species with a range of activities.
However, Pd(dba)2 and its derivatives are homogenous catalysts
on their own merits and show activity in numerous synthetic trans-
formations such as cross-coupling, Heck-coupling, C–X cross-
coupling, asymmetric allylation, α-arylation, ene, carbonylation,
and so on. While nonoxidative Pd(0)-mediated transformations
are the usual applications of Pd(dba)2, the focus of this update will
give a “snapshot” of the use of Pd(dba)2 and derivatives in oxida-
tion reactions. This type of “oxidase” reaction employs molecular
oxygen (or a stoichiometric oxidant) as an electron/proton accep-
tor in the substrate oxidation and does not involve direct oxy-
gen atom transfer. In this strategy palladium must mediate both
key steps in the catalytic cycle: (1) selective oxidation of the or-
ganic substrate by an active oxidized palladium intermediate, and
(2) reoxidation of reduced palladium (i.e., oxidation of Pd(0) to
Pd(II)).113

Oxidation of Primary and Secondary Alcohols. The con-
version of alcohols to aldehydes and ketones using palladium-
catalyzed aerobic oxidation offers significant advantage over
more traditional approaches; those that utilize toxic metals (e.g.,
chromium, osmium, etc.) or super-/stoichometric amounts of
reagents, for example, MnO2, SO3·pyridine, and Dess-Martin
periodinane. Such reactions are Pd(II) mediated, where Pd(0) is
the initial palladium product of the alcohol oxidation. Reoxidation
of Pd(0) to Pd(II) is therefore crucial to establishing a catalytic
cycle; this is generally accomplished by adding co-oxidants such
as molecular oxygen, benzoquinone, or copper(II) salts. For ex-
ample, Pd(dba)2 in conjunction with a cyclic thiourea ligand is
an active catalyst for the aerobic oxidation of primary and sec-
ondary alcohols to aldehydes and ketones. It is postulated that
a thiourea-Pd(dba)2 complex is formed, which sufficiently stabi-
lizes palladium in the presence of molecular oxygen to maintain
a soluble Pd-complex by suppressing the formation of palladium
black (eqs 29 and 30).114

R

R′

OH Pd(dba)2 (2 mol %)

thiourea L (8 mol %)

NaOAc (10 mol %), O2 (balloon)

toluene, 85 ºC, 24 h

R = Me, F, H, i-Pr

R′ = Me, Et, H

R

R′

O

70–98%

(29)

N N

S

t-Bu t-Bu

t-But-Bu
L

In another example, Pd2(dba)3 was used in conjunction with al-
lyl diethyl phosphate, an unusual stoichiometric hydrogen accep-
tor in the oxidation of simple alcohols. Oxidative addition of Pd(0)
into the allylic phosphate (generating a π-allyl-Pd(II) complex), is
followed by an alcohol/phosphate displacement and subsequent β-
hydride elimination giving the oxidized alcohol (aldehyde/ketone)
and an (allyl)(Pd(II))-H intermediate. Reductive elimination of
this intermediate affords propylene gas and regenerates Pd(0),
completing the catalytic cycle. Under these conditions a wide
range of secondary alcohols were oxidized to the corresponding
ketones in good yields with primary alcohols mainly producing
the corresponding aldehydes; however, in some examples esters
were obtained (from over-oxidation) (eq 31).115

Pd(dba)2 (2 mol %)

thiourea L (8 mol %)

NaOAc (10 mol %), O2 (balloon)

toluene, 85 ºC, 24 h

87%

(30)

OH

O

N N

S

t-Bu t-Bu

t-But-Bu L

Palladium catalysts have found application in the oxidative ki-
netic resolution of secondary alcohols such as 1-phenylethanol.
(−)-Sparteine, was used to obtain high levels of enantioselection;
however, it was found that the nature of the palladium source was
critical in obtaining a high chemical selectivity factor; Pd2(dba)3

proved superior to Pd(OAc)2 but not as effective as Pd(nbd)Cl2.
The observed difference in reactivity, for various palladium cat-
alysts, was attributed to subtle differences in the solubility of the
palladium-precatalysts in toluene; as well as their ability to com-
plex with (−)-sparteine (eq 32).116

Wacker-type Oxidation. The palladium-catalyzed oxidation
of terminal olefins to ketones (Wacker oxidation) is an impor-
tant chemical process both in the laboratory and in industrial set-
tings. Pd(dba)2 has shown useful activity in this area, for example,
1-dodecene was readily oxidized to the corresponding methyl ke-
tone, using a mixed catalytic system comprising Pd(dba)2/PPh3

and AgNO2/HNO3. Kinetic and mechanistic studies indicate that a
Wacker-type mechanism, where the transferred oxygen is coming
from the nucleophilic addition of H2O to a Pd-olefin complex (not
from O2). When a nonoxidizable alcohol such as tert-butanol was
used in combination with AgNO2/HNO3, tert-butyl nitrite was
observed. From this finding, the authors suggest that the alkyl ni-
trite by-product is responsible for the regeneration of the Pd(II)
active complex. The authors also note that the presence of silver
ions is necessary for higher yields and conversions; however, the
exact role of silver is unclear (eq 33).117
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OH

O
P

OEt

O

OEt

Pd2(dba)3·CHCl3 (20 mol %)

K2CO3, DMF, 86 ºC, N2

O

6 h, 93% conversion

LnPd

RCH2O–

LnPd

OCH2R

LnPd

–OP(O)(OEt)2

RCH2OH

HOP(O)(OEt)2

K2CO3

KOP(O)(OEt)2

LnPd(0)

LnPd

HCH3CH
RCH

OP(O)(OEt)2

(31)

CH2

O

OH (–)-sparteine (20 mol %)

Pd-precat (5 mol %)

O OH

Pd Source Conversion, % ee ROH, % s Note

Pd(OAc)2

Pd2(dba)3

Pd(nbd)Cl2

15.1

66.2

59.9

13.7

81.5

98.7

8.8

5.7

23.1

Note: The selectivity factor (s) was determined using the equation:
 s = krel = ln[(1 - C)(1 - ee)]/ln[(1 - C)(1 + ee)], where C = conversion.

(32)

MS3Å, O2, toluene, 80 ºC

N
N

(–)-sparteine

O

Pd(dba)2 (1.1 mol %), PPh3 (1.1 mol %)

 HNO3/AgNO2, 10% t-BuOH/water

80 ºC, 1 atm O2

81%

(33)

The next section will switch from “classic” oxidation processes
to formal oxidation state changes at the carbon center. These types
of processes parallel nonoxidative cross-coupling processes; how-
ever, in these examples the carbon atom is fully reduced and a
directing group is typically employed to guide the C–H palladium
insertion event. Thus after reductive elimination the carbon atom
has been formally oxidized/functionalized.

C–H Functionalization. A mild method for the perfluoroalky-
lation of simple arenes has been developed using Pd2(dba)3 in
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the presence of BINAP ligand. A variety of aromatic substrates
undergo selective perfluoroalkylation in the presence of perflu-
oroalkyl iodides, giving the desired substituted arene in mod-
erate to excellent yields. Arenes containing electron-donating
methyl and alkoxy substituents generally reacted smoothly to
provide the desired perfluoroalkylated products in good to ex-
cellent yields (in some instances the low yield is attributed to
the volatility of the product). However, low reactivity was ob-
served with aromatic substrates containing electron-withdrawing
substituents. Substrates containing benzylic sp2 C–H sites were
highly selective for functionalization of the aromatic C–H bond in
preference to the benzylic center. Preliminary mechanistic stud-
ies did not support a purely free radical pathway and suggested
the formation of either caged radical or organometallic intermedi-
ates, rather than a traditional palladium cross-coupling mechanism
(eqs. 34 & 35).118

R

Pd2(dba)3 (5 mol %)

BINAP (20 mol %)

Cs2CO3 (2 equiv), 40–100 ºC

15–24 h

R

C10F21

70–98%

+ C10F21

(34)

I

Pd2(dba)3 (5 mol %)

BINAP (20 mol %)

Cs2CO3 (2 equiv), 100 ºC, 15 h

CF3

26%

+ F3C

(35)

I

In addition to the perfluoroalkylation of arenes Pd(dba)2 com-
petently facilities the ortho-C–H amination of N-aryl benzamides
with electrophilic O-benzoyl hydroxylamines. Pd(dba)2 showed
equal reactivity to other precatalysts, such as Pd(OAc)2. Although
mechanistically unclear, the addition of AgOAc significantly im-
proved conversion, while the addition of external phosphine lig-
ands was detrimental. Finally, the 4-CF3(C6F4) directing group
was optimal because acidic N–H bonds are essential for this trans-
formation (eq 36).119

The extension of this concept to Pd-catalyzed ortho C–H bo-
rylation (using the same N-arylbenzamide fluorinated directing
group [Ar = (4-CF3)C6F4]) was developed. Amongst the various
palladium sources surveyed, Pd2(dba)3 was found to be the pre-
catalyst of choice, affording the ortho-borylated product in 51%
yield. Further optimization of the dba ligand showed that 4,4′-Cl-
dibenzylideneacetone (L) was found to be superior to the parent
dba ligand, improving the yield to 78% (eq 37).120

Site selective arylation of the sp3 benzylic position of 2-methyl
pyridine N-oxide and 2,3-dimethyldiazine N-oxide has been
demonstrated. In this process, Pd2(dba)3 was employed as a pre-
catalyst along with XPhos, representing a unique strategy in the
funtionalization of heterocycles (eqs 38 and 39).121

N
H

O

N
H

O

Pd Source Yield, %a

Pd(OAc)2

Pd(dba)2

Pd(OAc)2/Pt-BuMe·HBF4

98 (74)

96 (70)

32

t-Bu H

F

F

F

F

CF3

F

F

F

F

CF3

Nt-Bu

O

O

N

OBz

+

2.0 equiv

cat. [Pd] (10 mol %)

AgOAc (1 equiv)

a The yields in parentheses are obtained in the absence of AgOAc.

(36)

CsF (2 equiv), DCE, 130 ºC

18 h

N
H

O

Ar B2pin2

Pd(0) (10 mol %)

TsONa, K2S2O8,  MeCN

80 ºC, 12 h

N
H

O

Ar

Bpin

51%

Ar = (4-CF3)C6F4

with Pd2(dba)3:

78%with Pd(OAc)2 and L:

O

Cl Cl

L =

(37)

During the course of an investigation into the Suzuki–Miyaura
cross-coupling of 1-bromo-2,4,6-tri-tert-butylbenzene with
phenylboronic acid, α,α-dimethyl-β-phenyl dihydrostyrene
by-product was isolated in excellent yield, while the desired biaryl
product was not observed. This unexpected transformation likely
proceeded via a pathway involving a tandem C–H activation/
Suzuki–Miyaura cross-coupling sequence (eq 40).122
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N

O
–

N

N

O
–

Br

or

N

O
–

N

N

O
–

or

72%

79%

Pd2(dba)3 (2.5 mol %)

X-Phos (5 mol %)

(38)

(39)

NaOt-Bu (3 equiv), toluene

μ-wave, 110 ºC, 45 min

i-Pr

i-Pr

i-Pr

P(Cy)2

X-Phos

Br

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

Ph

95%

(40)

Pd2(dba)3 (1 mol %), S-Phos (4 mol %)

MeO OMe

PCy2

SPhos

PhB(OH)2 (2 equiv), K3PO4 (3 equiv)

toluene, 100 ºC, 18 h

Building upon this methodology, the C–H activation/C–N cou-
plings of related aromatic bromides with anilines were developed.
It was observed that an alternative ligand class, the N-heterocyclic
carbene (SIPr·HBF4) was superior to SPhos, enabling the reaction
of both electron-rich and electron-deficient anilines. Heteroaryl
amines also provide the desired product in good yields; however,
N-substituted anilines, along with alkyl amines were not suit-
able as coupling partners. Interestingly, extending the aromatic
bromide by one carbon led to the formation of the desired C–H
functionalized product, along with the dehydrogenated olefin by-
product. It is postulated that this by-product arises via C–H acti-
vation of the ethyl group followed by β-hydride elimination (eqs
41 and 42).123

In some settings the presence of the dba ligand significantly
impedes the use of this reagent; an example is the palladium-
catalyzed halogenation of sp2 C–H bonds. This type of oxidative
C–H functionalization has potential advantages over the classic
methods for the halogenation of the ortho-postion of arenes, such
as electrophilic aromatic substitution, or directed ortho-lithiation
(DoL) followed by a halogen quench. For example, phenylacetic
acid and its derivatives belong to a substrate class that are not
applicable to DoL protocol, because: (1) the chelating functional
group is too remote from the C–H bond to be activated, and (2)

the acid protons at the benzylic position and the acid proton of
the carboxcyclic acid moiety would quench the organolithium
reagent. However, these substrates smoothly undergo selective
ortho-halogenation under Pd-catalyzed conditions using IOAc as
oxidant. From an extensive screen of palladium catalysts it was
determined that Pd(II) precatalysts were effective, while common
Pd(0) precatalysts, such as Pd(PPh3)4 and Pd2(dba)3, gave unsat-
isfactory yields of the desired iodoarene. The authors speculate
that the ligands used to stabilize Pd(0) may be inhibitory to the
reaction (eq 43).124

Br

R

t-Bu

t-Bu

R

t-Bu

H

N

Pd2(dba)3 (5 mol %)

SIPr·HBF4 (11 mol %)

NaOt-Bu(1.5 equiv)

toluene, 110 ºC, 4 h

(41)R′

H2N

R′+

R = acetal, alkyl, cyclic-alkyl, silyl, silylether

R′ = heteroaryl, alkyl, halo, ester

35–94%

N N

i-Pr

i-Pr

i-Pr

i-Pr

SIPr·HBF4

–BF4

Br

TMS

TMS
H
N

Et

Pd2(dba)3 (5 mol %)

SIPr·HBF4 (11 mol %)

LiOt-Bu(2.5 equiv)

toluene, 110 ºC, 4 h

H2N
+

Me
EtMe

Et

Me Et
Me

+

TMS

Me Et
Me

37% 35%

(42)

Olefin Activation. Mechanistic studies on the 1,4-oxidation
of 1,3-dienes led to the discovery of a new palladium catalyst
[Pd(DA)2], which was readily prepared from the reaction of
Pd2(dba)3 and the Diels–Alder adduct derived from 1,3-
cyclohexadiene and p-benzoquinone. With p-benzoquinone as the
stoichiometric oxidant, this palladium complex proves more re-
active and selective than the Pd(II) carboxylate, typically used in
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classic 1,4-oxidation of cyclohexadiene. The use of Pd2(dba)3 di-
rectly in the oxidation (in the presence of the diene ligand A),
enables in situ formation of this more active complex from the
Pd2(dba)3 precatalyst (eq 44).125

Pd Source Yield, %

Pd(OAc)2

PdI2

Pd(OTFA)2

92

90

85

(43)

OH

O
H

Pd (2 mol %)

IOAc (1.5 equiv)

OH

O
I

20

Pd2(dba)3 30

Pd(PPh3)4

DMF, 60 ºC, 12 h

in the dark

Pd(DA)2 (2 mol %), PhCO2H

p-benzoquinone, acetone

OCOPh

OCOPh

O

O

H

H

Pd

O

O
Pd2(dba)3

acetone, 88%

O

O

Pd(DA)2

(44)

The direct enantioselective diamination at the allylic and ho-
moallylic carbons of terminal olefins has been demonstrated in
the presence of Pd2(dba)3. This formal C–H diamination required
a catalyst system that could effectively convert the terminal olefin
to a conjugated diene in situ, while inducing the enantioselec-
tive addition of di-tert-butyl diaziridione. This was achieved us-
ing Pd2(dba)3, in the presence of phosphoramidite ligand (L1),
giving the desired diaminated products in good yields (50–85%)
and with high enantioselectivities (89–94%). It was found through
empirical and mechanistic studies that the Pd/ligand ratio signif-
icantly influenced reaction conversion. From these studies it was
demonstrated that a 2:1 ligand/Pd ratio was necessary to achieve

complete conversion of the terminal olefin. In addition, the au-
thors demonstrated that the Z,E-olefin geometry was preserved
during the course of the reaction. Furthermore, the chiral catalyst
primarily determined the stereochemistry of the diaminated prod-
ucts, while the stereochemical information within terminal olefin
has minimal effect on the overall diastereoselectivity. Finally, the
authors were able to extend this methodology to the synthesis of
(+)-CP-99994 (eq 45).126

Ph

N N

O

O

O
P N

N
N

O

N
H

H
N

OMe

(+)-CP-99,994

+

Pd2(dba)3 (5 mol %)

L1 (22 mol %)

Steps

78%, 90% ee

L1 =

(45)

65 ºC, heat, 15 h

Finally, the asymmetric elementometalation127 across unsat-
urated olefins enables the design of multicomponent reactions
for the development of one-pot enantioselective carbon-carbon
bond forming sequences. For instance, diborylated olefins can
be engaged in the allylation of both aldehydes and imines pro-
ducing products in a highly selective fashion. One such example
of asymmetric elementometalation is the diboration of prochi-
ral allenes. This transformation, catalyzed by a Pd2(dba)3/(R,R)-
(TADDOL)PNMe2 complex, is operative for a wide range of
monosubstituted allenes, affording the desired 1,2-bis(boronate)-
ester products in good yields and with high enantioselectivites
(eq 18).128

Oxidative Cyclization and Ring Contraction. An intra-
molecular cyclization/carboalkoxylation reaction takes place
when 2-(penten-1-yl)-indole is treated with Pd2(dba)3 and a
stoichiometric amount of copper (II) chloride in methanol under
CO (1 atm). The polycyclic indole derivative was obtained in 68%
yield, along with the minor C(3)-chlorinated by-product. A het-
erobimetallic Pd/Cu complex was proposed as the active catalyst
in this transformation (eq 47).129

The ability of palladium to serve as both nucleophile (Pd(0))
and electrophile (Pd(II)) has led to the development of oxidase-
type reactions that exploit the electrophilic nature of Pd(II). One
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such example is an extension of the above kinetic resolution of sec-
ondary alcohols catalyzed by Pd(nbd)Cl2 in the presence of (−)-
sparteine (described earlier), for the oxidative cyclization of sub-
stituted phenols. This racemic aerobic cyclization utilizes a Pd(II)
salt in the presence of pyridine, O2, and 3Å molecular sieves.
Numerous palladium precatalysts were screened, Pd(TFA)2 was
optimal, yielding the desired cyclized product in 87% yield.
Pd2(dba)3 also enabled the cyclization but was less effective, pro-
viding the desired cyclized product in significantly reduced yield
(25%) (eq 48).130

(46)R

Pd2(dba)3 (2.5 mol %)

(R,R)-L (6 mol %)

R

B(pin)

B(pin)

52–85%
90–98% ee

R = alkyl, cyclic-alkyl, EW-arene, 

       ED-arene, distial silyl, and benzyl ethers

B2(pin)2 (1.2 equiv)

toluene, rt, 14 h

O

P

OO

O

N

(R,R)-L

Me
N Pd2(dba)3 (5 mol %)

CuCl2 (3 equiv)

CO (1 atm), MeOH, rt

Me
N

MeO2C

68%

Me
N

10%

1-methyl-2-(pent-4-enyl)-1H-indole

(47)

Contrary to the above results, it has been reported that Pd(dba)2

was effective for the cyclization of ortho-allylic phenols. In the
presence of Pd(dba)2, the 6-membered 2-H-1-benzopyran was
the sole product; while Pd(OAc)2 predominately gave mixture
of 5-, and 6-membered adducts. In addition, the choice of base
was crucial for the formation of the desired benzopyran. It was
observed that carbonate bases gave exclusively the 6-membered

ether, while acetate bases gave a mixture of 5- and 6-membered
ethers (eq 49).131

OH

O

25%with Pd2(dba)3:
with Pd(TFA)2: 87%

Pd-source (5 mol %)

pyridine (20 mol %)

3Å MS, toluene, O2

 80 ºC

(48)

OH

Pd(dba)2 (5 mol %)

KHCO3 (1.1 equiv)

DMSO/H2O (9:1)

air, 60 ºC, 3 days

O
(49)

80%

Finally, it has been demonstrated that tert-cyclobutanols could
be transformed, via Pd2(dba)3 catalyzed oxidative ring contrac-
tion, to acyl cyclopropane adducts in good yields. In the proposed
mechanism, the first step is a β-elimination of the palladium alkox-
ide, producing an alkyl palladium intermediate. Enol formation
of this intermediate is believed to be in equilibrium with a four
membered palladacycle. Reductive elimination of this intermedi-
ate delivered the cyclopropane product and concurrently liberated
the Pd(0) species. It was found that acetic acid accelerated the
reaction significantly, due to the increased rate in the formation
of the divalent AcOPdOOH. This Pd (II) species is proposed to
be the active catalyst, responsible for producing the palladium
alkoxide and hydrogen peroxide, completing the catalytic cycle
(eq 50).132

Oxidative Cross-coupling. Molecular oxygen has been em-
ployed as the bulk oxidant in numerous Pd(0) and Pd(II)-catalyzed
oxidation processes. Another example is the cross-coupling of
organoboranes with olefins, in an oxidative Heck-type reaction.
Both Pd(OAc)2 and Pd2(dba)3 were productive in this process af-
fording the desired product in 85–87% yield. It was found that
O2 was crucial for this reaction as very little product was formed
under anaerobic conditions. The authors infer that these results
suggest that O2 plays a pivotal role in the Pd(II)-catalyzed reac-
tion though the reoxidation of Pd(0) species to Pd(II) (eq 51).133

Another example of an oxidative Heck-type process is the cross-
coupling of imidazo[1,2]pyridines with alkenes, using the com-
bination of catalytic Pd(II) or Pd(0) source and stoichiometric
copper(II) acetate. Several palladium sources worked well in pro-
moting this oxidative coupling, including Pd(OAc)2, Pd2(dba)3,
and Pd(PPh3)4. However, reactions using PdCl2 encountered low
conversion, even with prolonged reaction times. This transforma-
tion proved highly regioselective at the C-(3) position, offering a
direct route to 3-alkenylimidazo[1,2]pyridine derivatives in good
to excellent yields (eq 52).134
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OH

Ph
Pd2(dba)3·CHCl3 (10 mol %)

acetic acid (20 mol %)

toluene, 80 ºC, O2

O

Ph

97%

OH

Ph
OPdOAc

Ph

PdOAc

COPh

Pd

O

Pd

Ph

COPhO

Ph

Pd(0)

AcOPdOOH

AcOH

H2O2

AcOH, O2

(50)

Pd Source Oxidant Yield, %

Pd(OAc)2

Pd(OAc)2

Pd2(dba)3

air

O2

O2

44

87

85

(51)

Pd(OAc)2

Pd2(dba)3

none

none

12

0

Ot-Bu

O

(HO)2B Pd-source (10 mol %)

Ot-Bu

O

Na2CO3, DMF, 50 ºC

3 h

Finally, Pd2(dba)3 has been utilized as a Pd(0) precatalyst
for the palladium-catalyzed carbonylation of triarylstibines using
ceric(IV) ammonium nitrate (CAN) as the bulk oxidant. Numer-
ous oxidants were surveyed and CAN gave optimal results. It is
believed that CAN serves the same role as molecular oxygen, in

previous examples, to reoxidize the Pd(0) species to Pd(II), re-
generating the active Pd(II) catalyst. However, the authors note
that the real role of CAN may be complex and requires further
investigation (eq 53).135

(52)

Cu(OAc)2 (2 equiv) 

Pd(0) or (II) (10 mol %)

Pd Source Time, h Yield, %

Pd(OAc)2

Pd2(dba)3

Pd(PPh3)4

3

3

3

85

77

78

N

N
Ph

N

N
Ph

CO2Me

CO2Me

PdCl2 30 35

xylene, 120 ºC
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(53)

Sb
3

Pd2(dba)3 (1 mol %)

OMe

O O

82% 16%

CAN (3.0 equiv), CO (1 atm)

MeOH, 25 ºC, 24 h

In summary, Pd(dba)2 is an unusual precatalyst in palladium-
related oxidation reactions. In several settings Pd(dba)2 and its
related complexes, in the presence/absence of a bulk oxidant, fa-
cilitate a multitude of synthetically useful oxidation reactions.
However, the presence of the dba ligand can be a complicating
factor, reducing reactivity in certain cases.
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9-Borabicyclo[3.3.1]nonane Dimer1

B B

H

H

[70658-61-6] C16H30B2 (MW 244.03)
InChI = 1/2C8H15B/c2*1-3-7-5-2-6-8(4-1)9-7/h2*7-9H,1-6H2/

t2*7-,8+
InChIKey = FPEQNDQUWPJCKZ-MOGCCKQLBC

(highly selective, stable hydroborating agent;1,3 anti-
Markovnikov hydration of alkenes and alkynes;1d effec-
tive ligation for alkyl-, aryl-, allyl-, allenyl-, alkenyl- and
alkynylboranes;1a,4,5 forms stable dialkylboryl derivatives,
borinate esters, and haloboranes;1f organoboranes from hy-
droboration and organometallic reagents;1,5 precursor to
boracycles;1,11 can selectively reduce conjugated enones to
allylic alcohols;1a,30 organoborane derivatives for α-alkylation
and arylation of α-halo ketones, nitriles, and esters;1b vinyla-
tion and alkynylation of carbonyl compounds;1a,46 conjugate
addition to enones;1a,47 homologation; asymmetric reduction;1,8

Diels–Alder reactions;1a,18,50 enolboranes for crossed aldol
condensations;1a,20,52 Suzuki–Miyaura coupling1a,54–57)

Alternate Name: 9-BBN-H.
Physical Data: mp 153–155 ◦C (sealed capillary); bp 195 ◦C/12

mmHg.1,3

Solubility: sparingly sol cyclohexane, dimethoxyethane, diglyme,
dioxane (<0.1 M at 25 ◦C); sol THF, ether, hexane, benzene,
toluene, CCl4, CHCl3, CH2Cl2, SMe2 (ca. 0.2–0.6 M at 25 ◦C);
reacts with alcohols, acetals, aldehydes, and ketones.1,3

Form Supplied in: colorless, stable crystalline solid; 0.5 M solu-
tion in THF or hexanes.

Analysis of Reagent Purity: the melting point of 9-BBN-H dimer is
very sensitive to trace amounts of impurities. Recrystallization
from dimethoxyethane is recommended for samples melting
below 146 ◦C. The dimer exhibits a single 11B NMR (C6D6)
resonance at δ 28 ppm and 13C NMR signals at 20.2 (br), 24.3
(t), and 33.6 (t) ppm.1,3

Handling, Storage, and Precaution: the crystalline 9-BBN-H
dimer can be handled in the atmosphere for brief periods with-
out significant decomposition. However, the reagent should be
stored under an inert atmosphere, preferably below 0 ◦C. Under
these conditions the reagent is indefinitely stable. In solution,
9-BBN is more susceptible both to hydrolysis and oxida-
tion, and contact with the open atmosphere should be rigor-
ously avoided. Many 9-BBN derivatives are pyrophoric and/or
susceptible to hydrolysis so that individuals planning to use
9-BBN-H dimer should thoroughly familiarize themselves with
the special techniques required for the safe handling of such
reagents prior to their use.1b The reagent should be used in a
well-ventilated hood.

Original Commentary
John A. Soderquist
University of Puerto Rico, Rio Piedras, Puerto Rico

Organoboranes from 9-BBN-H. First identified by Köster,2

9-BBN-H dimer is prepared from the cyclic hydroboration of 1,5-
cyclooctadiene (eq 1).3 As a dialkylborane, 9-BBN-H exhibits ex-
traordinary steric- and electronic-based regioselectivities which
distinguish these derivatives from the less useful polyhydridic
reagents (Table 1).4

B

H
B

H

+
BH3•SMe2

>70 °C

(1)
DME

However, in contrast to other dialkylborane reagents
(e.g. Disiamylborane or Dicyclohexylborane) which must be
freshly prepared immediately prior to their use, 9-BBN-H dimer
is a stable crystalline reagent1,3 which is commercially avail-
able in high purity. This feature of the reagent facilitates the
control of reaction stoichiometry at a level unattainable with
most borane reagents. The remarkable thermal stability of 9-BBN
derivatives permits hydroborations to be conducted over a broad
range of temperatures (from 0 ◦C to above 100 ◦C) either neat
or in a variety of solvents.4 The B-alkyl-9-BBN products can fre-
quently be isolated by distillation without decomposition and fully
characterized spectroscopically.1,4,5 The integrity of the 9-BBN
ring is retained even at elevated temperatures (200 ◦C), but posi-
tional isomerization in the B-alkyl portion can take place at ca.
160 ◦C.6

Bu Ph i-Pr

Table 1   Boron Atom Placement in the Hydroboration of Simple Alkenes

BH3

t-HxBH2

9-BBN-H

94
94
99.9

6
6
0.1

81
94
98.5

19
  6
  1.5

BH3

Sia2BH
9-BBN-H

  40
  95
100

60
  5
  0

60
95
98.9

40
  5
  1.1

50
52
80

50
48
20

SiMe3

43
34
  0.2

CH2Cl

57
66
98.8

Like most other dialkylboranes, 9-BBN-H exists as a dimer,
but hydroborates as a monomer (eq 2).7 In general, the rates of
hydroboration follow the order R2C=CH2 > RHC=CH2 > cis-
RHC=CHR > trans-RHC=CHR > RHC=CR2 > R2C=CR2.1,4

For relatively unsubstituted alkenes the dissociation of the
9-BBN-H dimer is rate-limiting (T1/2 at 25 ◦C≈20 min) so that
the hydroborations of typical 1-alkenes are normally complete in
less than 3 h at room temperature. Competitive rate studies have
revealed that electron-donating groups enhance the rates within
these groups, e.g. for p-XC6H4CH=CH2, krel = 1(X = CF3),
5 (X = H), 70 (X = OMe).4c

Essential Reactions for Organic Synthesis, First Edition. Edited by Philip L. Fuchs.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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(2)

k1
2 [9-BBN-H]

alkene

[9-BBN-H]2

9-BBN-H R-9-BBN

k–1

k2

Hydroborations of more substituted alkenes such as α-pinene8

or 2,3-dimethyl-2-butene4b with 9-BBN-H are slower (k2 is
rate-limiting) and require heating at reflux temperature in THF for
2 and 8 h, respectively, for complete reaction to occur. However,
the enantioselective reducing agent8a Alpine-borane©R (see
B-3-Pinanyl-9-borabicyclo[3.3.1]nonane) is formed
quantitatively as a single enantiomer, the process taking
place with complete Markovnikov regiochemistry, exclusively
through syn addition from the least hindered face of the alkene
(eq 3).

B
(3)

9-BBN-H

While the monohydroboration of symmetrical nonconjugated
dienes with 9-BBN-H is thwarted by competing dihydroboration
because these remote functionalities act as essentially indepen-
dent entities, with nonequivalent sites the chemoselectivity of the
reagent can be excellent (eq 4).4 Also, whereas the monohydrob-
oration of conjugated dienes is not always a useful process be-
cause of competitive dihydroboration, highly substituted dienes
and 1,3-cyclohexadiene produce allylborane products efficiently.
In contrast to the monohydroboration of allene itself, which gives a
1,3-diboryl adduct, 9-BBN-H is an effective reagent for the prepa-
ration of allylboranes from substituted allenes.4g For example, ex-
cellent selectivity has been observed for silylated allenes where
hydroboration occurs anti to the silyl group on the allene and at
the terminal position (eq 5).9 It is also important to note that the
diastereofacial selectivities of 9-BBN-H can be complementary
to those obtained with Rh-catalyzed hydroborations (eq 6).10

(4)
B

9-BBN-H

BTMS

TMS

•
TMS

TMS
(5)

9-BBN-H

Bu

OTBS

Bu

OTBS

OH Bu

OTBS

(6)
OH

+

9-BBN-H
CatBH, ClRh(PPh3)3

11:89
96:4

[HB]

Medium-ring boracycles are efficiently prepared by the dihy-
droboration of α,ω-dienes with 9-BBN-H followed by exchange
with borane.11 In this process 9-BBN-H is particularly useful be-
cause it not only fixes the key 1,5-diboryl relationship, but also the
9-BBN ligands do not participate in the exchange process (eq 7).

Me2Si Me2Si

B

B

BHMe2Si BOMeMe2Si

BH3•SMe2

(7)

9-BBN-H

MeOH

Unlike most dialkylboranes, 9-BBN-H hydroborates alkenes
faster than its does the corresponding alkynes, a feature which
leads to the competitive formation of 1,1-diboryl adducts in
the hydroboration of 1-alkynes with 9-BBN-H employing a 1:1
stoichiometry (eq 8).1,12,13 In some cases, the (E)-1-alkenyl-9-
BBN derivative can be efficiently prepared by employing ei-
ther a large excess of the alkyne12,13 or through the use of 1-
trimethylsilyl derivatives.6 However, these vinylboranes are now
perhaps best prepared through the dehydroborylation of their 1,1-
diboryl adducts with aromatic aldehydes (eq 8).12

Bu

B

B

9-BBN-H

1-NaphCHO

9-BBN-H

H

H (8)
Bu

B
Bu H

70% 100%

86%

By contrast, 9-BBN-H effectively monohydroborates inter-
nal alkynes to produce the corresponding vinylboranes in >90%
yields.1,13 Compared to 1-alkynes, their 1-silyl counterparts also
produce better yields of vinylboranes but, in contrast to normal in-
ternal alkynes, produce vicinal rather than geminal diboryl adducts
with dihydroboration.6,13,14 Larger silyl groups can effectively be
used to redirect the boron to the internal position producing the
‘silyl-Markovnikov’ vinylborane, exclusively, without competi-
tive dihydroboration.6 For 1-halo-1-alkynes, hydroboration with
9-BBN is slow, but the (Z)-1-halovinylboranes (eq 9) are produced
cleanly and these are protonolyzed to provide cis-vinyl halides.15

The isomeric (Z)-2-bromovinyl-9-BBN derivatives are available
from the bromoboration of 1-alkynes with B-Br-9-BBN16 (see
9-Bromo-9-borabicyclo[3.3.1]nonane). It is important to point
out that the preference of 9-BBN-H to hydroborate alkenes in
the presence of alkynes can have useful synthetic applications
(eq 10).17
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Bu

B

Br

H (9)Bu Br
9-BBN-H

B
(10)Pr

Pr

9-BBN-H

Organometallic reagents can provide very useful entries to
many B-substituted 9-BBN derivatives. These are particularly im-
portant for organoboranes which cannot be prepared by hydro-
boration.5 Both B-alkoxy and B-halo derivatives serve as use-
ful precursors to B-alkyl, -allyl, -aryl, -vinyl or -alkynyl-9-BBN
derivatives (eqs 11–16). B-Halo-9-BBN derivatives are effectively
vinylated with organotin reagents.18 However, B-MeO-9-BBN is
superior to its B-halo counterparts for secondary and tertiary alkyl-
lithium reagents where the latter undergo some reduction to 9-
BBN-H through β-hydride transfer from the organolithium.

(11)

t-Bu

B

OMe

B
–LiOMe

82%

t-BuLi

(12)B

OMe

B
Al2Br3(CH2CH=CH2)3

83%

(13)B

H

B
2. MeI

78%

1. LiPh

(14)B

OMe

B
THF

R
R M1.

    THF, –78 °C

M = Li, MgX

2. BF3•Et2O

(15)BClB
CH2Cl2

25 °C
  ViSnMe3+

(16)

OMe

B

1.
    Et2O, –78 °C

Bu

LiBu

B
2. BF3•Et2O

Hydroboration of the byproduct alkene gives isomeric B-alkyl-
9-BBN products.5b Generally, hydrocarbon solvents are prefer-
able to ether or THF for this process because the greater stability
of the intermediate methoxyborate complexes (i.e. Li[R(MeO)-
9-BBN]) at −78 ◦C in these solvents prevents the product from
being formed and competing with B-MeO-9-BBN for the alkyl-
lithium reagent prior to its complete consumption.5b The com-
plex is stable for alkenyl and alkynyl derivatives which require

BF3·Et2O to remove the methoxy moiety. The procedure has also
been used for the preparation of cis-vinyl-9-BBN derivatives19

since the normal route to such derivatives based upon the hy-
droboration of 1-haloalkynes, followed by hydride-induced rear-
rangement gives ring expansion products competitively with (Z)-
1-halovinyl-9-BBNs.20 Similar behavior has been observed for
the reaction of α-methoxyvinyllithium with B-alkyl-9-BBNs (see
1-Methoxyvinyllithium).21

Derivatives of 9-BBN. Like other boron hydrides, a variety of
proton sources (ROH, RCO2H, RSO3H, HX (X = Cl, Br, OH, SH,
O2P(OH)2, NHR)) as well as boron halides can be effectively em-
ployed to prepare useful derivatives from 9-BBN-H.1d,5b,22 The
synthetic value of B-MeO-9-BBN lies principally in the prepa-
ration of B-alkyl derivatives through organometallic reagents as
described above. As a byproduct in other processes, it is also easily
converted to 9-BBN-H with BMS (eq 17).22

(17)

H

B

OMe

BMeOH

BH3•SMe2

Efficient procedures have been developed for the preparation of
B-Cl-9-BBN from 9-BBN-H (HCl in Et2O)5b and B-Br-9-BBN
(BBr3 in CH2Cl2),23 the latter being a useful reagent for ether
cleavage, the bromoboration of 1-alkynes, and for conjugative
additions to enones (see 9-Bromo-9-borabicyclo[3.3.1]nonane).
9-BBN triflate is highly useful in formation of enolboranes for
stereoselective crossed aldol reactions24 (see 9-Borabicyclononyl
Trifluoromethanesulfonate). The B-acyloxy-9-BBN derivatives
have been employed in conjuction with borohydrides for the re-
duction of carboxylic acids to aldehydes25 (see Lithium 9-borata-
bicyclo[3.3.1]nonane). Amine complexes of 9-BBN-H and boro-
hydride derivatives are easily prepared from the addition of amines
or metal hydrides to 9-BBN-H.26 B-Alkyl-9-BBNs and their boro-
hydrides are very selective reducing agents and, with chiral ter-
penoid or sugar appendages, can also effectively function as enan-
tioselective reagents (eq 18)8,27 (see B-3-Pinanyl-9-borabicyclo-
[3.3.1]nonane and Potassium 9-Siamyl-9-boratabicyclo[3.3.1]-
nonane). 9,9-Dialkylborate derivatives of 9-BBN are also highly
selective reducing agents28 (see Lithium 9,9-Dibutyl-9-borabi-
cyclo[3.3.1]nonanate), transferring a bridgehead hydride with re-
arrangement to bicyclo[3.3.0]octylboranes. This process is best
accomplished with Acetyl Chloride and provides a highly ver-
satile entry to these organoboranes for subsequent conversions
(eq 19).29

(18)OMe

R

O

O O

R

O

1. dIpc-9-BBN
2. [O]

R = n-C8H17, 97% ee

3. H2 (cat)

(19)B–
MeMe

BMe2

H

AcCl
Li+

Functional Group Conversions with 9-BBN-H. 9-BBN-H
selectively reduces acid chlorides, aldehydes, ketones, lactones,
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and sulfoxides at 25 ◦C.1e Alcohol rather than amine products are
produced as the major products from tertiary amides, while pri-
mary derivatives are not reduced effectively. Reduction is slow
with esters, carboxylic acids, nitriles, and epoxides, and does not
occur with nitro compounds, nor with alkyl or aryl halides. At
65 ◦C, carboxylic acids and esters are cleanly reduced to alco-
hols, the former being significantly slower (18 vs. 4 h). Moreover,
9-BBN-H is a highly selective reducing agent for the reduction of
enones to allylic alcohols (eq 20).30

(20)

O OH
9-BBN-H

As noted earlier, B-substituted-9-BBN derivatives are available
from a variety of sources and organoboranes serve as a versatile
entry to other functionalities. Their oxidative conversion to alco-
hols with alkaline Hydrogen Peroxide or Sodium Perborate31 is
quantitative and occurs with complete retention of configuration,
making the process highly useful.1 The 9-BBN moiety is oxidized
to cis-1,5-cyclooctanediol (eq 21), a compound which can be re-
moved from less polar products through extraction with water,
selective crystallization, or by chromatography.1 The monooxi-
dation of 9-BBN derivatives with anhydrous Trimethylamine N-
Oxide (TMANO) produces 9-oxa-10-borabicyclo[3.3.2]decanes
(eq 22),14 many of which are air-stable and undergo useful cou-
pling reactions.

(21)
B

H2O2
NaOH (aq)

R
OH

HO

 ROH
or Na2H4B2O8

+

(22)
B

R
B O

R
TMANO

Anomalous oxidation products are observed from the oxida-
tion of tetraalkylborate salts (i.e. Li(R2-9-BBN)), which produces
bicyclo[3.3.0]octan-l-ol as a co-product through a skeletal rear-
rangement which occurs during the oxidation process.32 More-
over, the alkaline hydrogen peroxide oxidation of 1,1-di-9-BBN
derivatives gives primary alcohols rather than aldehydes because
of their solvolysis prior to oxidation.6,13

While the protonolysis of B-alkyl-9-BBNs, like other trialkylb-
oranes, with carboxylic acids takes place only at temperatures
above 100 ◦C, B-vinyl derivatives are readily cleaved by HOAc
at 0 ◦C with complete retention of configuration.1,13 This can be
combined with other 9-BBN processes (e.g. thermal isomeriza-
tion or dehydroborylation) to give remarkable overall conversions
(eq 23).6 The hydrolysis of allylic and alkynic 9-BBN derivatives
is more facile, occurring even with water or alcohols.5c,32

In the absence of light, molecular bromine readily cleaves B-(s-
alkyl)-9-BBN derivatives through a hydrogen abstraction process,
to give excellent yields of the corresponding alkyl bromides, the 9-
BBN moiety being converted to 9-Br-9-BBN (eq 24).33 However,
bicyclo[3.3.0]octylborinic and -boronic acids are produced from

B-Me- and B-MeO-9-BBN through this radical bromination under
hydrolytic conditions where the facile 1,2-alkyl migration of a ring
B–C bond occurs (eq 25).1b,34 This latter compound serves as
a convenient source of 9-oxabicyclo[3.3.1]nonane through base-
induced iodination via an SE2-type inversion.35

B

B170 °C, 2 h

B
SiEt3

SiEt3

SiEt3

D

SiEt3
(23)

DOAc

PhCHO9-BBN-H

(24)
B

Br

Br

Br2, CH2Cl2
+

B 90%

(25)B
Br2, H2O

B(OH)2

H

OMe

hν

Mechanistically similar to the oxidation of 9-BBN deriva-
tives with TMANO, the amination of B-alkyl-9-BBN proceeds
through ring B–C migration rather than through B-alkyl migration
(eq 26).36 Similar behavior is observed for the thermal reaction of
organic azides with these derivatives. Dichloroboryl derivatives
have proved to be more versatile and general for the synthesis of
amines, including optically active derivatives.37

(26)
B

Bu
B N

Bu Bu

THF
reflux

BuN3

Carbon–Carbon Bond Formation via 9-BBN Derivatives.
Consistent with the versatility of organoboranes in synthetically
useful chemical transformations, most conversions with 9-BBN
derivatives are very efficient and occur with strict stereochem-
ical control.1 Of particular importance are those which involve
the formation of new carbon–carbon bonds because valuable R
groups can often be selectively transferred to the substrates with-
out competition from the 9-BBN ring. For example, whereas only
one of the alkyl, vinyl or aryl groups can be transferred from
BR3 to the anions derived from α-halo ketones, esters and nitriles,
these reactions are ideally suited to B-R-9-BBN derivatives which
transfer the B-R group selectively (eq 27).1a,38 The vinylogous γ-
alkylation of γ-bromo-α,β-unsaturated esters efficiently leads to
γ-substituted-β,γ-unsaturated esters, the double bond transposi-
tion being commonly observed in the kinetic protonation of eno-
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lates with extended conjugation. Both sulfur ylides and α-bromo
sulfones undergo related alkylations.1a

+  BrCH2COMeB Ph

OK
t-Bu t-Bu

Ph

O

(27)

Base-induced eliminations of γ-haloalkyl-9-BBN derivatives
give cycloalkanes (C3 to C6)1b with inversion of configuration at
both carbon centers.1,39 1,1-Diboryl adducts from the dihydrob-
oration of 1-alkynes with 9-BBN-H serve as useful precursors to
B-cyclopropyl-9-BBN derivatives by a similar process (eq 28).

B
B

B
H

Br
(28)

Br 9-BBN-H LiMe

The carbonylation of B-alkyl-9-BBNs at 70 atm, 150 ◦C in the
presence of ethylene glycol produces intermediate boronate es-
ters which are oxidized with alkaline hydrogen peroxide to give
high yields of the corresponding carbinols (Scheme 1).40 In the
presence of hydride-reducing agents (e.g. LiHAl(OMe)3 or Potas-
sium Triisopropoxyborohydride), the carbonylation of B-R-9-
BBN derivatives can be carried out at atmospheric pressures at
0 ◦C, producing an intermediate α-alkoxyalkylborane which can
be further reduced with Lithium Aluminum Hydride. This results
in homologated organoboranes and, after oxidation, alcohols. Al-
ternatively, the intermediate α-alkoxyalkylborane can be directly
oxidized to produce aldehydes (Scheme 1).1a,38c,41

B
OH

B
OB(O-i-Pr)3

1. CO, (CH2OH)2
    70 atm, 150 °C

CO, KHB(O-i-Pr)3
1 atm, 0 °C

CHO

1. LiAlH4 CH2OH

H2O2, pH 7K+

2. [O]

2. [O]

As a useful alternative to carbonylation, the Brown dichloro-
methyl methyl ether (DCME) process has been effectively used
for the synthesis of 9-alkylbicyclo[3.3.1]nonan-9-ols.42 The ke-
tone bicyclo[3.3.1]nonan-9-one (eq 29)42b has also been pre-
pared from a hindered B-aryloxy-9-BBN derivative, with sim-
ple B-alkoxy-9-BBN derivatives failing to undergo this process.
However, most borinate esters are smoothly converted to ketones
through this process, including germa- and silaborinanes
(eq 30).11e,f In these cases, 9-BBN-H provides the essential 1,5-

diboryl relationship which allows the formation of borinane by
the exchange reaction described earlier.

O

B
(29)

O
CHCl2OMe [O]

LiOCEt3

(30)
Ge

B

OMe

Ge

O

CHCl2OMe [O]

t-BuOLi

Allylboration with 9-BBN derivatives (see B-Allyl-9-borabi-
cyclo[3.3.1]nonane) is an efficient process, resulting in the
smooth formation of homoallylic alcohols (eq 31).43 Alkynylbo-
ranes also undergo 1,2-addition to both aldehydes and ketones.44

As with other reactions producing B-alkoxy-9-BBN byproducts,
the conversion of these to alcohols with Ethanolamine also results
in the formation of an alkane-insoluble 9-BBN complex which is
conveniently removed, thereby greatly simplifying the workup
procedure.

B B
NH2O

2. HOCH2CH2NH2

(31)

94%

OH
+

1. H2C=CHCOMe

Vinyl derivatives of 9-BBN uniquely undergo ‘Grignard-like’
1,2-additions to aldehydes to produce stereodefined allylic alco-
hols (eq 32).12,45 The thermal stability of the 9-BBN ring system,
as well as its resistance to serve as a β-hydride source, facili-
tates this highly effective process. These vinylboranes are also the
borane reagents of choice for the conjugate additions to enones
which can adopt a cisoid conformation, providing a convenient en-
try to γ ,δ-unsaturated ketones from enones (eq 33).46 Alkynylb-
oranes undergo a related addition–elimination process with β-
methoxyenones, giving enynones (eq 34).47

B
(32)

p-MeC6H4CHO
OH

89%

93% Ph

OO
B

(33)
Ph

OO
B

85%MeO
(34)

Bu

Bu

Vinyl(methoxy)-9-BBN ‘ate’ complexes undergo an unusual
homocoupling reaction when treated with Zinc Chloride (0.5
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equiv) (eq 35).48 Related intermediates, formed through the CuI-
catalyzed addition of stannylborate complexes to 1-alkynes, can be
coupled either through catalytic palladium or stoichiometric cop-
per chemistry to produce stereodefined vinylstannanes (eq 36).49

B

(CH2)3Cl

OMe

(CH2)3Cl

Cl(CH2)30.5 ZnCl2
(35)

B

(CH2)4OTHP

OMe

(CH2)4OTHP

SnBu3 2. CH2=CHCH2Br
SnBu3 (36)

1. CuBr•SMe2

Both vinyl- and alkynyl-9-BBN derivatives are effective dieno-
philes in Diels–Alder cycloadditions, leading to boron-function-
alized cyclohexenes in a selective manner (eqs 37 and 38).18,50

Silylated allenylboranes add selectively as allylboranes to alde-
hydes, a reaction which has been effectively used to prepare
the steroid nucleus through a Hudrlik elimination followed by
a Bergman rearrangement (eq 39).51

B (37)B
71%

cis:trans = 92:8

B OTBSBSiMe3

OTBS

(38)

Me3Si

B
•

TMS
CHO

•

•

HO

TMS

+

•
C6H6, reflux

(39)

H+

Stereodefined 9-BBN enolboranes which contain a directing
chiral auxiliary undergo highly selective crossed aldol condensa-
tions as do other dialkylboryl systems (eq 40).20,52 The conjugate
addition of B-Br-9-BBN also produces enolboranes which con-
dense with aldehydes to produce, after the elimination of the ele-
ments of B-HO-9-BBN, α-bromomethyl enones stereoselectively
(eq 41).53
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Br
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O
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Br(CH2)3CHO

(41)

Br-9-BBN

59%

While catechol- and disiamylborane derivatives were orig-
inally employed in the Pd-catalyzed cross coupling of
organoboranes to unsaturated organic halides under ba-
sic conditions (Suzuki–Miyaura coupling), 9-BBN has re-
cently found an important place in this process. Ini-
tially, B-(primary alkyl)-9-BBNs, with added bases (NaOH,
TlOH, NaOMe, or K3PO4), were found to undergo efficient
coupling with iodobenzene using Dichloro[1,1′-bis(diphenyl-
phosphino)ferrocene]-palladium(II) as the catalyst.54 However,
while secondary alkylboranes may require this catalyst, Tetrakis
(triphenylphosphine)palladium(0) is perfectly satisfactory for
the coupling of n- or i-alkyl-9-BBN derivatives to unsaturated
bromides, iodides, or triflates under basic conditions (eqs 42–45).

B
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Br

SPh (42)
Pd(PPh3)4
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B (43)

O
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H3O+
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TsOH

TsOH
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95% ee

95% ee

NaOH
85%

Several recent applications include the syntheses of pharmaceu-
ticals, pheromones, and prostaglandins, with complete retention
of configuration being observed with alkenyl substrates.54b,55 Ei-
ther carbon monoxide or tert-Butyl Isocyanide can be used to
prepare ketones through the sequential formation of two new
carbon–carbon bonds with this reaction.56 Moreover, vinyl-9-
BBNs (eqs 46–48) are also smoothly cross-coupled with reten-
tion of configuration to these substrates and, with these now be-
ing readily available, their expanded use in this process should
flourish.12,57 It is important to mention that vinyl vs. primary
alkyl group transfer is favored by oxygenated ligation on the
borane.52b,58
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Suzuki–Miyaura Coupling. The Suzuki–Miyaura coupling
reaction is very useful for construction of carbon-carbon bonds
under mild conditions. Because it is tolerant of many functional
groups, it has been employed widely in the synthesis of many nat-
ural products and related compounds.59 The stereochemistry of
such coupling reactions proceeds with retention of configuration
at both the C-X and C-(9-BBN) centers, confirmed recently by in-
dependent studies from the groups of Woerpel60 and Soderquist.61

Based on the general catalytic cycle (oxidative addition, trans-
metalation, reductive elimination), alkyl halides historically have
not been good substrates for the Suzuki–Miyaura coupling due to
their slow rate of oxidative addition and facile β-hydride elimi-
nation of the alkylpalladium intermediate. However, Suzuki and
co-workers carried out pioneering work in which the catalytic
coupling of alkyl iodides with alkylboranes succeeded to form a
C (sp3)-C (sp3) bond in moderate to good yields.55i Since then, the
scope of the alkyl-alkyl Suzuki coupling reaction has been suc-
cessfully expanded to include alkyl bromides62 and chlorides63

(eqs 49 and 50).

Br
n-Dec

n-Hex
(9-BBN)

n-Dec
n-Hex

+

4% Pd(OAc)2
8% PCy3

1.2 K3PO4·H2O
THF, rt

(1.2 equiv)

(49)

93%

ClTBSO

(9-BBN)

OTBS

5% Pd2(dba)3
20% PCy3

CsOH·H2O
dioxane, 90 °C

(1.2 equiv)

+

72%

(50)

4

4

Protecting Group. Boroxazolidinone complexes prepared by
the reaction of free amino acids with 9-BBN dimer can serve as
protected amino acids (eq 51).64 The 9-BBN protection of amino
acids improves the solubility of these compounds in organic sol-
vents and is stable to a wide range of reaction conditions. Removal
of this protecting group is easily accomplished in good yield un-
der mild conditions either by exchange with ethylenediamine or
by treatment with dilute methanolic HCl without epimerization
of the amino acid (Table 2). For example, the 9-BBN complex of
3-iodo-L-tyrosine is utilized for a side chain transformation via a
palladium-catalyzed coupling reaction (eq 52).65
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Entry

CleavageFormation

Table 2  Formation and cleavage of 9-BBN complexes

Yield (%) aq HCl Ethylenediamine

1

2

3

4

5

6

(CH2)4NH2  (lysine)

(CH2)3NH3Cl  (ornithine HCl)

C6H6OH  (tyrosine)

CH2SH  (cysteine)

CH2CO2H  (aspartic acid)

(CH2)3NHC(=NH)NH2  (arginine)

90

96

92

50

98

70

78

75

89

75

80

78

91

94

94

83

76

62

R (Amino acid)

–O
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O
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+
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O

R

H
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–B N+
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aq HCl or
(51)
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1. Pd(PPh3)2Cl2

CuI, Et3N

2. KF, DMF
77% for 2 steps

CHCl3/MeOH

62%

100%

(52)

N-Alkylation Reactions. The 9-BBN complexes of diamines
such as 1,8-diaminonaphthalene and 2-aminobenzylamine serve
as substrates for selective N-alkylation.66 N-chelated borane com-
plexes undergo regioselective mono-N-alkylation with an alkyl
halide under basic conditions without further alkylation. Hydroly-
sis of the corresponding intermediate provides the mono-N-alkyl-
ated product in excellent yields (eq 53).66c In this case, the 9-BBN
chelation of the diamine both protects the aromatic amine and
activates the benzylic amine.

NH2H2N

9-BBN-H

NHN
B

H

Bn

–H2
NHH2N

B

NH2NH
Bn

1. KOtBu

2. BnCl

aq HCl

>90%

quant. quant.

(53)

Reduction of Lactams to Cyclic Amines. 9-BBN-H is a well-
known reagent for the reduction of aldehydes, ketones, acid chlo-
rides, and alkenes. Recently, 9-BBN-H has been employed for the
reduction of lactams to the corresponding cyclic amines in good
yield (eq 54).67 Although BH3·THF selectively reduces lactams
to amines in the presence of an ester group, an excess of borane is
required due to the strong coordination of borane with the amine
products.68 In contrast, 9-BBN-H generally does not form a com-
plex with the tertiary amines. Consequently, only a slight excess
of 9-BBN-H is sufficient to reduce lactams to amines.

N

O

OMe

O
THF

N

OMe

O
9-BBN (2.2 equiv)

65 °C, 1 h
86% (54)

9-BBN-H is also effective for reductive cleavage of the oxa-
zolidine C-O bond concomitant with the reduction of the lactam
carbonyl (eq 55).69 In this case, excess amounts of 9-BBN-H were
necessary, and inversion of stereochemistry at the angular benzyl-
oxy group occurred.
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O

OBn

Ph

H

O
O

H 9-BBN (10 equiv)

THF
N

Ph
HO

O O

BnO

81%

(55)

Radical Initiator. 9-BBN-H effectively initiates the reduction
of common radical precursors by tributyltin hydride at low temper-
atures (eq 56).70 Importantly, the radical reaction proceeds without
the need for oxygen, whereas similar initiation by trialkylboranes
requires at least some oxygen.

Br
9-BBN

0.06 M Bu3SnH

70%
PhCH3, 0 °C

(56)
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Boron Trifluoride Etherate

BF3 OEt2·

(BF3·OEt2)
[109-63-7] C4H10BF3O (MW 141.94)
InChI = 1/C4H10O.BF3/c1-3-5-4-2;2-1(3)4/h3-4H2,1-2H3;
InChIKey = KZMGYPLQYOPHEL-UHFFFAOYAN
(BF3·MeOH)
[373-57-9] CH4BF3O (MW 99.85)
InChI = 1/CH4O.BF3/c1-2;2-1(3)4/h2H,1H3;
InChIKey = JBXYCUKPDAAYAS-UHFFFAOYAA

(BF3·OEt2: easy-to-handle and convenient source of BF3; Lewis
acid catalyst; promotes epoxide cleavage and rearrangement, con-
trol of stereoselectivity; BF3·MeOH: esterification of aliphatic and

aromatic acids; cleavage of trityl ethers)

Alternate Names: boron trifluoride diethyl etherate; boron tri-
fluoride ethyl etherate; boron trifluoride ethyl ether complex;
trifluoroboron diethyl etherate.

Physical Data: BF3·OEt2: bp 126 ◦C; d 1.15 g cm−3;
BF3·MeOH: bp 59 ◦C/4 mmHg; d 1.203 g cm−3 for 50 wt %
BF3, 0.868 g cm−3 for 12 wt % BF3.

Solubility: sol benzene, chloromethanes, dioxane, ether,
methanol, THF, toluene.

Form Supplied in: BF3·OEt2: light yellow liquid, packaged
under nitrogen or argon; BF3·MeOH is available in solutions
of 10–50% BF3 in MeOH.

Preparative Methods: BF3·OEt2 is prepared by passing BF3

through anhydrous ether;1a the BF3·MeOH complex is formed
from BF3·OEt2 and methanol.

Purification: oxidation in air darkens commercial boron trifluo-
ride etherate; therefore the reagent should be redistilled prior to
use. An excess of the etherate in ether should be distilled in an
all-glass apparatus with calcium hydroxide to remove volatile
acids and to reduce bumping.1b

Handling, Storage, and Precautions: keep away from moisture
and oxidants; avoid skin contact and work in a well-ventilated
fume hood.

Original Commentary

Veronica Cornel
Emory University, Atlanta, GA, USA

Addition Reactions. BF3·OEt2 facilitates the addition of
moderately basic nucleophiles like alkyl-, alkenyl-, and aryl-
lithium, imines, Grignard reagents, and enolates to a variety of
electrophiles.2

Organolithiums undergo addition reactions with 2-isoxazolines
to afford N-unsubstituted isoxazolidines, and to the carbon–
nitrogen double bond of oxime O-ethers to give O-alkylhydroxy-
lamines.3 Aliphatic esters react with lithium acetylides in the
presence of BF3·OEt2 in THF at −78 ◦C to form alkynyl ketones in
40–80% yields.4 Alkynylboranes, generated in situ from lithium
acetylides and BF3·OEt2, were found to react with oxiranes5 and
oxetanes6 under mild conditions to afford β-hydroxyalkynes and

γ-alkoxyalkynes, respectively. (1-Alkenyl)dialkoxyboranes react
stereoselectively with α,β-unsaturated ketones7 and esters8 in
the presence of BF3·OEt2 to give γ ,δ-unsaturated ketones and
α-acyl-γ ,δ-unsaturated esters, respectively.

The reaction of imines activated by BF3·OEt2 with 4-(phenyl-
sulfonyl)butanoic acid dianion leads to 2-piperidones in high
yields.9 (Perfluoroalkyl)lithiums, generated in situ, add to imines
in the presence of BF3·OEt2 to give perfluoroalkylated amines.10

Enolate esters add to 3-thiazolines under mild conditions to form
thiazolidines if these imines are first activated with BF3·OEt2.11

The carbon–nitrogen double bond of imines can be alkylated
with various organometallic reagents to produce amines.12 A sol-
ution of benzalaniline in acetone treated with BF3·OEt2 results in
the formation of β-phenyl-β-anilinoethyl methyl ketone.13 Anili-
nobenzylphosphonates are synthesized in one pot using aniline,
benzaldehyde, dialkyl phosphite, and BF3·OEt2;14 the reagent
accelerates imine generation and dialkyl phosphite addition. Sim-
ilarly, BF3·OEt2 activates the nitrile group of cyanocuprates,
thereby accelerating Michael reactions.15

The reagent activates iodobenzene for the allylation of aromat-
ics, alcohols, and acids.16 Allylstannanes are likewise activated
for the allylation of p-benzoquinones, e.g. in the formation of
coenzyme Qn using polyprenylalkylstannane.17

Nucleophilic silanes undergo stereospecific addition to elec-
trophilic glycols activated by Lewis acids. The glycosidation is
highly stereoselective with respect to the glycosidic linkage in
some cases using BF3·OEt2. Protected pyranosides undergo stere-
ospecific C-glycosidation with C-1-oxygenated allylsilanes to
form α-glycosides.18,19 α-Methoxyglycine esters react with
allylsilanes and silyl enol ethers in the presence of BF3·OEt2 to
give racemic γ ,δ-unsaturated α-amino acids and γ-oxo-α-amino
acids, respectively.20 β-Glucopyranosides are synthesized from
an aglycon and 2,3,4,6-tetra-O-acetyl-β-D-glucopyranose.21

Alcohols and silyl ethers also undergo stereoselective
glycosylation with protected glycosyl fluorides to form
β-glycosides.22

BF3·OEt2 reverses the usual anti selectivity observed in the
reaction of crotyl organometallic compounds (based on Cu, Cd,
Hg, Sn, Tl, Ti, Zr, and V, but not on Mg, Zn, or B) with aldehydes
(eq 1a) and imines (eq 1b), so that homoallyl alcohols and
homoallylamines are formed, respectively.23–28 The prod-
ucts show mainly syn diastereoselectivity. BF3·OEt2 is
the only Lewis acid which produces hydroxy- rather
than halo-tetrahydropyrans from the reaction of allyl-
stannanes with pyranosides.29 The BF3·OEt2 medi-
ated condensations of γ-oxygenated allylstannanes with
aldehydes (eq 1c) and with ‘activated’ imines (eq 1d) affords vici-
nal diol derivatives and 1,2-amino alcohols, respectively, with syn
diastereoselectivity.30,31 The ‘activated’ imines are obtained from

Y SnBu3

X

R H R

X

Y

+
BF3•OEt2

(1)

(a) X = O, Y = Me
(b) X = NR2, Y = Me
(c) X = O, Y = OMe, OTBDMS
(d) X = NR2, Y = OMe, OTBDMS 
       or OCH2OMe

(a) X = OH, Y = Me
(b) X = NHR2, Y = Me
(c) X = OH, Y = OMe, OTBDMS
(d) X = NHR2, Y = OH or derivative
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aromatic amines, aliphatic aldehydes, and α-ethoxycarbamates.
The reaction of aldehydes with α-(alkoxy)-β-methylallylstan-
nanes with aldehydes in the presence of BF3·OEt2 gives almost
exclusively syn-(E)-isomers.31

The reaction of α-diketones with allyltrimethylstannane in the
presence of BF3·OEt2 yields a mixture of homoallylic alcohols,
with the less hindered carbonyl group being allylated predomi-
nantly.32 The reaction between aldehydes and allylic silanes
with an asymmetric ethereal functionality produces syn-homoallyl
alcohols when Titanium(IV) Chloride is coordinated with the al-
lylic silane and anti isomers with BF3·OEt2.33

Chiral oxetanes can be synthesized by the BF3·OEt2 catalyzed
[2 + 2] cycloaddition reactions of 2,3-O-isopropylidenealdehyde-
D-aldose derivatives with allylsilanes, vinyl ethers, or vinyl
sulfides.34 The regiospecificity and stereoselectivity is greater
than in the photochemical reaction; trans-2-alkoxy- and trans-
2-phenylthiooxetanes are the resulting products.

2-Alkylthioethyl acetates can be formed from vinyl acetates by
the addition of thiols with BF3·OEt2 as the catalyst.35 The yield
is 79%, compared to 75% when BF3·OEt2 is used in conjunction
with Mercury(II) Sulfate or Mercury(II) Oxide.

α-Alkoxycarbonylallylsilanes react with acetals in the pres-
ence of BF3·OEt2 (eq 2).36 The products can be converted into
α-methylene-γ-butyrolactones by dealkylation with Iodotrime-
thylsilane.

CO2Et

Me3Si

Ph

MeO OMe

EtO2C
+

BF3•OEt2

89%
(2)

OMe

Ph

The cuprate 1,4-conjugate addition step in the synthesis of
(+)-modhephene is difficult due to the neopentyl environment of
C-4 in the enone, but it can occur in the presence of BF3·OEt2
(eq 3).37

BF3•OEt2

Me2CuLi
70%

(3)

O O

The reagent is used as a Lewis acid catalyst for the intramole-
cular addition of diazo ketones to alkenes.38 The direct synthesis
of bicyclo[3.2.1]octenones from the appropriate diazo ketones us-
ing BF3·OEt2 (eq 4) is superior to the copper-catalyzed thermal
decomposition of the diazo ketone to a cyclopropyl ketone and
subsequent acid-catalyzed cleavage.38

(4)

BF3•OEt2
ClCH2CH2Cl

0–27 °C
30–51%

R

COCHN2
O

R

BF3·OEt2 reacts with fluorinated amines to form salts which are
analogous to Vilsmeier reagents, Arnold reagents, or phosgene–
immonium salts (eq 5).39 These salts are used to acylate electron-
rich aromatic compounds, introducing a fluorinated carbonyl
group (eq 6).

(5)XCHF NR2

F

F

XCHF
F

NR2

BF3•OEt2

+

BF4
–

R = Et; X = Cl, F, CF3 (1)

BF4
–Ar

CHFX

NR2(1)
+

Ar
CHFX

O
(6)ArH

H3O+

Xenon(II) Fluoride and methanol react to form Methyl
Hypofluorite, which reacts as a positive oxygen electrophile in
the presence of BF3 (etherate or methanol complex) to yield anti-
Markovnikov fluoromethoxy products from alkenes.40,41

Aldol Reactions. Although Titanium(IV) Chloride is a bet-
ter Lewis acid in effecting aldol reactions of aldehydes, acetals,
and silyl enol ethers, BF3·OEt2 is more effective for aldol reac-
tions with anions generated from transition metal carbenes and
with tetrasubstituted enol ethers such as (Z)- and (E)-3-methyl-
2-(trimethylsilyloxy)-2-pentene.42,43 One exception involves the
preparation of substituted cyclopentanediones from acetals by the
aldol condensation of protected four-membered acyloin deriva-
tives with BF3·OEt2 rather than TiCl4 (eq 7).44 The latter cata-
lyst causes some loss of the silyl protecting group. The pinacol
rearrangement is driven by the release of ring strain in the four-
membered ring and controlled by an acyl group adjacent to the
diol moiety.

O

R R'

Me3SiO OSiMe3 O
OSiMe3

R'

HO
R

O

O

R

R'

+
BF3•OEt2

(7)

The reagent is the best promoter of the aldol reaction of
2-(trimethylsilyloxy)acrylate esters, prepared by the silyla-
tion of pyruvate esters, to afford γ-alkoxy-α-keto esters
(eq 8).45 These esters occur in a variety of important natural
products.

(8)

Ph OMe

OMe
OEt

O

OSiMe3

Ph
OEt

OMe O

O

+

BF3•OEt2
CH2Cl2

–78 to 0 °C
86%

BF3·OEt2 can improve or reverse the aldehyde diastereofacial
selectivity in the aldol reaction of silyl enol ethers with aldehy-
des, forming the syn adducts. For example, the reaction of the silyl
enol ether of pinacolone with 2-phenylpropanal using BF3·OEt2
gives enhanced levels of Felkin selectivity relative to the addition
of the corresponding lithium enolate.46,47 In the reaction of silyl
enol ethers with 3-formyl-�2-isoxazolines, BF3·OEt2 gives pre-
dominantly anti aldol adducts, whereas other Lewis acids give syn
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aldol adducts.48 The reagent can give high diastereofacial selec-
tivity in the addition of silyl enol ethers or silyl ketones to chiral
aldehydes.49 In the addition of a nonstereogenic silylketene acetal
to chiral, racemic α-thioaldehydes, BF3·OEt2 leads exclusively to
the anti product.49

1,5-Dicarbonyl compounds are formed from the reaction of silyl
enol ethers with methyl vinyl ketones in the presence of BF3·OEt2
and an alcohol (eq 9).50 α-Methoxy ketones are formed from α-
diazo ketones with BF3·OEt2 and methanol, or directly from silyl
enol ethers using iodobenzene/BF3·OEt2 in methanol.51

BF3•OEt2

MeOH
(9)

OSiMe3

O

O
O

+

α-Mercurio ketones condense with aldehydes in the presence
of BF3·OEt2 with predominant erythro selectivity (eq 10).52

Enaminosilanes derived from acylic and cyclic ketones undergo
syn selective aldol condensations in the presence of BF3·OEt2.53

(10)

O

HgI

O

Ph

OH
H

O

Ph

OH

+  PhCHO

H

BF3•OEt2

THF
60%

+

90:10erythro threo

Cyclizations. Arylamines can undergo photocyclization in
the presence of BF3·OEt2 to give tricyclic products, e.g. 9-azaph-
enanthrene derivatives (eq 11).54

(11)

R′

N

R

XR′ R′

hν, CH2Cl2
BF3•OEt2 N

R

XR′ R′

R′

R = H, Me; R′ = H, OMe; X = CH, N

38–45%

Substituted phenethyl isocyanates undergo cyclization to
lactams when treated with BF3·OEt2.55 Vinyl ether epoxides
(eq 12),56 vinyl aldehydes,57 and epoxy β-keto esters58 all
undergo cyclization with BF3·OEt2.

O

O
R

R
R

O

RR

R
OH

( )n

BF3•OEt2

40–100% ( )n–1

R = H, Me

(12)

β-Silyl divinyl ketones (Nazarov reagents) in the presence of
BF3·OEt2 cyclize to give cyclopentenones, generally with reten-
tion of the silyl group.59 BF3·OEt2 is used for the key step in
the synthesis of the sesquiterpene trichodiene, which has adjacent
quaternary centers, by catalyzing the cyclization of the dienone

to the tricyclic ketone (eq 13).60 Trifluoroacetic acid and trifluo-
roacetic anhydride do not catalyze this cyclization.

(13)
BF3•OEt2

MeCl, Δ
75–80%

O O

Costunolide, treated with BF3·OEt2, produces the cyclocos-
tunolide (2) and a C-4 oxygenated sesquiterpene lactone (3),
4α-hydroxycyclocostunolide (eq 14).61

BF3•OEt2

(3)

O
O

O
O

H
O

O

H
+

(2)

HO

(14)

Other Condensation Reactions. BF3·MeOH and BF3·OEt2
with ethanol are widely used in the esterification of various kinds
of aliphatic, aromatic, and carboxylic acids;62 the reaction is mild,
and no rearrangement of double bonds occurs. This esterification
is used routinely for stable acids prior to GLC analysis. Hetero-
cyclic carboxylic acids,63 unsaturated organic acids,64 biphenyl-
4,4′-dicarboxylic acid,65 4-aminobenzoic acid,63 and the very
sensitive 1,4-dihydrobenzoic acid65 are esterified directly.

The dianion of acetoacetate undergoes Claisen condensations
with tetramethyldiamide derivatives of dicarboxylic acids to pro-
duce polyketides in the presence of BF3·OEt2 (eq 15).66 Similarly,
3,5-dioxoalkanoates are synthesized from tertiary amides or
esters with the acetoacetate dianion in the presence of BF3·OEt2
(eq 16).66

CONMe2

CONMe2

CO2Me

CO2Me

O O

O O

CO2Me

O
+

1. NaH, BuLi
2. BF3•OEt2

78 °C
(15)

CO2Me

O
+

(16)

R O Et

O

R OMe

O O O

BF3•OEt2
THF, 78 °C

43–72%

R = n-C9H19, ClCH2, Ph

Aldehydes and siloxydienes undergo cyclocondensation with
BF3·OEt2 to form pyrones (eq 17).67 The stereoselectivity is
influenced by the solvent.
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OMe

O

O Ph

O

O Ph

TBDMSO

O

H Ph

BF3•OEt2

solvent

(17)

+

+

1:2.3
7:1

solvent: CH2Cl2
PhMe

BF3·OEt2 is effective in the direct amidation of carboxylic acids
to form carboxamides (eq 18).68 The reaction is accelerated by
bases and by azeotropic removal of water.

O

R1 OH

BF3•OEt2
base

benzene or toluene
50–85%

(18)+ HN
R2

R3
N

R2

R3R1

O

Carbamates of secondary alcohols can be prepared by a conden-
sation reaction with the isocyanate and BF3·OEt2 or Aluminum
Chloride.69 These catalysts are superior to basic catalysts such
as pyridine and triethylamine. Some phenylsulfonylureas have
been prepared from phenylsulfonamides and isocyanates using
BF3·OEt2 as a catalyst; for example, 1-butyl-3-(p-tolylsulfonyl)
urea is prepared from p-toluenesulfonamide and butyl isocya-
nate.70 BF3·OEt2 is an excellent catalyst for the condensation of
amines to form azomethines (eq 19).71 The temperatures required
are much lower than with Zinc Chloride.

BF3•OEt2

100%

(19)

O

H2N Cl

N-p-C6H4Cl

+

Acyltetrahydrofurans can be obtained by BF3·OEt2 catalyzed
condensation of (Z)-4-hydroxy-1-alkenylcarbamates with aldehy-
des, with high diastereo- and enantioselectivity.72 Pentasubsti-
tuted hydrofurans are obtained by the use of ketones.

Isobornyl ethers are obtained in high yields by the condensation
of camphene with phenols at low temperatures using BF3·OEt2 as
catalyst.73 Thus camphene and 2,4-dimethylphenol react to give
isobornyl 2,4-dimethylphenyl ether, which can undergo further
rearrangement with BF3·OEt2 to give 2,4-dimethyl-6
-isobornylphenol.73

The title reagent is also useful for the condensation of allylic
alcohols with enols. A classic example is the reaction of phytol in
dioxane with 2-methyl-1,4-naphthohydroquinone 1-monoacetate
to form the dihydro monoacetate of vitamin K1 (eq 20), which can
be easily oxidized to the quinone.74

OR

OH

OR

OH

HO C16H33
+

1. BF3•OEt2
    dioxane

2. KOH

C16H33
(20)R = H or COMe

BF3·OEt2 promotes fast, mild, clean regioselective dehydra-
tion of tertiary alcohols to the thermodynamically most stable
alkenes.75 11β-Hydroxysteroids are dehydrated by BF3·OEt2 to
give �9(11)-enes (eq 21).76,77

HO
CO2H

AcO

CO2H

AcO

(21)
BF3•OEt2

96.5%

Epoxide Cleavage and Rearrangements. The treatment of
epoxides with BF3·OEt2 results in rearrangements to form alde-
hydes and ketones (eq 22).78 The carbon α to the carbonyl group
of an epoxy ketone migrates to give the dicarbonyl product.79 The
acyl migration in acyclic α,β-epoxy ketones proceeds through a
highly concerted process, with inversion of configuration at the
migration terminus.80 With 5-substituted 2,3-epoxycyclohexanes
the stereochemistry of the quaternary carbon center of the
cyclopentanecarbaldehyde product is directed by the chirality of
the 5-position.81 Diketones are formed if the β-position of the
α,β-epoxy ketone is unsubstituted. The 1,2-carbonyl migration of
an α,β-epoxy ketone, 2-cycloheptylidenecyclopentanone oxide,
occurs with BF3·OEt2 at 25 ◦C to form the cyclic spiro
-1,3-diketone in 1 min (eq 23).82

R1

R1
R2

O

O

R1

R1

CHO
R2

O

R1

R1

R2

O

(22)+
BF3•OEt2

R1 = Me, H; R2 = Me, Ph

BF3•OEt2

CH2Cl2
91%

O
O

O

O

(23)

The migration of the carbonyl during epoxide cleavage is used
to produce hydroxy lactones from epoxides of carboxylic acids
(eq 24).83 α-Acyl-2-indanones,84 furans,85 and �2-oxazolines86

(eq 25) can also be synthesized by the cleavage and rearrangement
of epoxides with BF3·OEt2. The last reaction has been conducted
with sulfuric acid and with tin chloride, but the yields were lower.
γ ,δ-Epoxy tin compounds react with BF3·OEt2 to give the corres-
ponding cyclopropylcarbinyl alcohols (eq 26).87



31 BORON TRIFLUORIDE ETHERATE

O O

(24)
O

CO2H

O

O

OH

OBF3•OEt2

55%

O

R1

H R2
H

N O

R1 R2

R3

BF3•OEt2

86%
(25)+  R3CN

OR3

R1

R2

Me3Sn
R2

CH2OH
R3

R1

BF3•OEt2

CH2Cl2

(26)

Remotely unsaturated epoxy acids undergo fission rearrange-
ment when treated with BF3·OEt2. Hence, cis and trans ketocy-
clopropane esters are produced from the unsaturated epoxy ester
methyl vernolate (eq 27).88

BF3•OEt2

benzene

CO2Me
O

CO2Me

O
(27)

Epoxy sulfones undergo rearrangement with BF3·OEt2 to give
the corresponding aldehydes.89 α-Epoxy sulfoxides, like other
negatively substituted epoxides, undergo rearrangement in which
the sulfinyl group migrates and not the hydrogen, alkyl, or aryl
groups (eq 28).89

O

H
S(O)Ph S(O)Ph

O
H

H

O

BF3•OEt2

Δ, toluene

Δ

–PhSOH

(28)

α,β-Epoxy alcohols undergo cleavage and rearrangement with
BF3·OEt2 to form β-hydroxy ketones.90 The rearrangement is
stereospecific with respect to the epoxide and generally results
in anti migration. The rearrangement of epoxy alcohols with
β-substituents leads to α,α-disubstituted carbonyl compounds.91

The BF3·OEt2-induced opening of epoxides with alcohols is
regioselective, but the regioselectivity varies with the nature of
the substituents on the oxirane ring.92 If the substituent provides
charge stabilization (as with a phenyl ring), the internal posi-
tion is attacked exclusively. On the other hand, terminal ethers
are formed by the regioselective cleavage of the epoxide ring of
glycidyl tosylate.92

A combination of cyanoborohydride and BF3·OEt2 is used for
the regio- and stereoselective cleavage of most epoxides to the
less substituted alcohols resulting from anti ring opening.93 The

reaction rate of organocopper and cuprate reagents with slightly
reactive epoxides, e.g. cyclohexene oxide, is dramatically en-
hanced by BF3·OEt2.94 The Lewis acid and nucleophile work
in a concerted manner so that anti products are formed.

Azanaphthalene N-oxides undergo photochemi-
cal deoxygenation reactions in benzene containing
BF3·OEt2, resulting in amines in 70–80% yield;95

these amines are important in the synthesis of hete-
rocyclic compounds. Azidotrimethylsilane reacts with
trans-1,2-epoxyalkylsilanes in the presence of BF3·OEt2 to
produce (Z)-1-alkenyl azides.96 The cis-1,2-epoxyalkylsilanes
undergo rapid polymerization in the presence of Lewis acids.

Other Rearrangements. BF3·OEt2 is used for the regioselec-
tive rearrangement of polyprenyl aryl ethers to yield polyprenyl
substituted phenols, e.g. coenzyme Qn.97 The reagent is used in the
Fries rearrangement; for example, 5-acetyl-6-hydroxycoumaran is
obtained in 96% yield from 6-acetoxycoumaran using this reagent
(eq 29).98

AcO O HO O

Ac
BF3•OEt2

(29)

Formyl bicyclo[2.2.2]octane undergoes the retro-Claisen
rearrangement to a vinyl ether in the presence of BF3·OEt2 at
0 ◦C (eq 30), rather than with HOAc at 110 ◦C.99

BF3•OEt2

0 °C
72%

CHOMeO2C O

CO2Me

H

H

(30)

BF3·OEt2 is used for a stereospecific 1,3-alkyl migration
to form trans-2-alkyltetrahydrofuran-3-carbaldehydes from 4,5-
dihydrodioxepins (eq 31), which are obtained by the isomer-
ization of 4,7-dihydro-1,3-dioxepins.100 Similarly, α-alkyl-β-
alkoxyaldehydes can be prepared from 1-alkenyl alkyl acetals by
a 1,3-migration using BF3·OEt2 as catalyst.101 Syn products are
obtained from (E)-1-alkenyl alkyl acetals and anti products from
the (Z)-acetals.

O O

HR O R

CHO

BF3•OEt2

–73 °C
90–95%

(31)

The methyl substituent, and not the cyano group, of 4-methyl-4-
cyanocyclohexadienone migrates in the presence of BF3·OEt2 to
give 3-methyl-4-cyanocyclohexadienone.102 BF3·OEt2-promoted
regioselective rearrangements of polyprenyl aryl ethers provide
a convenient route for the preparation of polyprenyl-substituted
hydroquinones (eq 32), which can be oxidized to polyprenyl-
quinones.103

OH

MeO

MeO

O
H

OH

MeO

MeO

OH
H

n

(32)
BF3•OEt2

CCl4

n
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The (E)–(Z) photoisomerization of α,β-unsaturated esters,104

cinnamic esters,105 butenoic esters,106 and dienoic esters106 is cat-
alyzed by BF3·OEt2 or Ethylaluminum Dichloride. The latter two
reactions also involve the photodeconjugation of α,β-unsaturated
esters to β,γ-unsaturated esters. The BF3·MeOH complex is used
for the isomerization of 1- and 2-butenes to form equal quantities
of cis- and trans-but-2-enes;107 the BF3·OEt2–acetic acid com-
plex is not as effective.

The complex formed with BF3·OEt2 and Epichlorohydrin
in DMF acts as a catalyst for the Beckmann rearrangement of
oximes.108 Cyclohexanone, acetaldehyde, and syn-benzaldehyde
oximes are converted into ε-caprolactam, a mixture of N-methyl-
formamide and acetamide, and N-phenylacetamide, respectively.

The addition of BF3·OEt2 to an α-phosphorylated imine
results in the 1,3-transfer of a diphenylphosphinoyl group, with
resultant migration of the C–N=C triad.109 This method is less
destructive than the thermal rearrangement. The decomposition of
dimethyldioxirane in acetone to methyl acetate is accelerated with
BF3·OEt2, but acetol is also formed.110 Propene oxide undergoes
polymerization with BF3·OEt2 in most solvents, but isomerizes
to propionaldehyde and acetone in dioxane.111

Hydrolysis. BF3·OEt2 is used for stereospecific hydrolysis
of methyl ethers, e.g. in the synthesis of (±)-aklavone.112 The
reagent is also used for the mild hydrolysis of dimethylhydra-
zones.113 The precipitate formed by the addition of BF3·OEt2 to
a dimethylhydrazone in ether is readily hydrolyzed by water to
the ketone; the reaction is fast and does not affect enol acetate
functionality.

Cleavage of Ethers. In aprotic, anhydrous solvents,
BF3·MeOH is useful for the cleavage of trityl ethers at rt.114

Under these conditions, O- and N-acyl groups, O-sulfonyl,
N-alkoxycarbonyl, O-methyl, O-benzyl, and acetal groups are not
cleaved.

BF3·OEt2 and iodide ion are extremely useful for the mild and
regioselective cleavage of aliphatic ethers and for the removal of
the acetal protecting group of carbonyl compounds.115,116 Aro-
matic ethers are not cleaved, in contrast to other boron reagents.
BF3·OEt2, in chloroform or dichloromethane, can be used for the
removal of the t-butyldimethylsilyl (TBDMS) protecting group of
hydroxyls, at 0–25 ◦C in 85–90% yield.117 This is an alternative to
ether cleavage with Tetrabutylammonium Fluoride or hydrolysis
with aqueous Acetic Acid.

In the presence of BF3·OEt2, dithio-substituted allylic anions
react exclusively at the α-carbons of cyclic ethers, to give high
yields of the corresponding alcohol products (eq 33).118 The dithi-
ane moiety is readily hydrolyzed with Mercury(II) Chloride to
give the keto derivatives.

S

SH

Ph

O

S

S

Ph

OH

OH
O

Ph (33)

HgCl2

MeOH aq
80 °C

1. BuLi
2. BF3•OEt2

3.

Inexpensive di-, tri-, and tetramethoxyanthraquinones can
be selectively dealkylated to hydroxymethoxyanthraquinones by
the formation of difluoroboron chelates with BF3·OEt2 in ben-
zene and subsequent hydrolysis with methanol.119 These un-
symmetrically functionalized anthraquinone derivatives are use-
ful intermediates for the synthesis of adriamycin, an antitumor
agent. 2,4,6-Trimethoxytoluene reacts with cinnamic acid and
BF3·OEt2, with selective demethylation, to form a boron het-
erocycle which can be hydrolyzed to the chalcone aurentiacin
(eq 34).120

MeO OMe

OMe

Ph
CO2H

MeO

OMe

O+
BF2

–O

Ph

MeO

OMe

O

OH

Ph

MeOH
H2O

50 °C

BF3•OEt2

80 °C
94%

+ 

(34)

Reductions. In contrast to hydrosilylation reactions catalyzed
by metal chlorides, aldehydes and ketones are rapidly reduced at rt
by Triethylsilane and BF3·OEt2, primarily to symmetrical ethers
and borate esters, respectively.121 Aryl ketones like acetophenone
and benzophenone are converted to ethylbenzene and diphenyl-
methane, respectively. Friedel–Crafts acylation–silane reduction
reactions can also occur in one step using these reagents; thus Ben-
zoyl Chloride reacts with benzene, triethylsilane, and BF3·OEt2
to give diphenylmethane in 30% yield.121

BF3·OEt2 followed by Diisobutylaluminum Hydride is used
for the 1,2-reduction of γ-amino-α,β-unsaturated esters to give
unsaturated amino alcohols, which are chiral building blocks for
α-amino acids.122 α,β-Unsaturated nitroalkenes can be reduced
to hydroxylamines by Sodium Borohydride and BF3·OEt2 in
THF;123,124 extended reaction times result in the reduction of the
hydroxylamines to alkylamines. Diphenylamine–borane is pre-
pared from sodium borohydride, BF3·OEt2, and diphenylamine
in THF at 0 ◦C.125 This solid is more stable in air than BF3·THF
and is almost as reactive in the reduction of aldehydes, ketones,
carboxylic acids, esters, and anhydrides, as well as in the hydrob-
oration of alkenes.

Bromination. BF3·OEt2 can catalyze the bromination of
steroids that cannot be brominated in the presence of HBr or
sodium acetate. Hence, 11α-bromoketones are obtained in high
yields from methyl 3α,7α-diacetoxy-12-ketocholanate.126 Bromi-
nation (at the 6α-position) and dibromination (at the 6α- and 11α-
positions) of methyl 3α-acetoxy-7,12-dioxocholanate can occur,
depending on the concentration of bromine.127

A combination of BF3·OEt2 and a halide ion (tetraethylam-
monium bromide or iodide in dichloromethane or chloroform, or
sodium bromide or iodide in acetonitrile) is useful for the conver-
sion of allyl, benzyl, and tertiary alcohols to the corresponding
halides.128,129
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Diels–Alder Reactions. BF3·OEt2 is used to catalyze and
reverse the regiospecificity of some Diels–Alder reactions, e.g.
with peri-hydroxylated naphthoquinones,130 sulfur-containing
compounds,131 the reaction of 1-substituted trans-1,3-dienes with
2,6-dimethylbenzoquinones,132 and the reaction of 6-methoxy-1-
vinyl-3,4-dihydronaphthalene with p-quinones.133 BF3·OEt2 has
a drastic effect on the regioselectivity of the Diels–Alder reac-
tion of quinoline- and isoquinoline-5,8-dione with piperylene,
which produces substituted azaanthraquinones.134 This Lewis
acid is the most effective catalyst for the Diels–Alder reaction of
furan with methyl acrylate, giving high endo selectivity in the
7-oxabicyclo[2.2.1]heptene product (eq 35).135

BF3•OEt2

50 °C
76%

(35)

O

O

CO2Me

O

CO2Me

+  CH2=CHCO2Me

+

7:3

α-Vinylidenecycloalkanones, obtained by the reaction of
Lithium Acetylide with epoxides and subsequent oxidation, un-
dergo a Diels–Alder reaction at low temperature with BF3·OEt2
to form spirocyclic dienones (eq 36).136

(  )n

BF3•OEt2

30 °C
77–88%

(36)

O

•

+ O
(  )n

Other Reactions. The 17-hydroxy group of steroids can be
protected by forming the THP (O-tetrahydropyran-2-yl) deriva-
tive with 2,3-dihydropyran, using BF3·OEt2 as catalyst;137 the
yields are higher and the reaction times shorter than with
p-toluenesulfonic acid monohydrate.

BF3·OEt2 catalyzes the decomposition of β,γ-unsaturated dia-
zomethyl ketones to cyclopentenone derivatives (eq 37).138,139

Similarly, γ ,δ-unsaturated diazo ketones are decomposed to
β,γ-unsaturated cyclohexenones, but in lower yields.140

BF3•OEt2

nitromethane
50–70%

(37)
O

CHN2
O

BF3·OEt2 is an effective reagent for debenzyloxycarbonyla-
tions of methionine-containing peptides.141 Substituted 6H-1,3-
thiazines can be prepared in high yields from BF3·OEt2-catalyzed
reactions between α,β-unsaturated aldehydes, ketones, or acetals
with thioamides, thioureas, and dithiocarbamates (eq 38).142

+R3 R1
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NHO

R1

BF3•OEt2
R

(38)

α-Alkoxy ketones can be prepared from α-diazo ketones and
primary, secondary, and tertiary alcohols using BF3·OEt2 in

ethanol.143 Nitrogen is released from a solution of
ααα-Diazoacetophenone and BF3·OEt2 in ethanol to give
α-ethoxyacetophenone.143

Anti-diols can be formed from β-hydroxy ketones using Tin(IV)
Chloride or BF3·OEt2.144 The hydroxy ketones are silylated,
treated with the Lewis acid, and then desilylated with Hydrogen
Fluoride. Syn-diols are formed if Zinc Chloride is used as the
catalyst.

BF3·OEt2 activates the formal substitution reaction of the
hydroxyl group of γ- or δ-lactols with some organometallic
reagents (M = Al, Zn, Sn), so that 2,5-disubstituted tetrahydro-
furans or 2,6-disubstituted tetrahydropyrans are formed.145

A new method of nitrile synthesis from aldehydes has been dis-
covered using O-(2-aminobenzoyl)hydroxylamine and BF3·OEt2,
achieving 78–94% yields (eq 39).146

BF3•OEt2

EtOH
(39)

CO2NH2

NH2

+  ArCHO ArCN

Carbonyl compounds react predominantly at the α site of
dithiocinnamyllithium if BF3·OEt2 is present, as the hardness of
the carbonyl compound is increased (eq 40).147 The products can
be hydrolyzed to α-hydroxyenones.

(40)
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RR'CO
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Optically active sulfinates can be synthesized from sulfinamides
and alcohols using BF3·OEt2.148 The reaction proceeds stere-
ospecifically with inversion of sulfinyl configuration; the mild
conditions ensure that the reaction will proceed even with alcohols
with acid-labile functionality.

First Update

Carl J. Lovely
University of Texas at Arlington, Arlington, TX, USA

Addition Reactions. BF3·Et2O is often among the first Lewis
acids evaluated for the activation of electrophiles toward the
addition of less reactive nucleophiles, and equilibrium constants
between this Lewis acid and several carbonyl compounds have
been determined.149 TMSCN undergoes addition to N-sulfonyl
and N-alkyl imines in high yields (82–85%) in the presence of
BF3·Et2O. Non-racemic amines engage in this transformation,
providing efficient access to non-racemic amino acid derivatives
after nitrile hydrolysis.150 Vinylogous formamides can be con-
verted into the corresponding trienes in moderate to good yields
through the addition of in situ generated allyl indium reagents and
subsequent elimination.151 BF3·Et2O catalyzes the vinylogous
aldol reaction between aldehydes and 3-siloxyfuran derivatives,
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in good yields (42–100%) and with moderate to high diastere-
oselectivity (1:1–19), favoring the syn adduct.152 Potassium aryl
and vinyl trifluoroborate salts react with in situ generated iminium
ions catalyzed by BF3·Et2O, providing the Mannich-type adducts
in 21–95% yield.153 N-Sulfonylimines and N-sulfinylimines react
with potassium allyl- and crotyltrifluoroborates in high yield
(54-99%) and generally high diastereoselectivity (91–98:9–2)
(eq 41).154 In addition, asymmetric variants with Ellman-type
N-sulfinylimines were investigated, leading to the formation
of the expected addition product in excellent yield and
diastereoselectivity.154

R1 BF3
–K+

R2

NTs

R3 H

R3

NH

R2R1

Ts

BF3  OEt2, CH2Cl2

54–99%

+

R1 = R2 = H
R1 = Me; R2 = H
R1 = H; R2 = Me

R3 = Aryl, heteroaryl,
        alkyl

(41)

·

This reagent activates imines toward vinylogous Mannich-
type reactions. For example, trifluoromethyl aldimines react in
both high yield and with high anti diastereoselectivities (>98%
de) with 2-trialkylsiloxyfurans, affording the corresponding sub-
stituted butyrolactones.155 β-Amino-α,α-difluoroketones can be
generated through an imino aldol reaction from acylsilanes, triflu-
oromethyltrimethylsilane, and BF3·Et2O in good yields (53–83%)
and reasonable levels of diastereoselectivity.156 In the presence of
BF3·Et2O, vinyl epoxides rearrange to the isomeric β,γ-unsatu-
rated aldehyde, which further tautomerizes to the vinylogous enol,
and then engages in a Mannich reaction with N-aryl aldimines
(eq 42).157 Reformatsky reactions of aldehydes have been
reported to be catalyzed by BF3·Et2O leading to the formation
of β-hydroxyl esters in good to excellent yield (66–92%).158
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F3C OMe
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F3C OMe

CHO
Ar

BF3 OEt2, THF

73–99%
(42)·

Methylene cyclopropene derivatives undergo reaction with
aldehydes and imines that are activated by Lewis acid to generate
the indene derivative as the major product in most cases, although
occasionally dihydropyrans are obtained.159 Alternatively, if the
reaction is conducted at −25 ◦C, rather than room temperature, the
corresponding furan or pyrrolidine derivative is formed (eq 43).
A mechanistic rationale for the divergent reaction pathways was
provided.159
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BF3 OEt2, CH2Cl2
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X = O, NTs

BF3 OEt2, CH2Cl2, –25 °C

X = O, NTs

5–78% 8–45%

40–58%

+

(43)

·

·

An unusual addition reaction of alcohols to olefins involving the
net formation of a C–C bond between two sp3-hybridized carbon
atoms through the action of Wilkinson’s catalyst and BF3·Et2O
has been reported (eq 44). The reaction appears to be reasonably
general and is interpreted in terms of a radical-based process.160
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R3 R4
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R2 OH

R4
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BF3 OEt2, PhMe

0.5 equiv BuBr, 55 °C

31–78%

2 mol % RhCl(PPh3)3

+

(44)

·

1,2-Bis(trimethylsilyloxy)cyclobutene derivatives react with
ketones and their dialkyl acetals to afford the corresponding spiro-
fused 1,3-cyclopentadiones. Depending on the structure of the
cyclobutene, the corresponding aldehyde-derived acetals give
2-substituted 3-hydroxycylopentenones, or 3-substituted
2-hydroxy pentenones.161 BF3·Et2O has been used in the Baylis–
Hillman reaction in conjuction with sulfides, including a non-
racemic sulfide, leading to a moderately effective asymmetric
variant.162 It was proposed that the Lewis acid plays a dual role
of activating both carbonyl components: first to activate the donor
towards Michael addition of the sulfide, and second, to activate
the electrophile to nucleophilic attack.162

Non-racemic oxime ethers undergo addition with Grignard or
organolithium reagents upon activation with BF3·Et2O at low tem-
perature, providing the 1,2-adducts in high chemical yield and
generally high diastereoselectivity. The resulting adducts have
utility in the asymmetric construction of nitrogen heterocycles.163

BF3·Et2O has been employed to activate vinyl oxazolidinones
towards SN2′ reactions with organocuprates. These reactions pro-
ceed primarily via an anti mode of addition, providing dipeptide
isosteres in good yield.164 Similar results were obtained using
allylic mesylates, although in this case access to both the cis
and trans product was possible by appropriate choice of solvent
(Et2O = trans; THF = cis).165

2,3,4-Trisubstituted tetrahydrofurans can be prepared in good
yields with moderate to good levels of diastereocontrol through
the reaction of cylic allylsiloxane derivatives (eq 45). Plausible
mechanisms were provided to account for both products formed
and the stereochemical control observed.166
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O
Si

Ar

OR

Ar

OR

Ar

+      RCHO
BF3 OEt2, CH2Cl2

–78 °C→rt
48–83%

+ (45)

·

Lewis acid assisted ring-opening reactions of strained rings
continue to be a prevalent application of BF3·Et2O. For exam-
ple, the reagent has been used to activate ethylene oxide towards
nucleophilic addition with an organolithium derivative generated
from the sparteine-mediated asymmetric deprotonative lithiation
of BOC-protected pyrrolidine.167 A related approach has been
employed to desymmetrize meso epoxides (eq 46).168

O

OH

Ar

BF3 OEt2, Et2O or

–78 °C
80–95%; 15–87% ee

+   ArLi (46)

·
(–)-sparteine

PhMe/hexane

Amino epoxides react with ketones in the presence of the
reagent to afford the dioxolane in a stereospecific fashion with
respect to the epoxide (eq 47). Subsequent treatment of the diox-
olane with dilute HCl provides the corresponding diols in high
yield and stereochemical purity.169 Similarly in the presence of ni-
triles, amino epoxides undergo a tandem ring-opening Ritter-type
of process to provide amido hydroxy amine derivatives (eq 47).170

N-Tosyl aziridines have been shown to undergo ring-opening
and intramolecular nucleophilic trapping with a variety of
π-nucleophiles, including allyl- and vinylsilanes,171,172 aromatic
rings, and simple olefins.173

R1

NBn2

O

O

R2 R2

R1

NBn2

O
O

R2
R2

R1

NBn2

OH H
N R2

O

BF3 OEt2, CH2Cl2

0 °C, 86–92%

BF3 OEt2, R2CN

80 °C, 61–79%

(47)·

·

Substitution. A broad range of substitution reactions cat-
alyzed or mediated by BF3·Et2O are known. For example, acetals
undergo substitution with organomanganese reagents, its presence
leading to the formation of ethers.174 The use of this reagent for
the in situ generation of iminium ions has been reported, for
example, α-methoxy amides react with BF3·Et2O in the pres-
ence of various nucleophiles leading to substitution.175 Similar

transformations can be accomplished intramolecularly from
α-methoxy carbamates.176 Friedel–Crafts reactions have been
initiated by treatment with the reagent. For instance, tertiary
propargylic silyl ethers react in an intramolecular sense with
electron-rich aromatics to provide the allene, which upon exposure
to acid affords the corresponding aromatized adduct (eq 48).177

•

PhR

Y

N

Ts

X

Y

N

Ts

•

PhR

X

N

Ph

R

OTMS

Y

X

Ts

BF3 OEt2, CH2Cl2

0 °C, 60–99%

Major Minor

(48)

·

An intramolecular Friedel–Crafts reaction of a diene and an
electron-rich aromatic moiety, promoted by BF3·Et2O, was used
in the late stage construction of cyclohexyl ring in an approach
to the marine natural product pseudopterosin aglycone.178 In a
somewhat related transformation, it has been demonstrated that
aromatics can be converted into the corresponding diarylmethane
derivative on exposure to α-methoxyacetic acid in the presence of
trifluoroacetic anhydride (TFAA) and BF3·Et2O (eq 49).179

MeO OH

O

Ar Ar

Ar H
BF3 OEt2, TFAA

CH2Cl2, rt 
25–80%

+

(49)

·

A regiocomplementary method to the acid-catalyzed synthesis
of aryl benzothiophenes from 2-arylthio acetophenone derivatives
is possible using BF3·Et2O. If polyphosphoric acid is used, the
2-isomer is formed, whereas, in the presence of the Lewis acid, the
isomeric 3-substituted product is obtained.180 An unusual substi-
tution reaction was observed on exposure of aryl α-bromoketones
to allyl tributyltin and BF3·Et2O. Allyl ketones were obtained,
resulting from the net addition of the allyl moiety to the carbonyl
group and migration of the aryl moiety. This outcome was
rationalized in terms of the intermediacy of the epoxide and its
subsequent Lewis acid-catalyzed rearrangement (eq 50).181

O

Br

SnBu3

O

O

BF3 OEt2, CH2Cl2

0 °C→rt, 55–86%

(50)

·
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Cyclic ethers can be obtained in good yields and high stere-
oselectivities from 1,2,n-triols on treatment with an ortho ester
and BF3·Et2O. The intermediacy of an acetoxonium species was
postulated which undergoes intramolecular nucleophilic attack to
provide the observed products (eq 51).182

R OH

OH

OH

OH

R

O
O

R

OH
O

BF3 OEt2, CH2Cl2

0 °C, 8–89%
(  )n

(  )n (  )n

R = alkyl, c-alkyl, aryl,
n = 1–4

·
MeC(OMe)3

(51)

A Pummerer-type of α-functionalization of arylselenyl acetates
with allyl trimethylsilanes or allyl tri-n-butylstannanes occurs in
the presence of BF3·Et2O or TFAA, providing homo allylic ester
derivatives (eq 52).183

EtO
Se

O O

Ph

TMS

EtO
Se

O Ph

BF3 OEt2, CH2Cl2

reflux

63%

(52)·

BF3·Et2O has been shown to mediate and catalyze the sub-
stitution of tert-alkyl fluorides with various nucleophiles includ-
ing silyl enol ethers, allyl silanes, hydrosilanes and phosphines
(eq 53).184,185

R1-F

R4

OTMS

R2

R3 R4

O

R2

R3

R1

TMS

R2 R1

R2

Et3SiH R1-H

R1 P
S

Ph
Ph

BF3 OEt2

BF3 OEt2

54–89%

64–84%

85–100%

HPPh2 then S8

40–80%

(53)

·
CH2Cl2, –20 °C

·
CH2Cl2, –20 °C

An elegant in situ protection-activation strategy using BF3·Et2O
has been described for the functionalization of amino acids, lead-
ing to the facile preparation of amides (including dipeptides) of
the carboxylic acid, circumventing the need to protect–deprotect
the amino moiety (eq 54).186

H2N
OLi

O

H2N
O

OBF
F

R-NH2

H2N
NHR

O

THF, 50 °C R = Bn, 50%
R = i-Bu, 29%
R = i-Pr, 0%

BF3 OEt2

(54)

·

Several transition metal mediated processes rely on the par-
ticipation of Lewis acids, among these, the Nicholas reaction
figures prominently. After treatment with BF3·Et2O, Co2(CO)6
complexed propargylic alcohols provide the carbocation, which
can be trapped intramolecularly with various nucleophiles includ-
ing epoxides (eq 55),187 or via hydride transfer from an appro-
priately poised benzyl moiety (eq 56)188 or aromatic rings.189 In
the latter case, access to the relatively small [7] metacyclophane
derivatives was possible.

OR1O

OH

Co2(CO)6

O
OR1

OAc

O OR1

OAcH

      1. BF3 OEt2, CH2Cl2

3. CAN
25–95%

+

·
2. Ac2O, DMAP

(55)

O

OH

Ph

R1

R2

R3

Co2(CO)6

R3

R1

R2OH

R3

R1

R2OH

1. BF3 OEt2, CH2Cl2

2. CAN
70–84%

Major Minor

+

·
–20 °C

(56)

Addition of the Schwartz’ reagent (Cp2Zr(H)Cl) to N-allyl
oxazolines, followed by BF3·Et2O leads to the formation of trans
1,5-disubstituted pyrrolidines in moderate yields (48–52%), but
with high levels of diastereocontrol.190 It has been reported that
aryl triazines will function as coupling partners in Suzuki cross-
coupling reactions using an aryl boronic acid, Pd2dba3, P(Bu-t)3,
and BF3·Et2O. Generally fast reaction times were observed
and high yields were obtained.191 This represents a significant
improvement over the previous conditions which relied on protic
acids to catalyze the transformation.

Rearrangements. The epoxide to aldehyde/ketone rear-
rangement is a classic reaction mediated by BF3·Et2O. Recent
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reports have disclosed the utility of this rearrangement in con-
cert with a second process. For example, terminal epoxides
rearrange in the presence of BF3·Et2O, to provide the corre-
sponding aldehyde, which undergoes ene reactions with a pendant
allyl silane, providing either an cyclic allyl silane or vinyl silane
(eq 57).192 A related reaction was observed with optically active
α-aminoallenylstannanes and epoxides. Rather than the expected
direct addition to the epoxide, rearrangement to the aldehyde
occurred prior to addition, leading to the formation of syn homo
propargylic alcohols in good yield and excellent diastereoselec-
tivity (eq 58).193

t-BuPh2Si R1

O
R2

R3

t-BuPh2Si

R2

O

R1

SiPh2t-Bu

R1R2
R3

OH
SiPh2t-Bu

R1R2

OH

BF3 OEt2, CH2Cl2

0 °C
67–76%

+ (57)

·

TMS

•

NH

Bu3Sn

OO

Ph

Ph

O

Ph

OH

Ph

N

TMS

O

O Ph

Ph

BF3 OEt2, CH2Cl2

–50 °C
79%

+

(58)

·

2-Aminomethylazetidines have been shown to undergo ring ex-
pansion to 3-aminopyrrolidines upon exposure to BF3·Et2O in
good yields, and in high diastereoselectivity, other Lewis acids or
protic acids did not promote the rearrangement (eq 59).194

N

R3

R2

R4

NHR5

R1

N

R3 NHR5

R2 R4

R1

BF3 OEt2, MeCN

reflux
50–88%
>95% dr

(59)·

The rearrangement of divinyl ketones to cyclopentenones (the
Nazarov rearrangement) can be promoted with BF3·Et2O. This
transformation has recently been applied to good effect in the con-
struction of the hydroazulene core found in guanacastepene.195

Other variants of the Nazarov reaction have been developed and
are usually coupled with a second event, such as the reductive

Nazarov cyclization (in presence of Et3SiH)196 and the interrupted
Nazarov reaction (in presence of pendant olefin, eq 60).197,198

O

t-Bu

O

t-Bu

BF3 OEt2, CH2Cl2

Et3SiH, –78 °C

81%

(60)

·

This reagent has been shown to be particularly effective for
the net O to C rearrangement of alkynyl tributylstannane deriva-
tives from mixed acetals derived from furanyl and pyranyl lactols
(eq 61).199 Attempts to accomplish the same transformation with
other Lewis acids (TiCl4, SnCl4, EtAlCl2, Me2AlCl) were not
successful.

O
TBDPSO

O

X

O
TBDPSO

OH

X = H
X = SnBu3

n-BuLi then
Bu3SnCl

BF3•OEt2, CH2Cl2

10 min, –10 °C
85% (2 steps)

trans:cis = 5.5:1

(61)

Cycloadditions. A novel BF3·Et2O catalyzed ring-opening
reaction of methylene aziridines has been reported leading to the
in situ formation of 2-aminoallyl cations, which undergo [4 + 3]
cycloaddition with pendant dienes (eq 62). These reactions pro-
ceed in moderate to good yield affording polycyclic ring systems
that appear to have substantial potential for use in approaches to a
variety of natural products. Similar reactions with Sc(OTf)3 were
less efficient.200

O
N Bn

N
Bn

O

H

BF3 OEt2, CH2Cl2

–30 °C to rt
67%

(62)

·

Methylenecyclopropenes react with a pendant imine moiety
through the action of BF3·Et2O to provide the indolizidine in mod-
erate yields (eq 63). BF3·Et2O was the only Lewis acid out of a
range of reagents that led to the observed cycloaddition.201

N

Ph

TMS

N

Ph

BF3 OEt2, CH2Cl2

–78 °C, 40%
(63)·
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Oximes can participate in cycloaddition reactions after tau-
tomerizing to the isomeric nitrone derivative generating the isox-
azoline. In early reports this tautomerization was achieved at high
temperatures, or in the presence of Pd(II) salts, although this latter
approach has some structural limitations. It has been demonstrated
that BF3·Et2O can be used to accomplish the same transformation
with a wider array of substrates and at substantially lower temper-
atures via the O-silyloxime derivatives (eq 64). For comparative
purposes, the parent oxime requires a week at reflux in toluene to
provide 54% yield.202

NTBSO

Ph

H
N

O

Ph

BF3 OEt2, CH2Cl2

0 °C to rt, 1 h
73%

cis/trans = 1:1

(64)·

Through a net [2 + 2 + 1] cycloaddition, iminocyclopentadi-
enes can be obtained through the initial formation of a zircona-
cyclopentadiene derivative (from two alkynes and a low valent
zirconocene component), and subsequent reaction with an aryl
isocyanate and BF3·Et2O (eq 65). Quite remarkably, no other
Lewis acid investigated provided this cycloaddition; only EtAlCl2
led to a productive reaction, although different adducts were
obtained.203

ZrCp2

Pr
Pr

Pr
Pr

Pr
Pr

Pr
Pr

NAr

ArN C O
BF3 OEt2, CH2Cl2

0 to 80 °C

51–91%

(65)
·

Pyrano[3,2-c]benzothiopyrans can be constructed through the
reaction of thiosalicylaldehyde derivatives, unsaturated alcohols
and trimethyl orthoformate in the presence of BF3·Et2O. This
procedure is an improvement on the Bronsted acid-catalyzed
process.204

Oxidative or Reductive Processes. Polymer supported IBX
(2-iodoxybenzoic acid) in the presence of BF3·Et2O leads to the
smooth and rapid conversion of various alcohols to the corre-
sponding aldehyde or ketone.205 A novel and direct oxidative
coupling reaction to form biaryls has been reported which avoids
the use of transition metals and aryl halides. This transformation
can be accomplished by using BF3·Et2O, bis(trifluoroacetoxy)
iodosobenzene (PIFA), and the arene (eq 66).206,207 The reaction
has reasonable scope and provides the biaryl derivative in gener-
ally high yield. A mechanistic pathway involving radical cations
was posited to explain the coupling process.208 α-Oxidation of
ketones can be accomplished through the use of this Lewis acid,
a peroxyacid (MCPBA) and bis(acetoxy) iodosobenzene, pro-
viding the corresponding α-acetoxy ketones in moderate yield
(43–63%).209 A combination of MCPBA and BF3·Et2O reacts
with various aldimines to provide the corresponding amide, via
the intermediacy of the oxaziridine in most cases (eq 67).210,211

Similar chemistry has been reported with ketimines.212
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R1 R5
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R5R2
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BF3 OEt2, CH2Cl2

46–96%

(66)

·
PIFA, –78 °C

N

Ar H

Ar′ O

Ar NHAr′

BF3 OEt2, CHCl3

39–91%
(67)

·
MCPBA, –20 °C→rt

Imines can be reduced through the action of tributyltin hydride
and BF3·Et2O. Essentially any class of imine can be reduced under
these conditions, including oximes, hydrazones and nitrones
(eq 68).213 O-Silyl ketoximes on treatment with BF3·Et2O and
BH3·THF or BH3·DMS provide rearranged secondary amines in
good yields.214 BF3·Et2O has also been used in conjunction with
NaBH4 to reduce a wide variety of carboxylic acid derivatives,
including acid chlorides, esters, amides, nitriles and carboxylic
acids.215

N

R1 R2

X
HN

R1 R2

XBF3 OEt2, CHCl3

48–99%

R1 = Alkyl, aryl

R2 = H, alkyl

X = OH, OBn, NPh2, N+(O–)Bn, NTs

(68)

·
Bu3SnH, –20 °C→rt

In an interesting redox process mediated by BF3·Et2O, it has
been demonstrated that ketals or aminals can be generated from
the corresponding heterocycle (tetrahydrofuran, pyran, and pyrro-
lidine) and a pendant aldehyde moiety via a net 1,5-hydride shift
(eq 69).216 In a related transformation, electron deficient double
bonds engage in a similar redox process to form a C–C bond, al-
though in this case, it appears that other Lewis acids (Sc(OTf)3

and PtCl4) are more general (eq 70).217
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(70)

·

+
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Fluorinations. Although not widespread, there are limited
examples of BF3·Et2O functioning as a fluorinating agent. For
example, reaction with phenylglycidyl ethers provides a con-
venient synthesis of enantiopure, stereodefined fluorohydrins
(eq 71).218 Similarly, aziridines can be fluorinated on exposure
to BF3·Et2O.219 Aryl fluorides can be prepared in good yields
from aryl lead triacetates on treatment with BF3·Et2O at room
temperature (eq 72).220
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O
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46–85% (from enamine)
82–98%ee

5–73% (from enamine)
13–83%ee

(73)

·
rt, 16 h

Miscellaneous. There are several uses of BF3·Et2O that do
not fall into the categories described above. For example, it has
been shown in the presence of BF3·Et2O that regiocontrol in the
formation of non-racemic enamines can be exercised, leading to
the formation of the exocyclic enamine (eq 73). Whereas forma-
tion of the enamine via an acid-catalyzed pathway leads to the
endocyclic enamine. These enamines exhibit enantiodivergent
behavior in a Cu(II)-catalyzed Michael reaction with methyl vinyl
ketone eq 73.221 Alkynes via a net metathesis process ([2 + 2]
cycloaddition then [2 + 2] cycloreversion) with aldehydes gene-
rate the corresponding enone (eq 74).222 The overall process is
equivalent to a Wittig process without the use of phosphines or
strong base. The reaction can be performed with BF3·Et2O, or
HBF4 or AgSbF6 as catalysts with essentially similar results, only
in a couple of instances is the silver-catalyzed process superior.

X
R1

R2

O X

O

R1

R2

BF3 OEt2, DCE

25–50 °C
31–96%(  )n

(  )n

(74)
·

Related Reagents. See entries for other Lewis Acids, e.g. Zinc
Chloride, Aluminum Chloride, Titanium(IV) Chloride; also see
entries for Boron Trifluoride (and combination reagents), and
combination reagents employing Boron Trifluoride Etherate, e.g.
Butyllithium–Boron Trifluoride Etherate, Cerium(III) Acetate–
Boron Trifluoride Etherate, Lithium Aluminum Hydride–
Boron Trifluoride Etherate, Methylcopper–Boron Trifluoride
Etherate.
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N-Bromosuccinimide1

NO O

Br

[128-08-5] C4H4BrNO2 (MW 177.99)
InChI = 1/C4H4BrNO2/c5-6-3(7)1-2-4(6)8/h1-2H2
InChIKey = PCLIMKBDDGJMGD-UHFFFAOYAS

(radical bromination of allylic and benzylic positions;
electrophilic bromination of ketones, aromatic and hetero-
cyclic compounds; bromohydration, bromoetherification, and

bromolactonization of alkenes)

Alternative Names: NBS; 1-bromo-2,5-pyrrolidinedione.
Physical Data: mp 173–175 ◦C (dec); d 2.098 g cm−3.
Solubility: sol acetone, THF, DMF, DMSO, MeCN; slightly sol

H2O, AcOH; insol ether, hexane, CCl4 (at 25 ◦C).
Form Supplied in: white powder or crystals having a faint odor

of bromine when pure; widely available.
Purification: in many applications the use of unrecrystallized

material has led to erratic results. Material stored for ex-
tended periods often contains significant amounts of molecular
bromine and is easily purified by recrystallization from H2O
(AcOH has also been used). In an efficient fume hood (cau-
tion: bromine evolution), an impure sample of NBS (200 g) is
dissolved as quickly as possible in 2.5 L of preheated water at
90–95 ◦C. As filtration is usually unnecessary, the solution is
then chilled well in an ice bath to effect crystallization. After
most of the aqueous portion has been decanted, the white crys-
tals are collected by filtration through a bed of ice and washed
well with water. The crystals are dried on the filter and then in
vacuo. The purity of NBS may be determined by the standard
iodide–thiosulfate titration method.

Handling, Storage, and Precautions: should be stored in a refri-
gerator and protected from moisture to avoid decomposition.
One of the advantages of using NBS is that it is easier and safer
to handle than bromine; however, the solid is an irritant and
bromine may be released during some operations. Therefore,
precautions should be taken to avoid inhalation of the powder
and contact with skin. All operations with this reagent are best
conducted in an efficient fume hood. In addition, since reactions
involving NBS are generally quite exothermic, large-scale oper-
ations (>0.1 mol) should be approached with particular caution.

Original Commentary
Scott C. Virgil
Massachusetts Institute of Technology, Cambridge, MA, USA

Introduction. N-Bromosuccinimide is a convenient source
of bromine for both radical substitution and electrophilic
addition reactions. For radical substitution reactions, NBS has
several advantages over the use of molecular Bromine, while
1,3-Dibromo-5,5-dimethylhydantoin is another reagent of use.
N-Chlorosuccinimide and N-Iodosuccinimide generally do not

facilitate analogous substitution reactions. For electrophilic
substitutions, Bromine, N-Bromoacetamide, Bromonium Di-
sym-collidine Perchlorate, 1,3-Dibromoisocyanuric Acid, and
2,4,4,6-Tetrabromo-2,5-cyclohexadienone also have applicabil-
ity and the analogous halogenation reactions are generally possible
using NCS, NIS, and I2. Possible impurities generated during
NBS brominations include conjugates of succinimide and, if basic
conditions are employed, β-alanine (formed by the Hofmann
reaction) and its derivatives may be isolated.

Allylic Bromination of Alkenes.2 Standard conditions for
allylic bromination involve refluxing of a solution of the alkene
and recrystallized NBS in anhydrous CCl4 using Dibenzoyl
Peroxide, irradiation with visible light (ordinary 100 W light
bulb or sunlamp3), or both to effect initiation. Both NBS and
the co-product succinimide are insoluble in CCl4 and succin-
imide collects at the surface of the reaction mixture as the reac-
tion proceeds.4 High levels of regioselectivity operate during
the hydrogen-abstraction step of the chain mechanism, such that
allylic methylene groups are attacked much more rapidly than
allylic methyl groups.5 However, a thermodynamic mixture
of allylic bromides is generally isolated since both the allylic rad-
ical and the allylic bromide are subject to isomerization under
the reaction conditions.6 High levels of functional group selecti-
vity are characteristic of this reaction, for example alkenic esters
may be converted to allylic bromides prior to intramolecular cycli-
zation (eq 1).7 Brominations of α,β-unsaturated esters (eq 2)8 and
lactones (eq 3) are also successful.9

(1)

O
O

O
O

NBS, BzOOBz

CCl4, reflux
98%

Br

O
O

LICA

THF
89%

NBS, sunlamp

CCl4, reflux
70%

CO2Me
BrCH2

CO2Me

CH2Br

(2)

60%

O

O

O

O

SO2Ph

1. NBS, CCl4, reflux

2. PhSO2Na, DMF
(3)

Benzylic Bromination of Aromatic Compounds. Using the
conditions described above, NBS also effects the bromination of
benzylic positions.10 Bromine is also regularly used for benzylic
bromination (eq 4);11 however, many functional groups are sen-
sitive to the generation of HBr during the reaction, including
carbonyl groups which suffer competing acid-catalyzed bromi-
nation. These considerations render NBS as the reagent of choice
for bromination of polyfunctional aromatic compounds. Selec-
tivity can be anticipated with polyfunctional molecules based
on the predicted stabilities of the radical intermediates (eq 5).12

Accordingly, the use of NBS allows the bromination of alkyl
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groups attached to sensitive heterocyclic compounds (eq 6).13

Complications which may arise from this method include gem-
dibromination (eq 7)14 of methyl substituents as well as in situ
elimination of the product benzylic bromide (see also 1,3-Di-
bromo-5,5-dimethylhydantoin).

NBS, hν, CCl4, 77 °C, 81%

Br2, 135 °C, 83%

O

O

O

O

Br

(4)

R = Me, 82%
R = TBDMS, 60%

NBS, sunlamp

CCl4, reflux
(5)

Br OR

CH2Br

Br OR

NBS, BzOOBz

CCl4, reflux
88%

N
SO2Ph

O

N
SO2Ph

O
(6)

Br

N

CO2Me

CO2Me

N

CO2Me

BrCH2 CO2Me N

CO2Me

Br2CH CO2Me

NBS (0.5 equiv), sunlamp

CCl4, reflux

(7)+

33% 5%

The regioselective cleavage of benzylidene acetals using NBS
has been used widely in the synthesis of natural products from car-
bohydrates (eq 8)15 and other chiral materials (eq 9).16 It is rather
important that the reaction be conducted in anhydrous CCl4 (pas-
sage through activated alumina is sufficient), since in the presence
of water the hydroxy benzoate is formed.17 Barium carbonate is
generally added to maintain anhydrous and acid-free conditions,
and the addition of Cl2CHCHCl2 often improves solubility of
the substrate. Selectivity is usually very high in cases in which a
primary bromide can be produced, but may also be obtained in
systems such as shown in eq 10.18 As alkoxy substituents serve to
further stabilize the adjacent radicals, these reactions proceed with
high selectivity in the presence of other functional groups. Other
applications in the carbohydrate field include the cleavage of ben-
zyl ethers and benzyl glycosides (to the corresponding glycosyl
bromides) and the bromination of pyranoses in the 5-position.19

NBS, BaCO3

CCl4, C2H2Cl4
reflux
84%

(8)
O

OMe
AcNH

O
MsO

OPh O

OMe
AcNH

BzO
MsO

Br

NBS

CCl4, reflux
91%

O

O
Ph

OBn

OBn Br

BzO
OBn

OBn
(9)

NBS, BaCO3

CCl4, reflux
64%

O

O

O
O

O
H

Ph

O

O

O

BzO
H

N3

N3

Br (10)

Unsaturation and Aromatization Reactions.20 Unsaturated
aldehydes, esters, and lactones can be accessed via strategies
involving radical bromination and subsequent elimination. The
allylic bromination of unsaturated lactones may be followed by
elimination with base to obtain dienoic and trienoic lactones (eqs
11 and 12).21 Conversion of an aldehyde to the enol acetate allows
the radical bromination at the Cβ position to proceed smoothly
and, upon ester hydrolysis, the α,β-unsaturated aldehyde is
obtained (eq 13).22

(11)
NBS, BzOOBz

CCl4, reflux

O

O

O

O

O

O

Br

Et3N

reflux

70%

O

O

n-C5H11

O

O

Pr

1. NBS, hν, CCl4

2. LiCl, Li2CO3, DMF
70%

(12)

1. NBS, AIBN, CCl4

2. NaOH, MeOH
86%

(13)Pr Pr
CHO

OAc

The direct bromination of β-alkoxylactones at the β position
initially generates the α,β-unsaturated lactones (eq 14); however,
the required radical abstraction is not so facile and further bromi-
nation of the α,β-unsaturated lactone proceeds competitively to
afford the mono- and dibrominated products.23 NBS is also used
for the oxidative aromatization of polycyclic compounds, inclu-
ding steroids and anthraquinone precursors (eq 15).24

O

O

O

t-Bu O

O

O

t-Bu

BrNBS, AIBN

CCl4, reflux
95% yield of mixture

(14)
X

X = H and X = Br

NBS

aq acetone
84%

OH

OH O

O

O OH

(15)

α-Bromination of Carbonyl Derivatives. Although simple
carbonyl derivatives are not attacked in the α-position under rad-
ical bromination conditions, substitution by electron-donating
groups stabilizes the radical intermediates by the capto-dative
effect25 and thus facilitates the substitution reaction which has
been applied to a number of useful synthetic strategies. Protected
glycine derivatives are easily brominated by NBS and benzoyl
peroxide in CHCl3 or CCl4 at reflux to afford the correspond-
ing α-bromoglycine derivatives.26 These compounds are stable
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precursors of N-acyliminoacetates, which may be alkylated by
silyl enol ethers in the presence of Lewis acids, organometallic
reagents, and other nucleophiles to afford novel α-amino acids
(eq 16).27 Diketopiperazines and related heterocycles are also
substituted in good yields (eq 17).28 Furthermore, in contrast to
aldehydes which undergo abstraction of the aldehydic hydrogen
(see below), O-trimethylsilylaldoximes are readily brominated at
the α-position under radical bromination conditions and can be
converted to substituted nitrile oxides (O-trimethylsilylketoximes
react similarly).29

BocNH CO2-t-Bu

R

BocNH CO2-t-Bu
OSiMe3

O

TiCl2(OEt)2
THF, –78 °C

33–57%

(16)

R = H
R = Br

NBS, hν
CCl4, rt

1. NBS, BzOOBz

2. AcSK, CH2Cl2
N

N

O

Me

O

N

N

O

Me

O

AcS

MeO MeO
74%

(17)

The use of NBS in the presence of catalytic Hydrogen Bromide
has proven to be more convenient than Br2 for the conversion of
acid chlorides to α-bromo acid chlorides.30 The reaction of the
corresponding enolates, enol ethers, or enol acetates with NBS
(and other halogenating agents) offers considerable advantages
over direct acid-catalyzed halogenation of ketones and esters.31

Although both reagents may afford the α-brominated products
in high yields, NBS is more compatible than is bromine with
sensitive functional groups and has been used in the asymmet-
ric synthesis of α-amino acids.32 The bromination of cyanoacetic
acid proceeds rapidly with NBS to afford dibromoacetonitrile33

and, similarly, β-keto esters, β-diketones, and β-sulfonyl
ketones may be reacted with NBS in the presence of base to
afford the products of bromination and in situ deacylation (see
N-Chlorosuccinimide).34 (5E)-Bromovinyluridine derivatives
are readily prepared by bromodecarboxylation of the correspond-
ing α,β-unsaturated acids with NBS (eq 18).35

HN

N

O

R

HN

N

O

O

R

O

CO2H BrNBS

K2CO3, DMF
69%

(18)

R = 2-deoxyribosyl

Reaction with Vinylic and Alkynic Derivatives. NBS is
a suitable source of bromine for the conversion of vinylcop-
per and other organometallic derivatives to the corresponding
vinyl bromides.36 Vinylsilanes, prepared from the correspond-
ing 1-trimethylsilylalkyne by reduction with Diisobutylaluminum
Hydride, can be isomerized from the (Z) to the (E) geometry by
irradiation with NBS and Pyridine, thus making (E)-vinylsilanes
readily available stereoselectively in three steps from the corres-
ponding alkyne (eq 19).37 Allylsilane can be brominated by NBS
under radical conditions, whereas more reactive allylsilanes are
bromodesilated by NBS in CH2Cl2 at −78 ◦C.38 1-Bromoalkynes
can be prepared under mild conditions by reaction with NBS in
acetone in the presence of catalytic Silver(I) Nitrate.39

SiMe3R
SiMe3

R
NBS, py, hν

Et2O, rt
76–88%

(19)

 >97% (E)

Bromination of Aromatic Compounds. Phenols, anilines,
and other electron-rich aromatic compounds can be monobromi-
nated using NBS in DMF with higher yields and higher levels of
para selectivity than with Br2.40 N-Trimethylsilylanilines and aro-
matic ethers are also selectively brominated by NBS in CHCl3 or
CCl4.41 N-Substituted pyrroles are brominated with NBS in THF
to afford 2-bromopyrroles (1 equiv) or 2,5-dibromopyrroles (2
equiv) with high selectivity, whereas bromination with Br2 affords
the thermodynamically more stable 3-bromopyrroles.42 The use
of NBS in DMF also achieves the controlled bromination of imida-
zole and nitroimidazole.43 Thiophenes are also selectively bromi-
nated in the 2-position using NBS in acetic acid–chloroform.44

Bromohydration, Bromolactonization, and Other Addi-
tions to C=C.45 The preferred conditions for the bromohy-
dration of alkenes involves the portionwise addition of solid or
predissolved NBS (recrystallized) to a solution of the alkene in
50–75% aqueous DME, THF, or t-butanol at 0 ◦C. The formation
of dibromide andα-bromo ketone byproducts can be minimized by
using recrystallized NBS. High selectivity for Markovnikov addi-
tion and anti stereochemistry results from attack of the bromonium
ion intermediate by water. Aqueous DMSO can also be used as
the solvent; however, since DMSO is readily oxidized under the
reaction conditions, significant amounts of the dibromide byprod-
uct may be produced.46,47 In the bromohydration of polyalkenic
compounds, high selectivity is regularly achieved for attack of the
most electron-rich double bond (eq 20).48 With farnesol acetate,
squalene, and other polyisoprenes, choice of the optimum pro-
portion of water is used to effect the selective bromohydration at
the terminal double bond (eq 21),49 and the two-step sequence
shown is often the method of choice for the preparation of the
corresponding epoxides.50

O i-Pr O

Br

(20)

OH
i-Pr

NBS

aq THF (1:1)
76%

OAc OAc

O

1. NBS, aq t-BuOH
    12 °C

2. K2CO3, MeOH
           60%

(21)

Bromoetherification of alkenes can be achieved using NBS in
the desired alcohol as the solvent. The reaction of 1,3-dichloropro-
pene with NBS in methanol yields an α-bromo dimethyl acetal
in the first step in a convenient synthesis of cyclopropenone.51

Using propargyl alcohol the reaction depicted in eq 22 has been
extended to an annulation method for the synthesis of α-methy-
lene-γ-butyrolactones.52 Intramolecular bromoetherification and
bromoamination reactions are generally very facile (eq 23).53 In
natural products synthesis, bromoetherification has been used for
the synthesis of cyclic ethers (by subsequent debromination, see
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Tributylstannane) and for the protection of alkene appendages as
cyclic bromoethers (regenerated by reaction with zinc).54

Br

O

Br

O

NBS

propargyl
alcohol  

100%

KO-t-Bu

pentane
85–90%

(22)
•

N

OH

H

H
Ph

O

Ar
N

O

H

H
Ph

NBS

CH2Cl2
92%

O

Ar = p-MeOC6H4

Ar

(23)

Br

NBS is also an effective reagent for bromolactonization of un-
saturated acids and acid derivatives with the same high stereo-
and Markovnikov selectivity (see also Iodine). Dienes, such as
the cycloheptadiene derivative shown, may react exclusively via
syn-1,4-addition (eq 24).55 Alkynic acids are converted to the (E)-
bromo enol lactones by NBS in a biphasic medium, whereas the
combination of bromine and silver nitrate afford the (Z)-bromo
enol lactones (eq 25).56 α,β-Unsaturated acylprolines react with
NBS in anhydrous DMF to afford the corresponding bromolac-
tones having diastereomeric excesses up to 93%, which can be
converted to chiral α-hydroxy acids by debromination followed
by acidic hydrolysis (eq 26).57 In contrast to alkenic amides, which
generally react with NBS to afford bromolactones (via the cyclic
iminoether derivatives), alkenic sulfonamides readily undergo cy-
clization on nitrogen when reacted with NBS to afford the bro-
mosulfonamides in high yields.58 N-Methoxyamides have also
proven effective for bromolactamization, leading to diketopiper-
azines (eq 27)59 (see also Bromonium Di-sym-collidine Perchlo-
rate).
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(27)

Addition of NBS to an alkene in the presence of aqueous
Sodium Azide affords fair yields of the corresponding β-bromo-

azides, which can be converted by Lithium Aluminum Hydride
reduction to aziridines.60 Intermolecular reactions of alkenes with
NBS and weaker nucleophiles can be achieved if conducted
under anhydrous conditions to avoid the facile bromohydration
reaction. In this manner, bromofluorination of alkenes has been
extensively studied using Pyridinium Poly(hydrogen fluoride),
triethylammonium dihydrogentrifluoride or tetrabutylammonium
hydrogendifluoride as the fluoride ion source.61

Oxidation and Bromination of Other Functional Groups.
Conjugate bases of other functional groups can be α-brominated
with NBS. Nitronate anions of aliphatic nitro compounds re-
act with NBS to afford the gem-bromonitro compounds in high
yield.62 The α-bromination of sulfoxides can be performed in
the presence of pyridine and proceeds more satisfactorily using
NBS in the presence of catalytic Br2 than with either reagent
alone.63 NBS also reacts with sulfides to afford sulfoxides when
methanol is used as a solvent, or to form α-bromo sulfides in
anhydrous solvents.64 NBS is a favored reagent for the deprotec-
tion of dithianes and dithioacetals to regenerate carbonyl groups
(eq 28)65 (see also N-Chlorosuccinimide and 1,3-Diiodo-5,5-
dimethylhydantoin).

NBS
aq MeCN

0 °C, 30 min
95%

N
O

SMe

SMe

Bn

PhO

N
O Bn

PhO O

(28)

In polar media, NBS effectively oxidizes primary and sec-
ondary alcohols to carbonyl compounds via hypobromite or
alkoxysuccinimide intermediates. Although this transformation
is more commonly effected by the use of chromium reagents
or activated Dimethyl Sulfoxide, the most notable application of
NBS and related reagents lies in its selectivity for the oxidation
of axial vs. equatorial hydroxy groups in steroid systems (see
N-Bromoacetamide).66 Often, a single secondary alcohol may be
converted to the ketone in the presence of many other alcohol
groups.

Under radical conditions, aldehydes are readily oxidized by
NBS to acid bromides.67 The oxidation of aldoximes to nitrile
oxides using NBS and Triethylamine in DMF is superior to the
use of aqueous hypochlorite.68 Tosylhydrazones are cleaved by
reaction with NBS in methanol,69 and hydrazines and hydrazides
are oxidized to azo compounds.70

First Update
P. R. Jenkins, A. J. Wilson & M. D. García Romero
University of Leicester, Leicester, UK

Allylic Bromination of Alkenes. The alcohols (1) were con-
verted into the rearranged primary allylic bromides (2) via SN2′
displacement by treatment with NBS/Me2S (eq 29).71 A well
researched procedure for the allylic bromination of 1,5-cycloocta-
diene has also appeared.72 NBS and water react with allylic ethers
to regenerate alcohols.73
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R1

HO R3

R2

S

R1

R3

R2

CH2Cl2, 20 °C

Br

1 2

NBS/SMe2 (29)

O
S

O

R1 = Me, i-Pr, Ph
R2 = H, Me
R3 = Me, H

Bromination of Cyclopropanes. NBS gives bromination of
donor-acceptor cyclopropanes by an electron-transfer (ET) mech-
anism (eq 30).74
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O
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O
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O
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(30)

R = Me, Et, H

Benzylic Bromination of Aromatic Compounds. An effi-
cient and fast microwave-assisted method for the preparation of
benzylic bromides has appeared.75 The 2-trimethylsilylethyl sub-
stituent on the benzenoid ring of 3 undergoes benzylic bromination
followed by elimination of Me3SiBr and addition of bromine to
produce the dibromo compound (4) (eq 31). The ketone (5) is also
observed from the hydrolysis of (4).76

OMe

Me

BrMe Me

SiMe3

O

OMe

Me

BrMe Me

OMe

Me

BrMe Me

Br

Br

3 4

5

(31)

ααα-Bromination of Carbonyl Derivatives. Reaction of a com-
plex silyl enol ether with NBS leads to an α-bromo ketone in
the Ogasawara synthesis of (−)-morphine.77 Amberlyst-15©R pro-
motes the bromination of 1,3-keto esters and cyclic ketones with
NBS.78 α-Bromination of carbonyl compounds has been achieved
using NBS in the presence of silica-supported sodium hydrogen

sulfate as a heterogeneous catalyst.79 C-Alkylation of Meldrum’s
acid is possible using triphenylphosphine and NBS (eq 32).80
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O
O

O

O

O
O

O

R
O

O
O

O

R

R

PPh3, NBS

CH3CN, Et3N, rt
+ 2 ROH

or (32)

A process of selenocatalytic α-halogenation using NBS has
been reported.81 A catalytic enantioselective bromination of
β-keto esters has been achieved using a combination of NBS and
TiCl2(TADDOLato) complexes as enantioselective catalyst;82

modest enantiomeric excesses were obtained.

Decarboxylation. Bromodecarboxylation (Hunsdiecker
reaction) of α,β-unsaturated carboxylic acids was achieved
employing IBD or IBDA as catalysis.83 Manganese(II) acetate84

and lithium acetate85 (eq 33) can also catalyze this kind of
reaction.

On the other hand, a slight modification of the latter reaction
protocol can be employed for the synthesis of α-bromo-β-lactams
when the starting material is a α,β-unsaturated aromatic amide,
with catalysis by NaOAc instead of LiOAc (eq 33).86

OHAr

O

NBS, cat LiOAc

MeCN/ H2O

NH2Ar

O

NBS, cat NaOAc

MeCN/ H2O HN
O

BrAr

Ar
Br

– CO2
(33)

Reaction with Vinylic and Alkynic Derivatives. Vinylic
boronic acids are converted with good yields to alkenyl bromides,
keeping the same geometry, by treatment with NBS (eq 34).87

Ph
B

OH

OH
NBS

MeCN Ph
Br (34)

Propiolates can be brominated with or without decarboxyla-
tion.88,89

Bromination of Aromatic Compounds. Studies on the
bromination of monocyclic and polycyclic aromatic compounds
with NBS have continued90,91 and in particular the bromination
of phenols and naphthols has received attention,92,93 e.g., the con-
version of 6 into 7 (eq 35).

OH

NBS

CS2

OH

Br

6 7

(35)
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Aromatic bromination is also achieved using NBS,94 in some
cases using strong acids as catalysts.95 Deactivated aromatic com-
pounds are brominated by NBS in trifluoroacetic acid and sul-
phuric acid.96 NBS and aqueous sodium hydroxide is used to
brominate activated benzoic acid derivatives.97 An intriguing
effect of lithium perchlorate dispersed on silica gel on the bromi-
nation of aromatic compounds with NBS has been reported.98

Finally a method for the ipso-substitution of phenyl boronic acids
(8) with NBS leading to the aromatic bromides (9) has appeared
(eq 36).99

NBS

MeCN

BrB

OH

OH
Y Y

8 9

(36)

Heterocyclic Bromination. Pyridines with electron-donating
groups undergo regioselective bromination with NBS under mild
acidic conditions as shown by the conversion of 10 into 11
(eq 37).100

N NH2

NBS

CH3CN N NH2

Br

10 11

(37)

A range of “pyridine-type” hydroxyl heterocycles are bromi-
nated effectively with NBS/PPh3

101 while NBS is used as a
synthesis of pyridines.102 Polysubstituted pyrroles,103 furans,104

pyrrolidin-2-ones,105 thiophenes,106 and 3,4-disubstituted
indoles107 have also been prepared using NBS as a key reagent.
3-Methyl indole derivatives of general structure 12 are brominated
in the methyl group to 13 with NBS under radical conditions.
Under ionic conditions bromination occurs at the 2-position of
the indole structure (12) to give products with general structure
14 (eq 38).108
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(38)

R′

R′

NBS is used as a reagent for phenylselenyl activation in
a route to aziridines and oxazolidin-2-ones.109 The synthesis
of 5-bromoisoquinoline and 5-bromo-8-nitroisoquinoline has
been achieved using NBS.110 3-Bromo-N-methylpyrrole can be
obtained from N-methylpyrrole by the use of NBS and a catalytic
amount of PBr3.111 A new synthetic route to indoloquinones
has appeared in which 2-methoxy-2H-azepine derivatives react
with NBS to form 3H-azepines.112 Convenient methods for the
bromination of 3,5-diarylisoxazoles113 and for the synthesis of

3-halogeno-1-methylpyridazino[3,4-b]quinoxalin-4(1H)-ones114

using NBS have appeared.
Purine derivative (15) undegoes regioselective bromination

with NBS in DMF to give the brominated product (16) (eq 39).115

N

N N

H

N

N N
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Cl Cl
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MeS MeS

(39)

N-Thiosuccinimide Formation. The reagent 17 is prepared
from NBS (eq 40) and is very useful in the synthesis of cyanoethyl-
protected nucleotides due to its solubility in pyridine. It is also used
in the selective reactions of H-phosphonate derivatives.116
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N S
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O

O
17

(40)

Acetal Bromination and Formation. The bromination of an
acetal by NBS under radical conditions does not require the pres-
ence of an aromatic group (eq 41).117
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61%
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(41)

NBS can also be used to make acetals: the reaction of para-
chlorobenzaldehyde, NBS and PPh3 produces a reagent which
forms an acetal with 1,2-O-isopropylidene-α-D-xylofuranose
(eq 42).118

PPh3

Cl

N

O

O
O

O

OH
O

HONBS

O

O

O

O
O

Cl

CHO

Cl

Br

(42)



49 N-BROMOSUCCINIMIDE

1,2,4-Trioxones are produced by reaction of aldehydes with
allylic peroxide (18) (eq 43); yields are in the range 25–35%,
when R = Me, Et and Pr.119
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O
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18

OH
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In the carbohydrate area, two important uses of the reagent
have appeared: one uses NBS-Me3SiOTf as the promoter for the
glycosidic bond formation and simultaneous bromination of an
activated aryl aglycon.120 In the second, the synthesis of branched
polysaccharides by polymerization of 6-O-t-butyldimethylsilyl-D-
glucal through stereoregular bromoglycosylation was achieved by
the use of NBS.121

NBS is a chemoselective catalyst for the acetalization of car-
bonyl compounds using triethyl orthoformate under almost neutral
conditions (eq 44).122,123

O

HPh Ph H

EtO OEt

 NBS (1–5 mol %), rt 67–99%

(EtO)3CH (1.5–3.0 equiv) (44)

NBS is an effective catalyst for the acetalation of alcohols under
mild conditions:124 aldehydes are converted to 1,1-diacetates by
reaction of acetic anhydride with NBS as a catalyst.125

Reactions of Thioacetals. The ring expansion of aromatic
thioacetals can be achieved using NBS: initial bromination α to
the thioacetal is followed by ring expansion and proton transfer
(eq 45).126

S S

Ph Me

S S

Ph

NBS
(45)

The use of NBS as an alternative for HgCl2 in the deprotec-
tion of 2-silyl-1,3-dithianes into the corresponding acylsilanes
has been investigated;127 trithioorthoesters are converted to α-oxo
thiolcarboxylates.128 Sulfoxides are reduced to sulfides by the re-
action of a thioacetal and NBS (eq 46),129 and 1,3-oxathioacetals
and dithioacetals are converted into acetals using NBS.130

S O
R1

R

S

SH

H
S

R1

R S

S
CH2O

rt, CHCl3
(89–96%)

NBS
(46)

1,3-Oxathiolanes may be synthesised from aldehydes and mer-
captoethanol using NBS as a catalyst;131 the reverse reaction
is also possible in aqueous acetone.132 Glycosidation can be
achieved using thioglycosides activated by NBS and a catalytic
amount of strong acid salts.133

Bromination of Olefins. In the Corey synthesis of epibati-
dine134 the cyclohexene (19) reacts with NBS to give bromination
with neighboring group participation, producing 20 (eq 47). This
reaction has been studied in detail by Vasella.135

NCOCF3

N

H

N Cl

Br

N

COCF3

NBS/AcOH

19 20
Cl

(47)

NBS and diphenylacetic acid add regiospecifically to olefins,
e.g., the conversion of 21 to 22 (eq 48).136

NBS

Ph2CHCO2H

O

O

Ph

Ph

Br
21 22

(48)

ω-Alkenyl glycoside (23) reacts with aq NBS to give bromo
alcohols (24 and 25) (eq 49).137 The observed selectivity is
explained by the formation of a cyclic bromonium ion interme-
diate.

OBnO
BnO

OBn

O

OBn
NBS

H2O

OBnO
BnO

OBn

O

OBn

OH

Br

OBnO
BnO

OBn

O

OBn

Br

OH

23

24 25
6.4:1

(49)

Transition metal-catalyzed regio- and stereoselective amino-
bromination of olefins with TsNH2 and NBS as nitrogen and
bromine sources.138 Studies have appeared on the use of NBS
in additions to alkenes139 and in the isomerization of alkenes.140

Bromination of Amides and Amines. Although yields are
low, radical bromination α to nitrogen is possible (eq 50) and
indicates a novel use of NBS.105

NO

Me

hν NO

Me Me

Me

Br

Me Me

NBS (50)

Secondary or tertiary amides are prepared in good yield from
amines and alcohols using an in situ generated N-bromophospho-
nium salt from the reaction of NBS and PPh3.141 Benzylamines are
debenzylated by NBS and AIBN142 and the conversion of amides
into carbamates was achieved in a Hofmann rearrangement using
NBS/NaOMe,143 or NBS/DBU/MeOH.144
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Bromohydration, Bromolactonization and Other Additions
to C=C. The first catalytic method for the halolactonization of
olefins has appeared.145 The selenium-catalyzed method using
NBS leads to a mixture of regioisomers depending on the reaction
conditions (eq 51).

OH

O

Et 1.1 equiv NBS

O

O

Br Et

O

O

EtBr

OH

O

Et

Br

Br

CH3CN, −30 °C

 2 h

+ +

No catalyst

5 mol % PhSeSePh

(51)

2

17

1

1

0

1

Oxidations.

Oxidation and Bromination of Other Functional Groups.
Selective oxidation of alcohols may be achieved using a 1:1
complex of NBS and tetrabutylammonium iodide,146 whereas
1,2-diols are converted into 1,2-diketones using N-bromosuccini-
mide.147 An efficient and mild procedure has been reported for the
preparation of benzoic acids via oxidation of aromatic carbonyl
compounds by employing NBS and mercuric acetate.148 Selective
and efficient oxidation of sulfides to sulfoxides has been achieved
with NBS in the presence of β-cyclodextrin in water.149 Epoxides
and aziridines are conveniently oxidized to the corresponding
α-hydroxy or α-amino ketones using cerium(IV) ammonium
nitrate and NBS.150

New Reaction Techniques Involving NBS. Several new
reaction techniques have been applied to NBS reactions to develop
potentially useful new synthetic methods, a selection of these are
outlined below.

Solid State and Related Reactions. The area of solid/solid
organic reactions has been explored.151–153 Results on the solid
state nuclear bromination of aromatic compounds with NBS as
well as some theoretical insights into the mechanism of the reac-
tion have been reported. NBS on a solid support has been used to
sythesize benzylic bromides under neutral conditions154 and for
the functionalization of α-oxoaldehyde-supported silicas.155

Microwave Reactions. Side chain bromination of mono and
dimethyl heteroaromatic and aromatic compounds by a solid phase
N-bromosuccinimide reaction without radical initiator under
microwave conditions was developed.156 The stereoselective syn-
thesis of (E)-β-arylvinyl bromides by microwave-induced Huns-
diecker-type reaction has also appeared.157

Reactions in Ionic Liquids. NBS in an ionic liquid has been
used to oxidize benzylic alcohols to carbonyl compounds158 to

convert olefins to vic-bromohydrins159 and for the regioselective
monobromination of aromatic substrates.160

NBS as a Ligand in Organometallic Chemistry. Bromo-
bis(triphenylphosphine)(N-succinimide)palladium(II) has been
reported as a novel catalyst for Stille cross-coupling reactions.161

NBS in Water with Cyclodextrin. NBS in water with cyclodex-
trin has been used as a deprotecting agent for silyl ethers162 and
THP ethers163 in the conversion of oxiranes to α-hydroxylmethyl
aryl ketones,164 in the conversion of aryl aziradines to α-tosyl
amino ketones165 and in the conversion of oximes into a carbonyl
compounds.166

Related Reagents. N-Bromosuccinimide–Dimethylform-
amide; N-Bromosuccinimide–dimethyl sulfide; N-Bromosuccin-
imide–hydrogen fluoride; N-Bromosuccinimide–sodium azide;
Triphenylphosphine–N-Bromosuccinimide.
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n-Butyllithium1

Li

[109-72-8] C4H9Li (MW 64.05)
InChI = 1/C4H9.Li/c1-3-4-2;/h1,3-4H2,2H3;/rC4H9Li/c1-2-3-

4-5/h2-4H2,1H3
InChIKey = MZRVEZGGRBJDDB-NESCHKHYAE

(strong base capable of lithiating carbon acids;1 useful for
heteroatom-facilitated lithiations;2,3 useful for lithium–halogen
exchange;1,4 reagent of choice for lithium–metal transmetalation

reactions1a,c,5)

Physical Data: colorless liquid; stable at rt; eliminates LiH on
heating; d25 0.765; mp −76 ◦C; bp 80–90 ◦C/0.0001 mmHg;
dipole moment 0.97 D.6 13C NMR, 1H NMR, 6Li NMR8 and
MS studies have been reported.7–9

Solubility: sol hydrocarbon and ethereal solvents, but should be
used at low temperature in the latter solvent type: half-lives in
diethyl ether and THF have been reported;10 reacts violently
with H2O and other protic solvents.

Form Supplied in: commercially available as approximately
1.6 M, 2.5 M, and 10.0 M solution in hexanes and in cyclo-
hexane, approximately 2.0 M solution in pentane, and approx-
imately 1.7 M, and 2.7 M solution in n-heptane. Hexameric in
hydrocarbons;1c tetrameric in diethyl ether;1c dimer–tetramer
equilibrium mixture in THF;11 when used in combination with
tertiary polyamines such as TMEDA and DABCO, reactivity is
usually increased.1,12

Analysis of Reagent Purity: since the concentration of com-
mercial solutions may vary appreciably it is necessary to
standardize solutions of the reagent prior to use. A recom-
mended method for routine analyses involves titration of the
reagent with s-butyl alcohol using 1,10-phenanthroline or 2,2′-
biquinoline as indicator.15 Several other methods have been
described.16

Preparative Methods: may be prepared in high yield from n-butyl
chloride13 or n-butyl bromide14 and Lithium metal in ether or
hydrocarbon solvents.

Handling, Storage, and Precautions: solutions of the reagent are
pyrophoric and the reagent may catch fire if exposed to air
or moisture. Handling of the reagent should be done behind
a shield in a chemical fume hood. Safety goggles, chemical
resistant gloves, and other protective clothing should be worn.
In case of fire, a dry-powder extinguisher should be used: in no
case should an extinguisher containing water or halogenated
hydrocarbons be used to fight an alkyllithium fire. Bottles and
reaction flasks containing the reagent should be flushed with
N2 or preferably Ar and kept tightly sealed to preclude contact
with oxygen or moisture. Standard syringe/cannula techniques
for air and moisture sensitive chemicals should be applied when
transferring the reagent. For detailed handling techniques see
Wakefield.1b

Original Commentary

Timo V. Ovaska
Connecticut College, New London, CT, USA

Lithiations. n-Butyllithium is a commonly used reagent
for deprotonation of a variety of nitrogen (see Lithium
Diisopropylamide), oxygen, phosphorus (see Diphenylphos-
phine), and carbon acids to form lithium salts. Compared to its s-
and t-butyl analogs, n-BuLi is less basic17 and less reactive but it is
usually the reagent of choice for deprotonation of relatively strong
carbon acids. These lithiations are most favorable when the con-
jugated bases are stabilized by resonance or when the carbanion
forms at the sp hybridized carbon of a triple bond. Thus indene,18

triphenylmethane,19 allylbenzene,20 and methyl heteroaromatics
(e.g. Pyridine, quinoline, and isoquinoline derivatives)21 are read-
ily lithiated with n-BuLi at the benzylic position. Allenes are lithi-
ated at C-1 or C-3 depending on the number and size of the alkyl
groups at these positions,22 and terminal alkynes react with n-
BuLi to give lithium acetylides.4 Propargylic hydrogens can also
be removed,23 and treatment of terminal alkynes with 2 equiv of
n-BuLi results in the lithiation of both propargylic and acetylenic
positions (eq 1).23a

OTHP

Li

Li

OTHP

OTHP

( )4

2 equiv n-BuLi

(1)

1. EtBr

3

3

82%

2. H2Opentane, THF

The metalating ability of n-BuLi (and other organolithiums)
is greater in electron-donating solvents than in hydrocarbons.
Electron-donating solvents such as diethyl ether or THF provide
coordination sites for the electron deficient lithium and promote
the formation of lower-order organolithium aggregates.1a,c These
exhibit significantly higher levels of reactivity than do the higher-
order oligomers present in hydrocarbon solvents. n-Butyllithium
is often used in the presence of added lithium complexing ligands,
such as N,N,N′,N′-Tetramethylethylenediamine (TMEDA) and
1,4-Diazabicyclo[2.2.2]octane (DABCO), which further enhance
the reactivity of this reagent.12 Many compounds, normally unre-
active toward n-BuLi alone (e.g. benzene), are readily lithiated24

and even polylithiated25 by a combination of n-BuLi and one of
these additives. Allylic26,27 and benzylic sites bearing no addi-
tional activating groups at the α-position (e.g. toluene)12c are also
lithiated in the presence of lithium complexing donors (eq 2).26

OH OLi
Br

OH

2 equiv n-BuLi, TMEDA 1.

(2)

70%

Li
hexane, –78 °C 2. H+
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Metal alkoxides are often employed as additives to enhance
the metalating ability of n-BuLi. Particular use has been made
of the n-Butyllithium–Potassium t-Butoxide mixture,28 which is
capable of effecting rapid metalation of benzylic29 and allylic30

systems as well as aromatic rings.28 Although the products of
these metalations are not organolithium compounds they do,
nevertheless, readily react with electrophiles. Alternatively, they
may be converted into the corresponding organolithium deriva-
tives by the addition of Lithium Bromide.30a,31 Using t-BuOK/
n-BuLi for deprotonation, the one-pot synthesis of 2-(4-isobutyl-
phenyl)propanoic acid (ibuprofen) from p-xylene, through a
sequence of metalations and alkylations, has been achieved in
52% overall yield.29 Dimetalation of arylalkynes with n-BuLi/
t-BuOK followed by addition of electrophiles has been used as a
route to ortho-substituted arylalkynes (eq 3).31b

C CH C CLi

K

C CH

n-BuLi–t-BuOK (2:1) 1. MeI

(3)

88%

2. H+THF–hexane
–20 °C

Facile and regioselective α-deprotonation is often effected by
treatment of heteroatom-containing (e.g. oxygen, sulfur, nitro-
gen, and the like) compounds with n-BuLi, and these reactions
have been extensively reviewed.2,3,32,33 Thus sulfones,34 certain
sulfides,35 and sulfoxides36 can be lithiated adjacent to sulfur
under various conditions, and α-heterosubstituted vinyllithium
compounds are often available from the corresponding ethers,37

thioethers,38 chlorides,39 and fluorides40 via lithiation using n-
BuLi. Isocyanides41 and nitro compounds42 have been lithiated
adjacent to nitrogen with n-BuLi in THF at low temperatures
(less than −60 ◦C) and the formation of various α-phosphorus
alkyllithiums has been reported.43 Simple ethers are also suscep-
tible to lithiation at the α site by n-BuLi, especially at elevated
temperatures.44 The initial proton abstraction in these systems is
generally followed by various cleavage reactions resulting from
α,β- and α′,β′-eliminations as well as the Wittig rearrangement.45

Tetrahydrofuran, for example, is rapidly lithiated by n-BuLi at
35 ◦C (t1/2 = 10 min) to give ethylene and the lithium enolate of
acetaldehyde.46

Due to the stabilizing effect of two sulfur atoms, 1,3-dithianes
are easily lithiated at the α-position on treatment with n-BuLi (see
2-Lithio-1,3-dithiane).47 The 2-lithio-1,3-dithianes constitute an
important class of acyl anion equivalents, permitting electrophilic
substitution to occur at the masked carbonyl carbon.47 Hydrolysis
of the 1,3-dithiane functionality into a carbonyl group is effected
in the presence of mercury(II) ion (eq 4).48

When conducted at sufficiently low temperatures (less than
−78 ◦C), α-deprotonation can occur faster than nucleophilic
addition to an electrophilic center present in the same molecule.
This strategy, which involves initial lithiation followed by
intramolecular nucleophilic addition of the newly generated
C–Li bond to an electrophilic moiety, is useful for the construc-
tion of carbocycles including medium and large ring systems
(eqs 5 and 6).49,50

S

S

S

S

ClLi S

S

S

S

Cl

H2O

HgCl2
O

1. n-BuLi, THF
    –20 to –75 °C n-BuLi, THF

84% 81%

(4)

–75 °C2. Cl(CH2)3Br

S
O O

O
S

O O

O

Li

S

H

H

HO

O O

5–10% excess n-BuLi

(5)

91%

H+

–90 to –40 °C

PhS

O

PhS

HO

1. n-BuLi, THF
    DABCO, –78 °C

62%

(6)
2. H+

A large number of heteroaromatic compounds,2 such as furans
(see Furan),51 thiophenes (eq 7),52 oxazoles,53 and N-alkyl-
and N-aryl substituted pyrroles (see 2-Lithio-N-phenylsulfonyl-
indole),54 pyrazoles,55 imidazoles,56 triazoles,57 and tetrazoles,58

are lithiated under various conditions α to the ring heteroatom
using n-BuLi. However, pyridine and other nitrogen heteroaro-
matics bearing the pyridine, pyrimidine, or pyrazine nucleus are
generally not lithiated. Indeed, they have a tendency to undergo
nucleophilic addition reactions with this reagent1b (see 2-
Lithiopyridine).

SPh
SPh

OH
(7)

1. n-BuLi, Et2O
    15 °C

79%

2. (CH2O)n

When the α-position is benzylic, propargylic, or allylic,
deprotonation takes place more readily and n-BuLi is generally the
reagent of choice for these reactions.59,60 However, the more basic
s-Butyllithium is a better reagent for deprotonation of alkyl allyl
ethers61 and certain alkyl allyl thioethers62 which react slowly (if
at all) with n-BuLi in THF at low temperatures (less than −65 ◦C).

Proton removal adjacent to a heteroatom is further facilitated
if the lithium can be coordinated to proximate electron donors,
such as a carbonyl oxygen, permitting the formation of ‘dipole-
stabilized’ carbanions.33 Thus various 2-alkenyl N,N-dialkyl-
carbamates undergo rapid α-deprotonation adjacent to oxygen
on treatment with n-BuLi/TMEDA at −78 ◦C.63,64 The resulting
dipole-stabilized lithium carbanions react with ketones and alde-
hydes in a highly regioselective fashion providing γ-hydroxyal-
kylated enol esters (eq 8) which, following cleavage of the car-
bamoyl moiety (Titanium(IV) Chloride/H2O or MeOH), afford
δ-hydroxy carbonyl compounds (homoaldols) as lactols or lactol
ethers.65 Similarly, aliphatic or aromatic amides66,67 (eq 9),67a

phosphoramides,68 and some formamidine derivatives (e.g. 1,2,3,
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6-tetrahydropyridine,69 thiazolidine,69 1,3-thiazine,69 and tetra-
hydroisoquinolines70) are selectively lithiated α to the nitrogen at
the activated position. Electrophilic substitution of the intermedi-
ate organolithiums followed by hydrolytic cleavage of the amide
or formamidine group provides a synthetically valuable route to
α-substituted (or γ-substituted69) secondary amines.33 Use of the
more basic s-BuLi (or t-Butyllithium) is generally required for
deprotonation of the analogous nonbenzylic or nonallylic
systems.

OCb

O

O

N(i-Pr)2

Li

OCb

OH OCb

HO

n-BuLi, TMEDA

Cb = CON(i-Pr)2

1. Me2CHCHO

+ (8)

87%

>97:3
>95% E

2. HOAc

Et2O, –78 °C

O

Ph N
H

Ph

2 equiv n-BuLi, –78 °C LiO

Ph N Ph

Li

O

Ph N
H

Ph

Bu

(9)

95%

n-BuI

diglyme

n-Butyllithium is also used for the stereoselective α-lithiation
of chiral sulfonyl compounds,71 chiral 2-alkenyl carbamates,64,72

various heterocyclic amine derivatives with chiral auxiliaries
appended on the nitrogen (e.g. oxazoline73 or formamidine74,75

groups) (eq 10),75 and chiral oxazolidinones derived from benzyl-
amines (eq 11).76 These elegant reactions have been applied to the
asymmetric syntheses of a number of natural products.77,78

N

N

R*

i-Pr

t-BuO

N

N

R*

Li

N
H

Ph(CH2)3

N2H4

N

N

R*

Ph(CH2)3

α/γ-alkylation = 92:8

(10)R* = 

76%, >95% ee

THF, –100 °C –100 °C

n-BuLi Ph(CH2)3Br

Ortho Lithiations. Heteroatom-containing substituents on
aromatic rings facilitate metalation by organolithium reagents
and direct the metal almost exclusively to the ortho position.
This effect, usually referred to as ortho lithiation, is of consid-
erable synthetic importance and the topic has been extensively
reviewed.2,4,79 Although n-BuLi (typically in THF or Et2O with
added TMEDA)80 is capable of effecting a large number of ortho
lithiations, the use of this reagent is somewhat limited by its
tendency to undergo nucleophilic carbonyl additions with some

of the most potent and useful ortho directors, particularly ter-
tiary amide and carbamate functionalities (e.g. CONEt2 and
OCONEt2).79,81 For example, N,N-dimethyl- and -diethyl-
benzamides afford primarily aryl butyl ketones upon treat-
ment with n-BuLi (see 2-Lithio-N,N-diethyl-benzamide).82 The
reagent of choice for these lithiations is s-Butyllithium,
which is less nucleophilic than n-BuLi and hence more tol-
erant of electrophilic functional groups.79 There are, how-
ever, a variety of ortho-directing groups that are well
suited for n-BuLi-promoted lithiations. These include NR2,80

CH2NR2,80 CH2CH2NR2,80 OMe (see o-Lithioanisole),83

OCH2OMe,84 SO2NR2,85 C=NR,86 2-oxazolinyl,85,87 F,88

CF3,80 and groups that contain acidic hydrogens and them-
selves undergo deprotonation prior to lithiation of the aro-
matic ring (thus requiring the use of 2 equiv of n-BuLi),
e.g. CONHR,89 CH2OH,80 NHCO-t-Bu,90 and SO2NHR80

(eq 12).91 n-Butyllithium is also used frequently for the ortho lithi-
ation of heterocyclic aromatic rings,2 including those that contain
the pyridine nucleus (eq 13).92

1. n-BuLi, THF
    –78 °C

92%

N O

O

N O

O

NH2

1. KOH, ether
2. Pb(OAc)4

54%

100% ee

(11)
3. HCl, EtOH

2. MeI

HO LiO

Li MeO

CHO

O

NEt2

O

OMeO

O
O

OMeO

2 equiv n-BuLi
THF, TMEDA

1.

77%

(12)

–78 °C 2. TsOH

N N

NHCO-t-Bu N OLi

Li2 equiv n-BuLi

N

NHCO-t-Bu

SMe

t-Bu

(13)

83%

MeSSMe

THF, 0 °C

Formation of Enolate Anions and Enolate Equivalents.
Owing to its tendency to undergo nucleophilic addition with
carbonyl groups and other electrophilic carbon–heteroatom mul-
tiple bonds (C=NR, C≡N, C=S),1 n-BuLi is usually not the
reagent of choice for the generation of enolate anions or enolate
equivalents from active hydrogen compounds. This is done most
conveniently using the less nucleophilic lithium dialkylamides
(e.g. Lithium Diisopropylamide (LDA), Lithium 2,2,6,6-Tetra-
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methylpiperidide (LiTMP), and Lithium Hexamethyldisilazide
(LTSA) prepared (often in situ) from sterically hindered sec-
ondary amines, typically by treatment with n-BuLi.93 However,
less reactive carbonyl compounds such as amides (eq 14)94 and
carboxylic acids95 as well as those containing carbon–nitrogen
or carbon–sulfur multiple bonds, e.g. imines,96 oxazines,97

nitriles,98 some hydrazones,99 and thioamides,100 can be lithi-
ated α to the electrophilic carbon with n-BuLi under various con-
ditions. β-Keto esters can be alkylated at the α′-carbon using
Sodium Hydride for the first deprotonation and n-BuLi for
abstraction of the less acidic α′-proton followed by addition
of alkyl halides.101 Lithiation of unsymmetrical imines using
n-BuLi takes place regioselectively at the most substituted α-
carbon (eq 15).96 In contrast, LDA directs metalation and subse-
quent alkylation predominantly to the less substituted α-position
in similar systems.102 Lithium enolates of camphor imine esters,
prepared by addition of n-BuLi, undergo highly diastereoselec-
tive Michael additions with α,β-unsaturated esters (eq 16).103

The tightly chelated structures of the intermediate enolates permit
selective re face approach of the Michael acceptors, giving rise to
the high degree of distereoselectivity observed.

(14)

O

NHPh

O

NPh
Li

O

O

NHPh

2 equiv n-BuLi

OH

1.

2. H+

94%

Li+

THF, 0 °C
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O
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O

Ph
1. n-BuLi, THF
2. PhCH2Cl

+ (15)

53%
87:13

3. H3O+
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N

O

t-BuO

O-t-Bu

O
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N

O

t-BuO

t-BuO

O

N
O

t-BuO

Li

H

O

O-t-Bu

1. n-BuLi, THF
    –78 °C

A* =

(16)

88%, syn/anti = 95:5

2.

Metal–Halogen Interchange and Transmetalation
Reactions. The metal–halogen interchange reaction which
involves the exchange of halogen and lithium atoms is an impor-
tant method for the preparation of organolithium compounds not
readily accessible through metalation. In particular, the gener-
ation of aryl-, vinyl-, and cyclopropyllithium derivatives from
the corresponding bromides or iodides on treatment with n-BuLi
(usually in ethereal solvents at or below −78 ◦C) is of considerable
synthetic utility (eqs 17–19).104–106 The relative rates of exchange
depend on the halide and decrease in the order I > Br > Cl > F.

Fluorides and chlorides, with the exception of some polychlori-
nated aliphatic107 and aromatic compounds,108 are quite resistant
to lithium–halogen interchange; instead, they tend to promote
ortho and α lithiations.79

F Br

FBr

F Br

FLi

N O
EtO

O

F Br

FN
EtO

O OH

1.

51%

(17)

Et2O, –75 °C 2. H+

n-BuLi

I
n-BuLi

Li
OH

1. HCHO

85%

(18)
2. H2OEt2O, –70 °C

Br

Br

Li

Br
MeI

Br (19)

60%

THF, –95 °C

n-BuLi

gem-Dihalocyclopropanes react with n-BuLi in a highly stereo-
selective fashion (eq 19), although subsequent isomerization can
take place.109 Alkyl-substituted vinyllithiums can be prepared
with retention of configuration105,110 and even aryl-substituted
vinyllithium compounds retain their configuration under
controlled conditions (<−78 ◦C in THF or at rt in hydrocarbon
solvents).111 Simple alkyllithiums are generally not accessible by
this route because of the unfavorable interchange equilibrium that
ensues when primary or secondary halides are treated with n-
BuLi, except in cases where the initially formed organolithium is
rapidly consumed in a subsequent, irreversible reaction (eq 20).112

Primary alkyllithiums may be prepared, however, from the corres-
ponding alkyl iodides (but not from the bromides)113 on treatment
with the more reactive t-Butyllithium which renders the exchange
operationally irreversible.114

I

CO2-t-Bu

I

Li

CO2-t-Bu

I O–LiI

O-t-Bu
CO2-t-Bu

(20)

95%

THF, –78 °C

n-BuLi

n-Butyllithium is the reagent of choice for effecting a number
of transmetalation reactions involving the replacement of tin,
selenium, tellurium, or mercury by lithium.1a,1c,5 These reactions
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are typically conducted at low temperatures (less than −60 ◦C) in
ethereal solvents, with THF being the most commonly emplo-
yed reaction medium. The tin–lithium exchange is a particularly
important operation, providing a convenient route to aryl- and
vinyllithiums,115 as well as functionalized lithio derivatives which
are not readily accessible by other means, such as α-alkoxylithium
compounds,116 oxiranyllithiums,117 and amino-substituted orga-
nolithiums.118 The Sn–Li exchange in these systems and
subsequent trapping of the intermediate lithio derivatives proceed
stereoselectively with retention of configuration at the tin-bearing
carbon (eqs 21 and 22).116c,118c Consequently, enantiomerically
enriched functionalized products are available through this metho-
dology from homochiral α-hetero-substituted stannanes.119

SnBu3

OMOM
n-BuLi

Li

OMOM OMOM

PhHO

1. PhCHO
(21)

86%
2. H3O+

THF, –60 °C

NN

O

Ph

Me

SnBu3

Et
O

NN

O

Ph

Me
Et

HO

1. n-BuLi, THF
    0 °C

78%

(22)
2.

Appropriately substituted alkenic α-alkoxylithiums,
derived from the corresponding tri-n-butyltin compounds on
treatment with n-BuLi, have also been used to initiate 5-exo-trig
cyclization reactions to give tetrahydrofuran derivatives
(eq 23).120 Other related ring-forming reactions have been
reported.121

On-C6H13 SnBu3

OMe n-BuLi
THF

On-C6H13 Li

OMe

On-C6H13

cis:trans = 10:1

(23)

–78 to 0 °C
87%

Organoselenium compounds, particularly selenoacetals or
selenothioacetals, undergo facile lithium–selenium exchange
reactions on treatment with n-BuLi, typically in THF at
−78 ◦C.122–124 The intermediate α-seleno organolithium deriva-
tives formed in these reactions are readily trapped with elec-
trophiles to afford a variety of synthetically useful α-functiona-
lized selenide products3,125 (eq 24).126 Studies on cyclohexyl
selenoacetals have shown that Li–Se exchange takes place almost
exclusively at the axial position123 and that equatorial α-lithio
sulfides, derived from mixed Se,S-acetals by Li–Se exchange,
epimerize within minutes at −78 ◦C to give the more stable axial
lithio isomers.124 n-Butyllithium may be used for the majority of
Li–Se exchanges although selenoacetals derived from sterically

hindered ketones react quite slowly with this reagent, and in these
cases the use of the more reactive s-Butyllithium is warranted.123

SePh

SePh

n-BuLi
THF SePh

Li

O
SePh

HO

HO

H2O2

1.

85%

(24)

95%2. H+–78 °C

A variety of organolithiums, including benzylic, vinylic,
alkynic, and 1-alkoxylithium compounds, are also accessible
through the lithium–tellurium exchange, which involves the
treatment of diorganotellurides with n-BuLi at −78 ◦C in THF
(eq 25);127 vinyllithium derivatives have been prepared from
the corresponding organomercurials by essentially the same
methodology.128

PhCH2TePh PhCH2Li Ph
Ph

OH

1. PhCHO
(25)

77%

2. H+THF, –78 °C

n-BuLi

Rearrangements. n-Butyllithium is used frequently to
promote various anionic rearrangement reactions. 2,3-Wittig
rearrangements are commonly effected by treatment of allylic
and propargylic ethers with n-BuLi,129 and 1,2-, 1,4-, as well
as 3,4-rearrangements with similar systems are also known.130

These reactions are most often initiated at low temperatures either
by α-deprotonation adjacent to oxygen or via Li–Sn exchange,
and the rearrangement occurs upon warming of the reaction mix-
ture to 0 ◦C. Additional benzylic, propargylic, or allylic stabi-
lization is necessary for deprotonation by n-BuLi; however, the
Li–Sn method does not suffer from this limitation.131 2,3-Wittig
rearrangements involving (Z)-allylic ethers proceed generally with
high syn stereoselectivity (eq 26),131 whereas the opposite ten-
dency is observed with (E)-allylic ethers.132 The regiochemistry
of unsymmetrical bis-allylic ethers depends on the degree of
substitution at the α- and γ-carbons, with the less substituted
allylic position being the preferred site of deprotonation
(eq 27).133 The cyclic variant of the 2,3-Wittig rearrangement
can be used for ring contraction reactions and it provides a
useful method for the construction of macrocyclic ring systems
(eq 28).134

O

SnMe3H H

THPO

H

OH

2.3 equiv n-BuLi

(26)

>120:1 syn:anti

THF, –78 to 0 °C
80%
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O

OH

n-BuLi, THF

>95% E

(27)
–85 to 0 °C

79%

O
OTBS

OH
OTBS

n-BuLi
pentane

trans:cis = 93:7
syn:anti = 95:5

(28)
–78 °C

90%

Secondary 1,2-epoxy alcohols may be prepared through the
Payne rearrangement in aprotic media by treatment of primary
2,3-epoxy alcohols with n-BuLi in THF with catalytic amounts of
Lithium Chloride,135 and α,β-unsaturated ketones are obtained
from trimethylsilyl substituted propargylic alcohols through the
Brook rearrangement followed by alkylation of the intermediate
allenyllithium products and acidic workup (eq 30).136 Quater-
nary ammonium salts, such as benzyltrimethylammonium ion,
react with n-BuLi to deliver nitrogen ylides which can undergo
either the Stevens rearrangement to give tertiary amines or the
Sommelet–Hauser rearrangement to afford ortho alkyl-substituted
nitrogen-containing aromatics, depending on the reaction con-
ditions (eq 31).137 Dibenzyl thioether has been reported to un-
dergo a Sommelet–Hauser type rearrangement on treatment with
n-BuLi/TMEDA in HMPA,138 and appropriately substituted sul-
fonic ylides, prepared from sulfonium salts on treatment with n-
BuLi, undergo 2,3-sigmatropic rearrangements (eq 32).139

Ph O

O

OLi

Ph O OH
O

MeCu(CN)Li Ph O

OH

OH

(29)

n-BuLi, THF

95%

0–25 °C
LiCl

Ph

n-Bu

HO TMS

Li

n-Bu
•

TMSO

Ph

n-Bu
•

TMSO

Ph

Ph n-Bu

OH3O+

1. THF

95%

(30)

hexane 2. MeI

n-BuLi

Ph NMe3 Ph NMe2

Li

n-BuLi

Ph NMe2

NMe2

+ +

Sommelet-

Stevens

(31)

A: 2.0 equiv n-BuLi, 0 °C
B: 1.2 equiv n-BuLi, 24 °C

A: 94%
B: 62%

A:  4%
B: 36%

Et2O
hexane

1,2-shift

Hauser

S+

S

S+

S

Br–

S

S

n-BuLi, THF warm

(32)

80%

–78 °C

Elimination Reactions. A number of eliminations can be
effected using n-BuLi. The formation of phosphorus, nitrogen,
and sulfur ylides1a and the generation of benzyne intermedi-
ates from aromatic halides140 are well established processes, and
α-eliminations resulting in the formation of carbenes have been
used to prepare cyclopropanes,141 oxiranes,142 and other prod-
ucts via subsequent carbenoid rearrangements (eq 33).143 Vinyli-
dene dihalides undergo dehalogenation with concomitant forma-
tion of a triple bond on treatment with 2 equiv of n-BuLi.144 The
initial product of this reaction is a lithium acetylide which can
be quenched with methanol to give a terminal alkyne or alky-
lated in situ by addition of alkyl halides to afford internal alkynes
(eq 34).145 The decomposition of (arylsulfonyl)hydrazones of
aldehydes or ketones upon treatment with at least 2 equiv of
n-BuLi (Shapiro reaction) is a useful method for the generation of
vinyllithium compounds (eq 35).146 In cases where two regioiso-
mers can be produced, n-BuLi appears to promote the formation
of the less substituted vinyllithium via deprotonation of the kinet-
ically more acidic proton, whereas the use of s-BuLi reportedly
leads to the more substituted vinyllithium product.147

n-BuLi, Et2OHO

Br2CH

LiO O

60%

(33)LiO

HC

H3O+

–78 °C then 0 °C

Br

Br

OTBDMS
OTBDMS

1. 2 equiv n-BuLi
    THF, –78 °C

95%

(34)
2. MeI

NNH-trisyl

O

H
TMS

OH

TMS

n-BuLi
TMEDA, hexane

(35)

1. 

2. H2O

83%

–78 °C
Li
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Rearrangements. Stereoselective synthesis of highly func-
tionalized C-glycosides based on acetal [1,2]- and [1,4]-Wittig
rearrangements is reported.148 Treatment of the O-glycoside with
BuLi at low temperature results in a [1,2]-Wittig rearrangement
to yield the C-glycoside in a highly diastereoselective manner
(eq 36).

O
OTBSO

O O

H

TBDPS

TBSO

O O
TBDPS

OH

O

77%

(82% dr)

(36)

BuLi, THF, –78 °C

Another protocol represents the first example of a C-glycoside
synthesis based on a [1,4]-Wittig rearrangement (eq 37). More-
over, interception of the intermediate lithium enolate with an
external electrophile is achieved. In addition, the application of
this synthetic strategy for the synthesis of zaragozic acid A is
demonstrated.149

O
O

O

H

TBDPS

TBSTBDPS

O

O
TBS

O

E TBDPS

TBDPS

O

TBS

OLi

TBDPS

E+

60–73%
(E = CH2OH: 60% dr)

E+  = H+, HCHO

(37)

BuLi, THF, –78 °C

In the first asymmetric total synthesis of (+)-astrophylline,
a [2,3]-Wittig–Still rearrangement is used to establish a 1,2-
trans substituent relationship of the key cyclopentene intermediate
(eq 38).150 Careful optimization of the reaction conditions leads
to the development of a multigram-scale protocol.

O

N

SnBu3

Boc

O

N

Li

Boc

N

OH

Boc

BuLi, THF 
–78 °C to rt

69%

2,3

(38)

In an instructive application for the construction of hindered
benzophenones, an initial metal–halogen exchange of a bromo-
benzyloxy ester with BuLi sets the stage for anionic homo-Fries
rearrangement of the intermediate aryllithium species (eq 39).151

The resulting tetra ortho-substituted benzophenone serves as
an intermediate for the synthesis of the potent protein kinase
C inhibitor (−)-balanol.

BnO

Br

O

O OBn

BnO CO2t-Bu

OBn

OH

O
BnO

BnO

CO2t-Bu

BuLi, THF, –78 °C

51%

(39)

A new type of anionic oxygen to α- and β-vinyl carbamoyl
migration reaction is reported (eq 40). In the case of the carbamoyl
migration to the α-vinyllithium site, mechanistic evidence is
secured by generation of the respective anion by metal–halogen
exchange using BuLi. As expected, warming of the reaction mix-
ture gives the product of an O-carbamoyl migration in high yield
and complete stereochemical conservation of the (Z)-stilbene.152

Ph

Br

O

TMS
Et2N O

Ph

HO

TMS

Et2N O

BuLi , THF
–78 °C to –30 °C

96%
(40)

The complete transfer of axial chirality to central chirality
during the Stevens rearrangement of binaphthyl compounds is
demonstrated (eq 41).153 Treatment with an excess of BuLi
results first into the expected Stevens [1,2]-benzyl shift, which
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is followed by base-induced 1,2-elimination to give rise, in a one-
pot procedure, to pentahelicene with excellent enantioselectivity
(>99%).

NMe2

I

NMe2

(P)-(+)

BuLi (1.6 equiv)

(P)-(+)
BuLi (3.1 equiv)

(P,3R)

(41)

THF,  –20 °C
71%

THF, –30 to –20 °C
95%

Carbolithiations. Carbolithiation of styrene derivatives
constitutes an evolving methodology for the generation of
benzylic carbanions.154–157 This type of strategy, which has the
potential for effecting two C–C bond forming processes in one
pot, has found utility in the development of versatile new routes
for heterocyclic synthesis (eq 42).158 Best results for the (−)-
sparteine-mediated asymmetric carbolithiation with BuLi are
observed under coordinating solvent conditions. Thus, the synthe-
sis of optically active isoquinolines is achieved by electrophilic
quench of the lithiated intermediate with DMF, following acid-
ification, subsequent deprotection, and oxidative aromatization.
Similarly, starting from an o-OMe substrate, benzofurans are
obtained. Further extensions are also shown for isoquinolinones
and isobenzofurans. It is worth noting that the described carbo-
lithiation protocol provides access also to enantioenriched 2-alkyl-
anilines, substituted indoles, and indol-2-ones by reacting the
chiral lithiated species with various electrophiles.159,160

NHBoc

N

Bu

Boc

OMe

Li

O

Bu

Bu

N
Li

Boc

N

Bu

1. PhLi, Et2O, rt 1. DMF

1. TFA, DCM, rt

81:19 er

88:12 er

45%
(42)

2. BuLi, (–)-sparteine
    –15 °C

2. H+

2. KOAc, I2, EtOH, Δ
30%

Lithiation ααα to Heteroatoms and at Benzylic Sites. The
Ph2P(=O)-assisted asymmetric deprotonation of benzylic amines
using BuLi/(−)-sparteine allows the synthesis of a series of phos-
phinamides with good to excellent enantioinduction (eq 43).161

The cleavage of these derivatives to the corresponding amines is
effected by conc HCl in THF or under reductive conditions, for
example, LiAlH4 in THF.162

O

Ph2P
N

R1

Ph

R1 = Me, Bn

O

Ph2P
N

R1

PhE

E = Me, Bn, Me3Sn, CH(OH)Ph, 

CH2=CHCH(OH), MeO2C, 

MeO2CCH2

1. BuLi, (–)-sparteine 
    toluene, –90 °C

61–91%

80:20 to >99 er

(43)

2. E+

The Horner–Wadsworth–Emmons (HWE) reaction of a
lithiated (diphenylphosphinoyl)methyl amine with a biaryl alde-
hyde furnishes the corresponding enecarbamates, which serve as
key intermediates for the synthesis of the Amaryllidaceae alkaloid
buflavine (eq 44).163

Boc
N P

Ph

O

Ph

CHO
R2

R1

O

O

N

R2

R1

O

O

N

Boc
N

N

R1

O

R2

1. BuLi, THF

81–97%

(buflavine)

R1, R2 = H, OMe
(44)

2.                         , THF

3. –78 °C to rt

The synthesis of modular pyridine-type P,N-ligands from
monoterpenes is described (eq 45). An α-picolyl-type lithiation
with BuLi followed by a stereoselective methylation using MeI
gives new P,N-ligands.164

Lateral Lithiation. An enantioselective synthesis of
tetrahydroisoquinolin-1-ones via a BuLi/(−)-sparteine-mediated
lateral metalation–imine addition sequence proceeds with highest
yields and induction in toluene/ether mixtures (eq 46).165

Selective ortho and benzylic functionalization of secondary
and tertiary p-tolylsulfonamides is investigated (eq 47). For both
R = H and R = Et, kinetic ortho metalation is achieved using BuLi,
while thermodynamic conditions lead to ortho and benzylic
deprotonation, respectively. Regioselective metalation of
secondary sulfonamides, R = H, is achieved by using BuLi/KOtBu
superbase.166
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N

F

N

R
Me

 BuLi
 then MeI

63%

R = F

R = Ph2P

(45)

Ph2PH, tBuOK
18-crown-6, THF, rt

NR2

O

N
Ph

N O

N

O

Ph

1. BuLi/(–)-sparteine, toluene 
    Et2O, –78 °C, 20 min

8–36%

17–81% ee

R =  Et, iPr,                       ,                      ,

(46)

2.

3. 2 N HCl (aq)

S
NEt
R

O O

S
NEt
R

O O
S

NEt
R

O O

E

S
NEt
R

O O

E

1. BuLi, THF, 15 min
    0 °C for R = H
    –78 °C for R = Et

E = D, TMS, Me, PhC(OH)H, I

1. For R = H: BuLi, KOtBu, THF, –78 °C, 30 min

2. 0 °C to rt

3. E+, rt

E = D, TMS, Me, PhC(OH)H, Br, I

56 –83%

1. For R = Et: BuLi, THF, 0 °C, 15 min

2. –78 °C to rt

3. E+, rt

2. E+, 0 or –78 °C

78 to >99%

(47)

Directed ortho Metalation (DoM). The synthesis of the
alkaloid schumanniophytine requires a silicon protection of
the more reactive ortho O-carbamate site to set the stage for
the key step, a remote anionic Fries rearrangement that results
in a pyridine ring carbamoyl translocation (eq 48).167

A general approach to 7-substituted saccharins (eq 49) based
on two successive DoM reactions starting from a secondary
sulfonamide suffers from a potential drawback, the formation of a
N-methyl saccharin that precludes further functionalization.168

O

NEt2
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O O

O
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O
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O
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O N

O O
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BuLi , THF, –100 °C 

then Et3SiCl

96%
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O
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O

S
NHMe

O OE

NMe2

O

1. BuLi, THF, –40 °C
2. ClCONMe2

60 °C (49)

3. BuLi, THF, –40 °C

4. E+

reduced pressure

The discovery of the N-cumyl directed metalation group (DMG)
for amides, O-carbamates, and sulfonamides helps to broaden the
scope of new DoM strategies.169 Synthetic utility is demonstrated
by establishing viable routes to 4- and 4,7-substituted saccharin
derivatives (eq 50). Thus, BuLi/TMEDA metalation of selected
biaryl N-cumylsulfonamides followed by N,N-diethylcarbamoyl
chloride quench results in a regioselective functionalization
(eq 51).
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R
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O O
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1. BuLi, TMEDA 
    THF, 0 °C

R = 4-Me, 2-MeO, 4-MeO E = I, CONEt2
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(50)

2. E+
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N
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O O

Ph
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S
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O O

Ph

Ar

Et2N O

G
G

G

S
NH

O

O

Ar

O

1. BuLi, TMEDA
    THF, 0 °C

1. TFA, rt, 10 min

G = H, Me, MeO Ar = Ph, 2-naphthyl

42–99%

78–99%

(51)

2. AcOH, reflux, 12 h
3. HCl

2. ClCONEt2

A mild TFA decumylation initiates the concluding transforma-
tions to obtain the N-substituted saccharins. The sequence leading
to 4,7-disubstituted saccharins is initiated by a BuLi/iodination
protocol to give the required intermediate for a Suzuki cross-
coupling reaction toward the final compound (eq 52).170
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O O
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Et2N O
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O O
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R

Et2N O

I

S
NH

O

O

R

O

Ph

R = OMe, Ph

1. BuLi, TMEDA 
    THF, –78 °C

53–62%

(52)

2. I2

The N-isopropyl-N-trimethylsilylcarbamoyl-DMG may be
conveniently installed via treatment of a phenol with isopropyl
isocyanate followed by a one-flask operation that begins the reac-
tion with TMS triflate, lithiation with BuLi/TMEDA, and con-
cludes with electrophile quench (eq 53).171 The application of
this methodology was demonstrated for the synthesis of hydroxy-
biaryls.172 The regiospecific construction of a diverse set of iso-
meric chlorodihydroxybiphenyls and polychlorinated diphenyls
is reported by applying BuLi-mediated DoM protocols and
Suzuki cross-coupling tactics on commercially available starting
materials.173

1. TMSOTf        

2. BuLi, TMEDA  

3. E+

Ph

O
H
N

O

Ph

O
H
N

O

E

Ph

OH

E

64–78%

E = TMS, SnBu3, I, Me, CH(OH)Ph, C(OH)Ph2

(53)

The generality of a DoM strategy is demonstrated for the func-
tionalization of deep-cavity cavitands by treatment with varying
equivalents of butyllithiums, for example, BuLi, and trapping of
the resulting carbanions with different electrophiles.174

In the course of the synthesis of potential D1 agonists, DoM
of pyridine 2-carboxamide derivatives X = CR2, Y = N, R1 = H,
Me, F, OMe, n-Pr, and R2 = H, Me, n-Bu with 2 equiv of BuLi
followed by Michael addition of nitroolefin and a triethylamine-
mediated equilibration gives the trans-tetralin products (eq 54).175

In contrast, if X = N, Y = CR2, R1 = H, and R2 = Me is metalated
with BuLi and the resulting dianion is added to the nitroolefin, the
product of a benzylic lithiation–Michael addition is isolated.

An alternative route takes advantage of a halogen–metal
exchange of the corresponding 3-bromo-5-methyl-pyridine
derivative to yield the alternative Michael adduct in good yield.

X

YR1
NHtBu

O

NO2

MeO

MeO

R1 = H, Me, F, OMe, n-Pr 

R2 = H, Me, n-Bu

MeO

MeO NO2

X Y

R1

CONHtBu

2.
3. Et3N, MeOH, rt

20 –31%

X = CR2, Y = N

X = N, Y = CR2

(54)

1. BuLi, THF, –78 °C

MeO

MeO NO2

N

BuHtNOC

Halogen–Lithium Exchange and Transmetalation. The
generation of propynyllithium is achieved from inexpensive
commercially available (E/Z)-1-bromopropene by treatment with
BuLi in THF at 20 ◦C (eq 55). Consequent reaction with aldehy-
des, ketones, amides, and acid chlorides yields the corresponding
propargylic alcohols or ketones.176

Br

R1 R2

O

R1

HO

R2

R2

O

1. 2.2 equiv BuLi, 20 °C, 30 min

78–95%

R1:  H, alkyl, Cl, NR2

R2: alkyl, aryl, vinyl

R1:  H, alkyl

R2: alkyl, aryl, vinyl

(55)

                     , –78 °C, 1h

2.

In studies whose thrust is the development of the new O-
sulfamate DMG, ortho-bromo aryl O-sulfamates are subjected
to metal–halogen exchange in the presence of furan (eq 56) to
give, following treatment with catalytic HCl, naphthol derivatives.
The TMS substituent is cleaved by protodesilylation under these
conditions.177

Br

OSO2NEt2

R

R

OH

1. 1.1 equiv BuLi, 10 equiv. 
    furan, Et2O, –10 °C to rt

R = H, TMS, OMe R = H, OMe

(56)

2. cat HCl, MeOH, reflux, 3 h
21–50%
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During studies toward the synthesis of isotopically labeled aryl
triflates, metal–halogen exchange of a bromo aryl triflate with
BuLi at low temperatures results in quantitative aryne generation
as evidenced by in situ trapping with 1,3-diphenylisobenzofuran to
give the corresponding cycloaddition product (eq 57).178 As per-
haps expected, the temperature difference for the generation of the
benzyne intermediate from the O-sulfamate and triflate suggests
the faster rate for the latter functionality.

O

Br

Cl

S
O

O
CF3

1. BuLi, THF, –78 °C

O

Ph

Ph

Ph

O

Ph

100%
(57)

2.

3. H+

The synthesis of a new core structure of ferroelectric liquid
crystals takes advantage of a transmetalation protocol (eq 58). The
aryl bromide to phenol conversion is achieved via lithium–halogen
exchange followed by trapping with B(OiProp)3 and subsequent
peroxide oxidation in one pot.179

Br

O
NEt2

O
C6H13

OH

O
NEt2

O
C6H13

1. BuLi, –78 °C

88% (58)

2. B(OiPr)3, 
    –78 to 25 °C
3. H2O2 (aq), 0 °C

Compared to the arylboronic acids as borane source, signifi-
cant higher yields are observed for the corresponding in situ gen-
erated lithium trimethylphenylborates in the rhodium-catalyzed
1,4-addition toα,β-unsaturated ketones (eq 59).180 The borates are
formed by a metal–halogen exchange–trimethoxyborane quench
procedure. This constitutes an important new enantioselective
Michael reaction type.181,182

Br

1. BuLi      
2. B(OMe)3

B(OMe)3

Li

O

R R

*

O

R

H2O,

Rh(I)/L*, dioxane 
100 °C, 5 h

71–99%

Rh(I)/L* = Rh(acac)(C2H4)2/
(S)-binap (3 mol %)

98–99% ee (S)

R = H, 4-OMe, 4-Me, 4-CF3, 3,5-di-Me-4-OMe

(59)

In studies concerned with optimization of the Suzuki
cross-coupling of 2-pyridyl nucleophiles, lithium triisopropyl
2-pyridylborates are shown to be the most suitable
boron coupling partners (eq 60). The borates are isolated and
subjected to coupling with various aryl and hetaryl halides
(X = Cl, Br) to give the corresponding azabiaryls.183
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N Br

O

O

H

R1 N B(OiPr)3Li

R2 X

R1
N
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PPh2

O

H P(tBu)2

O
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R1 = H, 3-F, 2-MeO, 3-CN, 2-

X = Cl, Br

R2 = alkyl, CF3, CN, 

        OMe, other

L =                    or

(60)

2. BuLi, –78 °C to rt

Pd2(dba)3)/L, KF
  dioxane, 110 °C

1. B(OiPr)3
    toluene/THF (4:1)

Eliminations. An improved synthetic protocol based on a Wit-
tig olefination strategy allows the preparation of carbon-linked
pentasaccharides by a BuLi/HMPA-mediated generation of the
ylide from a sugar phosphonium salt precursor and Wittig reac-
tion with formyl mannopyranosides.184

During the enantioselective formal synthesis of 4-demethoxy-
daunomycin, BuLi proves to be the base of choice for a Hofmann
elimination process of the quaternary ammonium salt of a trans-
β-amino alcohol to obtain the corresponding allylic alcohol with
a slight erosion of ee (eq 61).185 Other bases such as KHMDS
and KOtBu afford 1,4-dimethoxy-naphthalene as a result of an
undesired consequent dehydration.

OH

N

O

O

OH

O

O

1. MeI, K2CO3 
    MeOH, reflux

(95% ee) (90% ee)
(61)

2. BuLi, THF, –78 °C
52%

The C22–C26 central tetrahydropyran ring of phorboxazole, a
macrocyclic marine antifungal natural product, is prepared using
a Petasis–Ferrier rearrangement (eq 62).186 Unfortunately, the re-
quired Z-enol acetate is not selectively obtained from a type-II
Julia olefination using BuLi deprotonation and exposure of the
resulting anion to chloroiodoethane and i-PrMgBr (as reducing
agent). But finally, treatment of the E/Z mixture with Me2AlCl
furnishes only the desired tetrahydropyran.
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O

O

OBPS

TIPS

SO2Ph Cl

I

O

OBPS

TIPS

O

O

O

OBPS

TIPS

1. BuLi, THF

95%

1,3

E/Z = 1:1
(62)

2.            , iPrMgBr

The synthesis of pyranoid and furanoid glycols from glycosyl
sulfoxides by treatment with organolithium reagents (eq 63) in-
volves a sulfoxide/metal exchange to generate a glycosyllithium
derivative that undergoes β-elimination of its C-2 substituent
followed by fragmentation.187

O

O O

SOPh

O

O O

HO

O

OBuLi, –78 °C

79%

(63)

A general one-pot procedure for the synthesis of alkynes from
aldehydes (Corey–Fuchs reaction) that involves the synthesis
of the triphenylphosphonium dibromomethane reagent has been
explored by Michel and coworkers.188 In general, the base of
choice is t-BuOK, but in case of the N-Boc piperidine, use of
BuLi in order to avoid unwanted side reactions between the car-
bamate and the acetylide function provides a cleaner reaction at
low temperature (eq 64).

N
Boc

H

O

CHBr2Ph3P Br

N
Boc

 BuLi, THF rt, then aldehyde

84%
(64)

2. BuLi, –78 °C

1.

One of the key steps involved in the total synthesis of the ma-
rine natural product (+)-brasilenyne is a Peterson olefination to
introduce the (Z)-enyne side chain (eq 65).189 BuLi treatment
gives the lithiated 1,3-bis(triisopropylsilyl)propyne, which is
treated with the aldehyde to afford the desired enyne with a 6:1
(Z:E) ratio.

O

CHO

TBSO

TIPS
TIPS

O

TIPS

TBSO
BuLi, –74 °C to rt

83%

Z:E = 6:1

(65)

The Peterson olefination is known for its better performance
compared to the corresponding Wittig process for hindered sub-
strates. This is demonstrated in the first asymmetric synthesis of

(+)-maritimol, a member of the stemodane diterpenoids (eq 66).
Thus, the key step, a Thorpe–Ziegler annulation, requires a 1,5-
dinitrile motif. This is achieved by the generation of an α-silyl
boronate, obtained by BuLi deprotonation of trimethylsilylace-
tonitrile and subsequent transmetalation with triisopropyl borate,
which is then condensed with the tricyclic aldehyde.190

TMS CN

O

CN

OHC

O

CN
CN

O

OH

1. BuLi, THF, –78 °C

79%

Z:E = 6:1

(66)

(+)-maritimol

2. B(Oi-Pr)3
3.

 , –78°C

Ferrocenyls. Direct nonauxiliary-mediated enantioselective
synthesis of ferrocenyl carboxamide derivatives with planar chi-
rality using BuLi/(−)-sparteine-mediated DoM is demonstrated
(eq 67).191

O

N(i-Pr)2

O

N(i-Pr)2

E

Fe Fe

1. BuLi/(–)-sparteine, 
    Et2O, –78 °C

45–96%

81–99% ee
E = TMS, Me, Et2C(OH), Ph2(C(OH), CH2OMe, I, PhS, PhSe, 
      Ph2P, B(OH)2

(67)

2. E+

The electrophiles introduced provide diverse carbon- and
heteroatom-based chiral ferrocenes, some of which are related to
popular ligands currently used in small- and large-scale enantio-
selective catalysis. In extension of the methodology, a direct
and highly efficient enantioselective synthesis of C2-symmetric
ferrocene diamides from a achiral ferrocenyldicarboxamide by
BuLi/ (−)-sparteine-mediated DoM is described (eq 68).192 In
the same context, the first case of double asymmetric induction of
ferrocene planar chirality is reported. Amplification of an other-
wise low diastereoselectivity by induction of planar chirality via
a matched chiral (DMG)/(−)-sparteine interaction is shown for
a menthylferrocenylsulfonate derivative.193 In another applica-
tion, BuLi-mediated deprotonation of ferrocenyl amides and elec-
trophilic quench with aldehydes and ketones yields carbinols from
which, upon acid catalyzed fragmentation (Nesmeyanov ferro-
cenylcarbenium ion reaction), unusual 6-aryl and 6,6-diaryl ring
functionalized fulvenes are prepared.194
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CON(i-Pr)2

CON(i-Pr)2

CON(i-Pr)2

E

CON(i-Pr)2

E

Fe Fe

1. BuLi/(–)-sparteine, 
    PhMe, –78 °C
2. E+

45–92%
59–97% ee

E = TMS, Me, Et2C(OH), Ph2(C(OH) I, PhS, PhSe, Ph2P

(68)

3. BuLi/(–)-sparteine 
    PhMe, –78 °C
4. E+

NH Deprotonations. During a modified Madelung indole
synthesis, the convergent high-yielding condensation of the two
main fragments of (−)-penitrem D, N-silylation (1.1 equiv BuLi)
and lateral metalation (s-BuLi) of a complex o-toluidine substrate
followed by condensation with a lactone fragment is carried out
(eq 69).195

O

O
OTES

O

HH

OH

NH2

OTIPS
H

H

OTMS

OTIPS
H

H

OTMS

N
H

O

OH

OTES

H

HO

NLi

OTIPS
H

H

OTMS

Li

TMS

1. BuLi, THF 
    –78 to 25 °C

81%

THF–Et2O, 0 °C
 then SiO2, CHCl3

(69)

2. TMSCl
3. s-BuLi, 0 °C

Treatment of a (2.2.1)-bicyclic amine with BuLi gives a
chiral lithium amide that undergoes highly stereoselective Michael
additions to α,β-unsaturated esters (eq 70).196 Treatment with
N-iodosuccinimide releases the chiral auxiliary as the bornylalde-
hyde and furnishes the optically active β-amino esters.

R OtBu

O
OMe

NHBn
OMe

NBn

R OtBu

O70–99%

R = alkyl, aryl

91:9 to >99:1  (dr)

(70)

BuLi, THF, –78 °C or –50 °C

Enolate Formation. Molander and coworkers report a syn-
thetic route toward the marine metabolite eunicellin diterpenes

(eq 71).197 Treatment of a tricyclic β-keto ester intermediate
with BuLi and subsequent γ-methylation occur with complete
diastereoselectivity; the concluding Krapcho reaction not only
removes the methoxycarbonyl group, but also effects epimeriza-
tion of the newly formed stereogenic center. A subsequent epoxide
intermediate is reduced using Sharpless’ reagent (WCl6/BuLi) to
provide the required olefin.198,199

CO2Me

OHO

O

O
O

O

OAc

OO

O

O

O

OAc

1. BuLi, LiCl 
    –78 °C, then MeI

50%

steps

1. WCl6, BuLi

93%

(71)

2. LiCl, H2O 
    DMSO, 130 °C

Palacios and coworkers describe a simple de novo construction
of fluorinated pyridines via a stereoselective synthesis of fluorine-
containing β-aminophosphonate intermediates (eq 72).200

RF

NH2

(EtO)2P

H

O

RF
 = CF3, C2F5, C7F15, CHF2

NH2

(EtO)2P

O

RF

1. BuLi, THF
2. MeI

73–94%

(72)

Thus, treatment of enamines with BuLi yields the lithiated
species, which was selectively C-methylated to give the corres-
ponding α-methyl-substituted enamines in good yields. The reac-
tion of the enamines with α,β-unsaturated ketones is also explored
(eq 73). Furthermore, the lithio-enamines undergo 1,2-addition to
unsaturated ketones to give intermediates, which, upon cycliza-
tion and prototropic rearrangement, provide a regioselective de
novo synthesis of fluorinated pyridines.

RF
 = CF3, C2F5 

R1 = H, Me

CF2

NH2

(EtO)2P

R1

O

RF
Ph Ph

O
N

Ph

R1

Ph

F RF
H

1. BuLi, THF

2.

3. H+

31–74%

(73)

Miscellaneous. Lithium amides of chiral pyrrolidines,
tetrahydrofurans, and tetrahydrothiophenes are evaluated as chiral
ligands in the condensation of BuLi to o-tolualdehyde (eq 74).201
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H

O
Y

*
N

Li R1

R2

Bu

OH

BuLi, –78 °C

54–80%

R1, R2 = H,  alkyl, aryl

Y = NMe, S, O

46–80% ee (74)

Related Reagents. t-Butoxide; Methyllithium; Tungsten(VI)
Chloride–n-Butyllithium; n-Butyllithium–Lithium Dimethyl-
aminoethanol; s-Butyllithium and t-Butyllithium.
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N,N′-Carbonyl Diimidazole1

O

N N

N N

[530-62-1] C7H6N4O (MW 162.15)
InChI = 1/C7H6N4O/c12-7(10-3-1-8-5-10)11-4-2-9-6-11/h1-6H
InChIKey = PFKFTWBEEFSNDU-UHFFFAOYAX

(reagent for activation of carboxylic acids;1 synthesis of esters,2

amides,3 peptides,4 aldehydes,5 ketones,6 β-keto thioesters,7

tetronic acids;8 ureas,9 isocyanates,10 carbonates;9 halides from
alcohols;11 glycosidation;12 dehydration13−16)

Physical Data: mp 116–118 ◦C.
Solubility: no quantitative data available. Inert solvents such as

THF, benzene, CHCl3, DMF are commonly used for reactions.
Form Supplied in: commercially available white solid.
Analysis of Reagent Purity: purity can be determined by measur-

ing the amount of CO2 evolved on hydrolysis.
Preparative Method: prepared by mixing phosgene with four

equivalents of imidazole in benzene/THF.17

Purification: may be purified by recrystallization from hot, an-
hydrous THF with careful exclusion of moisture.17

Handling, Storage, and Precautions: moisture sensitive; reacts
readily with water with evolution of carbon dioxide. May be
kept for long periods either in a sealed tube or in a desiccator
over P2O5.

Original Commentary
Alan Armstrong
University of Bath, Bath, UK

Activation of Carboxylic Acids: Synthesis of Acyl Imida-
zoles. N,N′-Carbonyldiimidazole (1) converts carboxylic acids
into the corresponding acylimidazoles (2) (eq 1).1 The method
can be applied to a wide range of aliphatic, aromatic, and hetero-
cyclic carboxylic acids, including some examples (such as formic
acid and vitamin A acid) where acid chloride formation is diffi-
cult. The reactivity of (2) is similar to that of acid chlorides, but
the former have the advantage that they are generally crystalline
and easily handled. Isolation of (2) is simple, but often unneces-
sary; further reaction with nucleophiles is usually performed in
the same reaction vessel. Conversion of (2) into acid chlorides
(via reaction with HCl),18 hydrazides,3 hydroxamic acids,3 and
peroxy esters19 have all been described. Preparation of the more
important carboxylic acid derivatives is described below.

Esters from Carboxylic Acids. Reaction of equimolar
amounts of carboxylic acid, alcohol, and (1) in an inert sol-
vent (e.g. THF, benzene, or chloroform) results in ester forma-
tion (eq 2). Since alcoholysis of the intermediate acylimidazole is
relatively slow, the reaction mixture must be heated at 60–70 ◦C
for some time. However, addition of a catalytic amount of a base
such as Sodium Amide to convert the alcohol to the alkoxide, or a

catalytic amount of the alkoxide itself, allows rapid and complete
formation of the ester at room temperature.2 The base catalyst
must of course be added after formation of (2) from the acid is
complete, as indicated by cessation of evolution of carbon dioxide.

N
N N

O

N

N

O

N

R

(2)

+  CO2  +  imidazole

RCO2H  +

(1)

(1)

1. (1)

2. cat. R1ONa
    or NaNH2

RCO2R1 (2)RCO2H  +  R1OH

Esters of tertiary alcohols may not be prepared from carboxylic
acids containing acidic α-protons using this modified procedure,
since deprotonation and subsequent condensation, competes.
However, the use of stoichiometric 1,8-Diazabicyclo[5.4.0]-
undec-7-ene as base has been shown to provide good yields of
t-butyl esters even for acids with acidic α-protons (eq 3).20 This
procedure was unsuccessful for pivalic acid or for N-acyl-α-amino
acids.

Ph(CH2)3CO2H Ph(CH2)3CO2-t-Bu

1. 1 equiv (1), DMF
    40 °C, 1 h

(3)
2. 1 equiv t-BuOH

    1 equiv DBU

    40 °C, 24 h

An alternative approach to increasing the rate of esterification is
to activate further the intermediate (2). N-Bromosuccinimide has
been used for this purpose,21 but unsaturation in the carboxylic
acid or alcohol is not tolerated. More generally useful is the addi-
tion of an activated halide, usually Allyl Bromide, to a chloroform
solution of (1) and a carboxylic acid, resulting in formation of the
acylimidazolium salt (3) (eq 4).22 Addition of the alcohol and stir-
ring for 1–10 h at room temperature or at reflux affords good yields
of ester in a one-pot procedure. These conditions work well for
the formation of methyl, ethyl, and t-butyl esters of aliphatic, aro-
matic, and α,β-unsaturated acids. Hindered esters such as t-butyl
pivalate can be prepared cleanly (90% yield). The only limita-
tion is that substrates must not contain functionality that can be
alkylated by the excess of the reactive halide.

(1), CHCl3
N

O

N

R
+

Br–

(3)

R1OH
RCO2R1 (4)RCO2H

4–5 equiv allyl bromide   

Since the purity of commercial (1) may be variable due to its
water sensitivity, it is common to employ an excess in order to
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ensure complete conversion of the carboxylic acid to the acylim-
idazole. It has been suggested that alcohols react faster with
residual (1) than with the acylimidazole (2), thus reducing the
yield of ester. A procedure has been developed for removal of
excess (1) before addition of the alcohol.23

Macrolactonization has been accomplished using (1).24 Thiol
and selenol esters can also be prepared in one pot from carboxylic
acids using (1);25 reaction of the intermediate (2) with aromatic
thiols or selenols is complete within a few minutes in DMF, while
aliphatic thiols require a few hours. Formation of the phenylthiol
ester of N-Cbz-L-phenylalanine was accompanied by only slight
racemization. N,N′-Carbonyldi-sym-triazine can be used in place
of (1), with similar results.

Amides from Carboxylic Acids: Peptide Synthesis. Analo-
gous to ester formation, reaction of equimolar amounts of a car-
boxylic acid and (1) in THF, DMF, or chloroform, followed by
addition of an amine, allows amide bond formation.3 The method
has been applied to peptide synthesis (eq 5).4 One equivalent
of (1) is added to a 1 M solution of an acylamino acid in THF,
followed after 1 h by the desired amino acid or peptide ester. The
amino acid ester hydrochloride may be used directly instead of
the free amino acid ester. An aqueous solution of the amino acid
salt can even be used, but yields are lower.

CbzNH

R

O

OH
EtO2C NH2

R1

CbzNH

R

O

H
N CO2Et

R1

1. (1)
(5)

2.

As is the case in esterification reactions, the presence of unre-
acted (1) can cause problems since the amine reacts with this as
quickly as it does with the acylimidazole, forming urea byprod-
ucts that can be difficult to separate. Use of exactly one equivalent
of (1) is difficult due to its moisture sensitivity, and also because
of the tendency of some peptides or amino acids to form hydrates.
Paul and Anderson solved this problem by use of an excess of
(1) to form the acylimidazole, then cooling to −5 ◦C and adding a
small amount of water to destroy the unreacted (1) before addition
of the amine.26

For the sensitive coupling of Cbz-glycyl-L-phenylalanine and
ethyl glycinate (the Anderson test), Paul and Anderson reported
the level of racemization as 5% using THF as solvent at −10 ◦C,
but as <0.5% in DMF.4 Performing the same coupling reaction at
room temperature, Beyerman and van den Brink later claimed that
the degree of racemization in DMF was in fact as high as 17%,
and reported better results (no detectable racemization) using the
related reagent N,N′-carbonyl di-sym-triazine in place of (1).27 In
a comparative study of several reagents, Weygand and co-workers
also observed extensive racemization using (1).28 In the formation
of tyrosine esters, Paul reported that the mixed anhydride method
is to be preferred to use of (1), since O-acylation is a major side
reaction with the latter.29

Aldehydes and Ketones from Carboxylic Acids. Reduc-
tion of the derived acylimidazole (2) with Lithium Aluminum
Hydride achieves conversion of an aliphatic or aromatic car-
boxylic acid to an aldehyde (eq 6).5 Diisobutylaluminum
Hydride has also been used, allowing preparation of α-acylamino
aldehydes from N-protected amino acids.30 Similarly, reaction of

(2) with Grignard reagents affords ketones,6 with little evidence
for formation of tertiary alcohol.

R Et

O
(2) (6)

LiAlH4
RCHO

EtMgBr

Reaction of acylimidazoles with the appropriate carbon nucleo-
phile has also been used for the preparation of α-nitro ketones31

and β-keto sulfoxides.32

C-Acylation of Active Methylene Compounds. Treatment
of an acylimidazole, derived from a carboxylic acid and (1), with
the magnesium salt of a malonic or methylmalonic half thiol
ester results in C-acylation under neutral conditions (eq 7).7 The
presence of secondary hydroxyl functionality in the carboxylic
acid is tolerated, but primary alcohols require protection. Mag-
nesium salts of malonic esters may be used equally effectively.
Intramolecular C-acylation of ketones has also been reported.33

–O2C
SEt

O SEt

OO

Ph(CH2)2
(7)

1. (1)

2

18 h, 25 ºC
100%

Ph(CH2)2CO2H

Mg2+
2.

Tetronic Acids. A synthesis of tetronic acids reported by
Smith and co-workers relies on the reaction between (1) and the
dianion derived from an α-hydroxy ketone (eq 8).8 The reaction
proceeds in moderate yield (31–57%).

O O

HOO

OH

1. 2 equiv LDA
(8)

2. (1)
48%

Ureas and Carbonates. Reagent (1) may be used as a direct
replacement for the highly toxic Phosgene in reactions with alco-
hols and amines. Reaction of (1) with two equivalents of a primary
aliphatic or aromatic amine at room temperature rapidly yields a
symmetrical urea (eq 9).9 If only one equivalent of a primary
amine is added to (1), then the imidazole-N-carboxamide (4) is
formed (eq 10). These compounds can dissociate into isocyanates
and imidazole, even at room temperature, and distillation from
the reaction mixture provides a useful synthesis of isocyanates
(eq 10).10 Secondary amines react only at one side of (1) at room
temperature, again giving the imidazole-N-carboxamide of type
(4).

RHN NHR

O

(9)
(1)

R = alkyl, aryl

2  RNH2
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RHN N

O

N

(1)
(10)

R = alkyl, aryl

HN N

(4)

RNCO  +RNH2

Reaction of (1) with one equivalent of an alcohol provides the
imidazole-N-carboxylic ester (5) (eq 11).34 Further treatment with
another alcohol or phenol yields an unsymmetrical carbonate;
alternatively, reaction with an amine affords a carbamate (eq 12).34

RO N

O

N

(1)

(5)

(11)ROH

RO X′

O

X = O, NH

(5) R′XH (12)

Heating (1) with an excess of an alcohol or phenol gives the
symmetrical carbonate.9 This reaction can be accelerated dramati-
cally by the presence of catalytic base (e.g. Sodium Ethoxide).
Reaction under these conditions is so exothermic even at room
temperature that only t-butanol stops at the imidazole-N-carbo-
xylic ester stage.

1,2-Diamines, 1,2-diols, or 1,2-amino alcohols react with (1) to
form cyclic ureas,.35 carbonates,36 or oxazolidinones,35 respec-
tively. In the case of cyclohexane-1,2-diols, the cis-diol reacts
much more rapidly than the trans, as would be expected.36 Thia-
zolidinones can also be prepared using (1).37

Halides from Alcohols. Treatment of an alcohol with (1) and
an excess (at least three equivalents) of an activated halide results
in its conversion to the corresponding halide (eq 13).11 Any halide
more reactive than the product halide may be used, but in practice
Allyl Bromide or Iodomethane give best results as they are ef-
fective and readily removed after the reaction. Acetonitrile is the
best solvent and yields are generally high (>80%). Bromide or
iodide formation work well, but not chlorination. Optically active
alcohols are racemized.

CO2Et

OH

CO2Et

Br

(1), 5 equiv allyl bromide
(13)

MeCN, rt, 3 h
78%

Glycosidation. A mild glycosidation procedure involving (1)
has been reported by Ford and Ley.12 A carbohydrate derivative
in ether or dichloromethane reacts with (1) through the anomeric
C-1-hydroxyl to give the (1-imidazolylcarbonyl) glycoside (IMG)
(6) (eq 14). Isolation of (6) is not usually necessary; treatment with
one equivalent of an alcohol and two equivalents of Zinc Bromide
in ether at reflux gives the glycoside. Generally, higher α:β ratios
are obtained for more hindered alcohols and when ether is used
as solvent rather than the less polar dichloromethane. Along with
the fact that the α:β ratio is independent of the configuration of
(6), this suggests an SN1-type mechanism. In contrast, treatment

of (6) with Acetyl Chloride provides the anomeric chloride with
essentially exclusive inversion.

O
BnO OH

OBn

OBnBnO

O
BnO O

OBn

OBnBnO

N

N

O

HO CO2Me

Ph
O

BnO O

OBn

OBnBnO

Ph

CO2Me

(1)

(6)

α:β = 10:1

(14)
2 equiv ZnBr2

88%

CH2Cl2
or Et2O

Dehydration. Reagent (1) has been used for the dehydration
of various substrates, including aldoximes (to give nitriles),13

β-hydroxy amino acids,14 and β-hydroxy sulfones.15 3-Aryl-2-
hydroxyiminopropionic acids undergo dehydration and decar-
boxylation, to give 2-aryl acetonitriles, upon reaction with (1).16

First Update
Wenju Li
University of Illinois at Chicago, Chicago, IL, USA

Preparation of βββ-Enamino Acid Derivatives. The reaction
of ketimines (7) with N,N′-carbonyldiimidazole (CDI) (1) in the
presence of BF3·OEt2 as catalyst affords β-enamino carbonylim-
idazole derivatives (8) in good to excellent yields (eq 15).38,39

N

R1

R2 ONH
R2

R1
N N

+ 1
THF, reflux 12–24 h

75–93%

8

(15)

7

BF3·OEt2 (cat)

The derivatives of 8 can react with alcohols and thiols to pro-
duce β-enamino esters (9) and thioesters (10) (eq 16). Hydrolysis
of 9 under mild acidic conditions achieves the production of the
corresponding β-keto esters (11) (eq 17).39

XR3

ONH
R2

R1

R3XH/R3X−

9: X = O; 10: X = S

8
THF, reflux (16)

HCl (1M)
O

OR3R1

O
9

THF, rt (17)

11
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Synthesis of the Imidazo[1,2-a]pyridine Ring System.
A simple one-pot procedure for the synthesis of imidazo-
[1,2-a]pyridines (13) involves a novel condensation reaction of
1-(arylacetyl)imidazoles (12) with dimethyl acetylenedicarboxy-
late (eq 18).40−42 Functionalization of 13 with hydrazine hydrate
affords the imidazo[1′,2′:1,6]pyrido[2,3-d]pyridazine ring system
(14).42

OHAr

O

N

N

O

Ar

MeO2C CO2Me

N2H4·H2O N

N

Ar

N
N

OH

HO

N

Ar

N

CO2Me

CO2Me

MeCN, 60 °C

MeOH, 65 °C

12

13 14

(18)

 1

Formation of 1-[(E) 3-(1-Imidazolyl)-2-alkenoyl] Imida-
zoles. The reaction of (1) with propynoic acid was found to
afford 16, the cis-aduct of imidazole to the C–C triple bond of
1-propynoylimidazole (15) (eq 19).43 In the first step, the reaction
of (1) with propynoic acid generates 15, CO2, and imidazole. The
by-product imidazole subsequently attacks the electron-deficient
alkyne moiety of 15 to give 16.

N

N
N

N

H

H
O

CO2H

N
N

O

N
H

N

15

16

(19)

1
− CO2

+

The reaction of 3-butynoic acid with 1 gives a similar result
most likely through an imidazole-catalyzed isomerization of the
initially formed 1-(3-butynoyl)imidazole (17) to 1-(2-butynoyl)-
imidazole (18) (eq 20).

Synthesis of ααα-Diketones from ααα,βββ-Dihydroxyketones.
Treatment of syn-α,β-dihydroxyketones (19) with 1 in CH2Cl2
at room temperature for 2 h affords the α-diketones (21) as the
only isolated products in good yield (eq 21).44 It was established
that the reaction is based on the elimination of the cyclic carbon-
ates (20) formed in situ. The anti-α,β-dihydroxyketones can also
gave the corresponding α-diketones in good yields, albeit at higher
temperature and with longer reaction times.

N
N

O
H3C

N
H

N

N

N
N

N

H

H3C
O

N
N

O

N
H

N
COOH

+

18

(20)

17

+
1

− CO2

R1 R2

OO

R1

R2

OO

O

O

R1 R2

O

OH

OH

19 20

21

(21)

1

CH2Cl2, rt, 2 h

Synthesis of Bridged Dipyrrinones. Treatment of dipyrri-
nones (22) in anhydrous dichloromethane with 5 equiv of 1 in
the presence of DBU afforded N,N′-carbonyl-bridged dipyrriones
(23) in almost quantitative yield (eq 22).45,46

NH HN

O

R2 R3

R5

R4R1

N N

O

R2 R3

R5

R4R1

O

1

CH2Cl2/DBU

22

23

(22)

Asymmetric Synthesis of Tetramic Acid Derivatives. An
asymmetric synthesis of tetramic acid derivatives was reported by
Fustero et al.47 The key step is a carbonyl transfer from 1 to α-
diimines (24) to form N-alkyl-4-alkylamino-5-methylenepyrrol-
2-ones (25). These can be transformed into tetramic acid deriva-
tives (26) by asymmetric reduction of the exocyclic double bond
induced by the chiral R∗ group and subsequent hydrolysis of the
N-protected enamine (eq 23).
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O

O

NR*

NR*

N

O

O

R*
HN O

*RHN

R*

R*NH2

+
1. BF3·OEt2/THF, heating
2. 3 N aq NaOH

1. H2/Pd(C)/MeOH, 25 °C

2. 6 N aq H2SO4, Et2O

26

(23)

1

25

24

Ferrocenyl(alkyl)imidazole. A new method for the introduc-
tion of imidazolyl groups into ferrocenylalkyl compounds by the
ferrocenylalkylation reaction of 1 was reported.48 A mixture of
equimolar amounts of ferrocenylcarbinols (27) and 1 in methylene
chloride was boiled for 1 h, and N-ferrocenyl(alkyl)imidazoles
(28) were synthesized in high yields (eq 24).

Fe

R1

R2

OH

Fe

R1

R2

N
N

CH2Cl2, reflux, 1 h

1

27 28

(24)

Further, ferrocenyl(alkyl)imidazole compound (30) was made
by a similar method.49 Reaction of compound 29 with 1 in CH3CN
affords imidazole (30) in excellent yield. After methylation with
methyl iodide followed by deprotonation, 30 was transformed into
a planar-chiral stable carbene (31) (eq 25).

CH3CN Fe

N

Si(CH3)3

N

Fe
N

Si(CH3)3

N

I−

Fe

Si(CH3)3

Fe

Si(CH3)3

OH

N

N
THF

1

(25)

CH3I/i-PrOH

+

29 30

31

NaH, KOBu-t

Bisimidazolylferrocenylmethane (32) can be prepared from the
reaction of 1 and ferrocene carboxaldehyde at 80 ◦C in the pres-
ence of CoCl2·6H2O (eq 26).50 Methylation of (32) with CH3I in
the presence of NH4PF6 affords the bis(methylimidazolium) salt
(33), which is a precursor in the synthesis of some N-heterocyclic
carbenes (NHCs).

Fe-CHO

N N

NN

O
CoCl2·6H2O N N

NN

Fe

N

NN

N

Fe

(PF6)−
2

+

33

2+

(26)

1
32

1. CH3I

2. NH4PF6

Asymmetric Synthesis of Carbonates. Reaction of 1 with
1 equiv of an alcohol provides the imidazole-N-carboxylic ester
(5) (eq 11).34 It was reported that imidazole-N-carboxylic esters
(34, R = H, CH3) formed from primary or secondary benzyl
alcohols have high selectivity when reacted with the mixture of
primary and secondary alcohols (eq 27).51

Ph O O Ph

O

Ph O O Ph

O

Ph O N

O

N

R

Ph OH Ph OH

1 : 1

+

+

11.3 : 1 (R = H)

(27)

34

Using this simple method, the benzyl carbonate of the primary
hydroxyl of methyl α-D-glucopyranoside was synthesized with
high selectivity and moderate yield (eq 28).

OHO
HO

OH

OH
OCH3

OHO
HO

O

OH
OCH3

O
Ph

O
34

(28)
49%

Later, it was found that the imidazole-N-carboxylate esters
(35 and 36) formed by the reaction of 1 and either secondary or ter-
tiary alcohols react selectively with primary hydroxyls in polyols
containing mixtures of primary, secondary, and tertiary hydroxyls,
without the need for protecting group chemistry (eq 29).52 With
this method, selective t-Boc protection of primary hydroxyl groups
could be easily achieved through a single step.
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O N

N

O

35

O N

N

O

36

HO OH O O OH

O

R
35 or 36

97%

(29)

When 35 or 36 were reacted with polyols consisting of 1,2-
diol substitution, cyclic carbonates were formed without unwanted
side reactions or reaction with secondary amines (eqs 30 and 31).
The cyclic carbonate formation most possibly proceeds via the
selective reaction of 35 or 36 at the primary hydroxyl followed by
cyclization involving the neighboring secondary hydroxyl.

HO

OH

O

OO
35 or 36

85%
(30)

HO N
HOH

N
H

O
O

O

35 or 36

85%
(31)

3,5-Dimethoxybenzoin (DMB) carbonates (39) were found to
be photochemically removable alcohol protecting groups.53 DMB
carbonates can be installed by the carbamate product (38) of DMB-
OH (37) and N,N′-carbonyldiimidazole activated by methylation
(eqs 32 and 33).54

O

O

MeO

OMe

N O

N

OTf

MeOTf N N

NN

O

OH

O

MeO

OMe

1

DMB-OH, 37

38

(32)

RO O

O

DMB THF

ROH
O

Ph

MeO

OMe

ROH
38

MeNO2, pyridine

light, 350 nm

+ (33)

39

Formation of Carbamates and N-Alkylimidazoles. The
conversion of a variety of primary and secondary alcohols and
phenols into their corresponding N-alkylimidazoles (40) and tria-
zoles by high yield reactions with 1 or carbonyl ditriazole at room
temperature, or in refluxing MeCN, EtOAc, and CH2Cl2 has been
reported (eq 34).55 While this method was subsequently applied
with success in some published cases,49,50,56,57 it was found that
the treatment of 1,5-diisopropylphenol with 1 under these con-
ditions, or at higher temperatures, gave only the corresponding
carbamate (41) (eq 35).58,59

ROH
N

N

R

1 (34)

40

OH

Pri Pri

O O

Pri Pri

N

N

1

CH2Cl2, refulx (5 h)
97%

41

(35)

This series of reactions was investigated further, leading to the
conclusion that the reactions of nonbenzylic primary and sec-
ondary aliphatic alcohols with 1 afford the corresponding carba-
mates but not N-alkylimidazoles.60 For benzylic primary alcohols,
formation of N-alkylimidazoles occurs at 170 ◦C in several differ-
ent solvents by way of the initially formed carbamates. Under
these forcing conditions, or even at lower temperatures, elimina-
tion is a significant side reaction for benzylic secondary alcohols
with β-hydrogen atoms. It was also found that reactions of N,N-
disubstituted β-amino alcohols with 1 proceed under relatively
mild conditions to form N-alkylimidazoles possibly by way of an
aziridinium intermediate.

Synthesis of 1,2-Imidazolylpropylamines. syn-1,2-Imida-
zolylpropylamines and anti-1,2-Imidazolylpropylamines (45 and
47) can be synthesized regio- and stereo-specifically by the
reaction of the commercially available syn- and anti-isomers of
2-dimethylamino-1-phenylpropane (42 and 46) with 1 (eqs 36
and 37).61 The reaction of syn-isomer (+)-(42) with 1 in acetoni-
trile at room temperature afforded imidazolyl-derived carbamate
(43) as the sole product (quenching the reaction with methanol
afforded methyl carbonate (44). When the same reaction was
heated to 80 ◦C, syn-imidazolylpropylamine (44) was formed
exclusively in 76% yield. Heating carbamate (43) in acetonitrile
to 80 ◦C also afforded (45) In contrast, the reaction of anti-isomer
(+)-(46) with 1 in acetonitrile at room temperature afforded anti-
imidazolylpropylamine (47) exclusively. Based on the net reten-
tion of stereochemistry in each reaction, a mechanism involving
double-inversion of configuration through an aziridinium inter-
mediate was proposed.
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MeOH
O

N

OCH3

O

N

N

N

OH

N

O

N

N

N

O
N

H
N

1
CH3CN

80 °C, 8 h

(+)-42

43 44

45

(36)

1

CH3CN, rt, 8 h

+

CH3CN, 80 °C

8 h

OH

N

N

N

N

1

(+)-46 47

(37)
CH3CN, rt, 8 h

C-Acylation. C-Acylation can be realized by treatment of
acylimidazoles, derived from carboxylic acids and 1, with the
magnesium salts of malonic esters prepared by using Bu2Mg.62,63

Acyl imidazoles can also undergo Claisen-type condensation with
the dianion of β-keto esters (eq 38).64,65

CO2Me

O
I

O

O

N

N

O

O
OMe

I

O

O

+

(38)

NaH, n-BuLi

THF, −78 °C

Catalytic Effect of Carbon Dioxide in Amidation Reac-
tions using CDI. 1 is widely used in the formation of amides
from carboxylic acids and amines.3 It was found that when the
CO2 released in the acylimidazole formation step was thoroughly
removed from the reaction vessel, by means of better agitation and
ventilation, the amidation became substantially slower.66 Further
investigation confirmed the catalytic effect of CO2 in amidation

reaction and a mechanism was proposed involving the interme-
diate alkylammonium N-alkyl carbamate (48) formed from the
reaction of amine with CO2 (eq 39).

2 RNH2 CO2
R

N
H

O

O

NH3R

48

(39)+ +−

Other Applications. 1 was applied in the synthesis of
some important heterocyclic compounds such as oxadiazole,67

triazolone,68 quinazoline-2,4-diones,69 tetrahydroisoquinoline-
hydantoins,70 and pyrazole.71 The activation of phosphates
to phosphorimidazolides, phosphate-phosphate coupling and
nucleotide formation can also rely on 1.72−75
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Cerium(IV) Ammonium Nitrate1

(NH4)2Ce(NO3)6

[16774-21-3] H8CeN8O18 (MW 548.26)
InChI = 1/Ce.6NO3.2H3N/c;6*2-1(3)4;;/h;;;;;;;2*1H3/q+4;6*-

1;;/p+2/fCe.6NO3.2H4N/h;;;;;;;2*1H/q7m;2*+1
InChIKey = XMPZTFVPEKAKFH-XPZOHPFVCX

(volumetric standard oxidant;2 oxidant for many functional
groups;1 can promote oxidative halogenation3)

Alternate Name: ammonium cerium(IV) nitrate; ceric ammo-
nium nitrate; CAN.

Solubility: sol water (1.41 g mL−1 at 25 ◦C, 2.27 g mL−1 at
80 ◦C); sol nitric acid.

Form Supplied in: orange crystals; widely available.
Handling, Storage, and Precautions: solid used as supplied.

No toxicity data available, but cerium is reputed to be of low
toxicity.

Original Commentary
Tse-Lok Ho
National Chiao-Tung University, Hsinchu, Taiwan, Republic
of China

Functional Group Oxidation. CeIV in acidic media is a stron-
ger oxidant than elemental chlorine and is exceeded in oxidiz-
ing power only by a few reagents (F2, XeO3, Ag2+, O3, HN3).
The thermodynamically unstable solutions can be kept for days
because of kinetic stability. CAN is a one-electron oxidant soluble
in water and to a smaller extent in polar solvents such as acetic
acid. Its consumption can be judged by the fading of an orange
color to pale yellow, if the substrate or product is not strongly
colored. Because of its extremely limited solubility in common
organic solvents, oxidations are often carried out in mixed sol-
vents such as aqueous acetonitrile. There are advantages in
using dual oxidant systems in which CeIV is present in cat-
alytic amounts. Cooxidants such as Sodium Bromate,4 tert-Butyl
Hydroperoxide,5 and Oxygen6 have been employed. Electrolytic
recycling7 of CeIV species is also possible.

Cerium(IV) sulfate and a few other ligand-modified CAN
reagents have been used for the oxidation. The differences in their
oxidation patterns are small, and consequently it is quite safe to
replace one particular oxidizing system with another. More rarely
employed is cerium(IV) perchlorate.

Oxidation of Alkenes and Arenes. The outcome of the oxi-
dation of alkenes is solvent dependent, but dinitroxylation (eq 1)8

has been achieved. Certain arylcyclopropanes are converted into
the 1,3-diol dinitrates.9

O2NO

ONO2 (1)
MeCN, hν

91%

CAN

CAN promotes benzylic oxidation of arenes,10 e.g. methyl
groups are converted into formyl groups but less efficiently when
an electron-withdrawing group is present in the aromatic ring.
A very interesting molecule, hexaoxo[16]orthocyclophane in an
internal acetal form (eq 2),11 has been generated via CAN
oxidation. Regioselective oxidation is observed with certain sub-
strates, e.g. 2,4-dimethylanisole gives 3-methyl-p-anisaldehyde.
Oxidation may be diverted into formation of non-aldehyde prod-
ucts by using different media: benzylic acetates12 are formed in
glacial acetic acid, ethers13 in alcohol solvents, and nitrates14 in
acetonitrile under photolytic conditions.

O

O

O

O
O

O
O

O

HOAc
Δ, 7 days

(2)

hexaoxo[16]orthocyclophane

CAN

Polynuclear aromatic systems can be oxidized to quinones,15

but unsymmetrical substrates will often give a mixture of prod-
ucts. It has been reported that mononitro derivatives were formed
by the oxidation of polynuclear arenes with CAN adsorbed in
silica,16 whereas dinitro compounds and quinones were obtained
from oxidation in solution.

Oxidation of Alcohols, Phenols, and Ethers. A primary
alcohol can be retained when a secondary alcohol is oxidized
to a ketone.17 Tetrahydrofuran formation (eq 3)18 predominates
in molecules with rigid frameworks, which are favorable to
δ-hydrogen abstraction by an alkoxyl radical.

OH O

aq MeCN, 60 °C
85%

(3)
CAN

Tertiary alcohols are prone to fragmentation;19 this pro-
cess is facilitated by a β-trimethylsilyl group (eq 4).20 Other
alcohols prone to fragmentation are cyclobutanols,21 strained
bicyclo [x.y.z]alkan-2-ols,22 and homoallylic alcohols.18d

aq MeCN, 22 °C
66%

OH
Me3Si

O

(4)
CAN

CAN converts benzylic alcohols into carbonyl compounds.23

Even p-nitrobenzyl alcohol gives p-nitrobenzaldehyde in the cat-
alytic oxidation system.23c Oxygen can be used6 as the stoichio-
metric oxidant.
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Catechols, hydroquinones, and their methyl ethers readily
afford quinones on CeIV oxidation.4,24 Partial demethylative
oxidation is feasible, as shown in the preparation of several
intramolecular quinhydrones (eq 5)25 and a precursor of daunomy-
cinone.26 Sometimes the dual oxidant system of CAN–NaBrO3 is
useful. In a synthesis of methoxatin (eq 6)27 the o-quinone moiety
was generated from an aryl methyl ether.
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OMe

MeO

O

O
OMe

MeO

O

OMe

MeO

O
aq MeCN, 22 °C

42–97%
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N

NH
MeO2C

CO2Me

CO2Me

OMe

N

NH
HO2C

CO2H

CO2H

O

aq MeCN, 0 °C
60%

O

(6)
CAN

Oxidative regeneration of the carboxylic acid from its 2,6-di-t-
butyl-4-methoxyphenyl ester28 is the basis for the use of this auxil-
iary in a stereoselective α-hydroxyalkylation of carboxylic acids.
The smooth removal of p-anisyl (eq 7)29 and p-anisylmethyl30

groups from an amidic nitrogen atom by CeIV oxidation makes
these protective groups valuable in synthesis.

N

N3
BnOCOHN

O

OMe

CAN

H
N

N3
BnOCOHN

O
aq MeCN, 0 °C

67% (7)

Simple ethers are oxidized31 to carbonyl products and the
intermediate from tetrahydrofuran oxidation can be trapped by
alcohols.32

Vicinal diols undergo oxidative cleavage.33 There is no appar-
ent steric limitation as both cis- and trans-cycloalkane-1,2-diols
are susceptible to cleavage. However, under certain conditions
α-hydroxy ketones may be oxidized without breaking the C–C
bond.6

Oxidation of Carbonyl Compounds. The CeIV oxidation
of aldehydes and ketones is of much less synthetic significance
than methods using other reagents. However, cage ketones often
provide lactones (eq 8)34,35 in good yield. Tetracyclones furnish
α-pyrones.36

O

CAN

O
Oaq MeCN, 60 °C

(8)

Concerning carboxylic acids and their derivatives, transfor-
mations of practical value are restricted to oxidative hydrolysis
such as the conversion of hydrazides37 back to carboxylic acids,
transamidation of N-acyl-5,6-dihydrophenanthridines,38 and
decarboxylative processes, especially the degradation of α-hydro-
xymalonic acids (eq 9).39 In some cases the CeIV oxidation
is much superior to periodate cleavage. A related reaction is
involved in a route to lactones.40

CO2H

OH
CO2H

aq MeCN
98%

CO2H (9)
CAN

Nitrogenous derivatives of carbonyl compounds such as oximes
and semicarbazones are oxidatively cleaved by CeIV,41 but only
a few synthetic applications have been reported.42

Oxidation of Nitroalkanes. CeIV oxidation provides an alter-
native to the Nef reaction.43 At least in the case of a ketomacrolide
synthesis (eq 10),44 complications arising from side reactions
caused by other reagents are avoided.

O

O

NO2

O

O

O

MeCN, Δ
78%

(10)
CAN, Et3N

Oxidation of Organosulfur Compounds. Thiols are con-
verted into disulfides using reagents such as Bis[trinitratocerium
(IV)] Chromate.45 Chemoselective oxidation of sulfides by CeIV

reagents to sulfoxides4,46 is easily accomplished. Stoichiometric
oxidation under phase transfer conditions46b and the dual oxidant4

protocols permit oxidation of a variety of sulfides.
The reaction of dithioacetals including 1,3-dithiolanes and

1,3-dithianes with CAN provides a convenient procedure for the
generation of the corresponding carbonyl group.47 The rapid
reaction is serviceable in many systems and superior to other
methods, e.g. in the synthesis of acylsilanes.48 In a series of
compounds in which the dithiolane group is sterically hindered,
the reaction led to enones, i.e. dehydrogenation accompanied the
deprotection (eq 11).49

S S

R

R

AcO

R

R

AcO

R = H, Me

aq MeCN
40–45%

(11)

O

CAN

Oxidative Cleavage of Organometallic Compounds.
Oxidative deligation of both σ- and π-complexes by treatment
with CAN is common practice. Ligands including cyclobutadiene
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and derivatives (eq 12)50 and α-methylene-γ-butyrolactone
(eq 13)51 have been liberated successfully and applied to
achieving the intended research goals. In the recovery of organic
products from a Dötz reaction, CAN is often employed to cleave
off the metallic species.52

Co

Co

70%
(12)

CAN

O Cr(CO)5 O O
(13)

76%

CAN

Generation of ααα-Acyl Radicals. As a one-electron oxidant,
CeIV can promote the formation of radicals from carbonyl com-
pounds. In the presence of interceptors such as butadiene and
alkenyl acetates, the α-acyl radicals undergo addition.53 The car-
bonyl compounds may be introduced as enol silyl ethers, and the
oxidative coupling of two such ethers may be accomplished.54

Some differences in the efficiency for oxidative cyclization of
δ,ε-, and ε,ζ-unsaturated enol silyl ethers using CAN and other
oxidants have been noted (eq 14).55

(CH2)n

OTBDMS

(CH2)n

O
H

H

(14)

n = 1, 73% cis:trans = 20:1
n = 2, 42%  cis:trans = 4.3:1

CAN

NaHCO3

MeCN, 25 °C

Oxidative Halogenation. Benzylic bromination56 and
α-iodination of ketones3a and uracil derivatives3b can be achieved
with CAN as in situ oxidant.

First Update
Junhua Wang & Chaozhong Li
Shanghai Institute of Organic Chemistry, Shanghai, China

Carbon–Carbon Bond Formation. The CAN-mediated
oxidative generation of carbon-centered radicals has been exten-
sively investigated.57 The radicals add to a C=C double bond
resulting in the formation of a new carbon–carbon bond. The
adduct radical can be further oxidized by another CAN molecule
to give the carbocation, which is then trapped by a suitable nu-
cleophile to give the final product. Active methylene compounds
such as 1,3-dicarbonyls are among the typical substrates.58 For
example, the CAN-mediated oxidative addition of dimedone to
1-phenylcyclohexene affords the corresponding 2,3-dihydrofuran

compound in high yield under mild conditions (eq 15).58c This
protocol has been found to be applicable to a variety of 1,3-
dicarbonyls and alkenes. The addition can also be carried out
intramolecularly leading to the formation of cyclized products
such as β-lactams (eq 16).59 In the absence of a suitable radical
acceptor, the radicals are susceptible to dimerization. For instance,
Nicolaou and Gray have reported the CAN-mediated dimerization
of naphthazirin in the synthesis of racemic hybocarpone (eq 17).60
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O

Ph

O

O

Ph

+

CAN, MeOH
5 °C, 15 min

98%

(15)
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Ph
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OMe

MeO2C

CAN, MeOH
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49%

(16)
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O
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O

OMe

OMe

OMe
OH OH

1. CAN, MeCN
   – 35 °C to – 0 °C
2. AcOH

36%

(17)

Vinyl (or cyclopropyl) silyl ethers have also been used to
generate carbon-centered radicals by treatment with CAN.61 3,6-
Dihydroxyphthalate esters are produced by dimerization when
bisenolsilylated 1,3-diketones are treated with CAN.61c An el-
egant example is the three-component condensation of cy-
clopropyl silyl ether, cyclopentenone, and methyl vinyl ether
(eq 18).61b Oxidation of cyclopropyl silyl ether gives the
β-ester radical, which undergoes tandem radical addition pro-
cesses apparently controlled by electronic effects. Subsequent
oxidation and trapping affords the 2,3-disubstituted cyclopen-
tanone in an excellent stereoselectivity. Other substrates include
tertiary aminocyclopropanes,62 N-(silylmethyl)amides,63 and
N,N-dialkylanilines.64 For example, CAN-mediated oxidation
of N,N-dialkylanilines in water affords the coupling products
N,N,N′,N′-tetraalkylbenzidines.64
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O

OMe

EtO OTMS

O

CHO

CO2Et

+ +
62%

CAN
MeOH

(18)

The CAN-mediated oxidation of electron-rich alkenes provides
another facile entry to the construction of C–C bonds.65 Nair et
al. have uncovered that substituted styrenes can undergo dimeriza-
tion to give 1-amino-4-aryltetralin derivatives in a one-pot proce-
dure (eq 19).66 A mechanistic rationale has been proposed for the
formation of tetralin derivatives. The styrene undergoes oxidative
electron transfer to afford the radical cation, which adds to another
styrene molecule to generate a distonic radical cation. The radical
cation undergoes 1,6-addition to the phenyl ring followed by the
loss of a proton and an electron to give the corresponding carboca-
tion, which is then trapped by the solvent acetonitrile in a manner
analogous to the Ritter reaction to afford the final product.66 An in-
tramolecular version of this dimerization using dicinnamyl ethers
as the substrates produces 3,4-trans-disubstituted tetrahydrofu-
ran derivatives.67a Similarly, 3,4-trans-disubstituted pyrrolidines
and cyclopentanes can be achieved by CAN-mediated oxidative
cyclization of bis(cinnamyl)tosylamides and bis(cinnamyl)malo-
nates.67b The reaction is also applicable to epoxypropyl cinnamyl
amines, and 3,4,5-trisubstituted piperidines can be achieve with
good stereoselectivity (eq 20).67c

Me

NHAcMe

Me

CAN, MeCN
argon, rt, 2 h

62%
cis:trans = 1.3:1

(19)

N
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O

PhPh

N

Ts

HO

Ph
H

NHAc

H
Ph

CAN, MeCN
argon, rt

62%
(20)

Carbon–Nitrogen Bond Formation. Apart from the
CAN-mediated reactions in which solvent (e.g., acetonitrile)
incorporation results in carbon-heteroatom bond formation, the
oxidative generation and subsequent addition of heteroatom-
centered radicals to alkenes or alkynes provide means of direct
construction of carbon–hetereoatom bonds.68

The introduction of an azide functionality with CAN/NaN3 as
the reagents has been shown to be a useful transformation in or-
ganic synthesis. It also offers a convenient protocol for the bis-
functionalization of a variety of alkenes.69–73 The treatment of
silyl enol ethers with sodium azide and CAN gives the α-azido
ketones.69 The reactions of (substituted)styrenes with sodium
azide and CAN in methanol under oxygenated conditions also
furnish α-azido ketones (eq 21).70 With the aid of sodium iodide,

azidoiodination can be accomplished for various alkenes in mod-
erate to good yields.71 The reaction of CAN/NaN3 with triacetyl
galactal provides a facile entry to aminosugars and glycopeptides
(eq 22).72b This strategy has also been applied in the synthesis of
α-amino acids.72c A one-pot synthesis of α-azido cinnamates can
be achieved by treatment of cinnamates with CAN/NaN3 in ace-
tonitrile followed by the elimination of nitric acid with the use of
sodium acetate as the base.73 Under similar conditions, cinnamic
acids can be converted to β-azido styrenes.73

N3

O
CAN, NaN3

MeOH, O2, rt

85%
(21)

O

AcO
OAc

AcO
O

N3

AcO

AcO

OAc

ONO2

CAN, NaN3
CH3CN, –15 °C

77%
(22)

CAN-mediated nitration provides a convenient route for the in-
troduction of a nitro group into a variety of substrates. Alkenes
on treatment with an excess of sodium nitrite and CAN in chlo-
roform under sonication afford nitroalkenes.74 When acetonitrile
is used as the solvent, nitroacetamidation occurs in a Ritter-type
fashion.75 However, the attempted nitroacetamidation of cyclo-
pentene-1-carboxaldehyde under similar conditions resulted in the
formation of an unexpected dinitro-oxime compound.76 A one-
pot synthesis of 3-acetyl- or 3-benzoylisoxazole derivatives by
reaction of alkenes (or alkynes) with CAN in acetone or ace-
tophenone has been reported.77 The proposed mechanism in-
volves α-nitration of the solvent acetone, oxidation to generate
the nitrile oxide, and subsequent 1,3-dipolar cycloaddition with
alkenes or alkynes. The nitration of aromatic compounds78 such
as carbozole,78a naphthalene,78b and coumarins78c by CAN has
also been investigated. As an example, coumarin on treatment
with 1 equiv of CAN in acetic acid gives 6-nitrocoumarin in 92%
yield.78c

Several other reactions involving C–N bond formation have
been reported. A Ritter-type reaction of alkylbenzenes with
nitriles has been achieved.79 Thus, the treatment of ethylbenzene
with CAN in the presence of a catalytic amount of N-hydroxy-
phthalimide (NHPI) in EtCN produces the corresponding amide
in good selectivity (eq 23).79a The reaction is also applicable to a
number of unactivated hydrocarbons. As a comparison, the pho-
tolysis of admantane with CAN gives a mixture of products.80 In
another case, the oxidation of monoterpenes such as pinene with
CAN in acetonitrile affords the corresponding bisamides in good
yields (eq 24).81

Ph
Ph

HN

O

Et

CAN (1.5 equiv)
NHPI (0.1 equiv)

EtCN, Ar, 80 °C, 6 h

51%
(23)

AcHN
NHAcCAN, MeCN

rt, 3 h

72%
(24)
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Carbon–Oxygen Bond Formation. CAN is an efficient
reagent for the conversion of epoxides into β-nitrato alcohols.82

1,2-cis-Diols can be prepared from alkenes by reaction with
CAN/I2 followed by hydrolysis with KOH.83 Of particular inter-
est is the high-yield synthesis of various α-hydroxy ketones and
α-amino ketones from oxiranes and aziridines, respectively.84

The reactions are operated under mild conditions with the use
of NBS and a catalytic amount of CAN as the reagents (eq 25).
In another case, N-(silylmethyl)amides can be converted to
N-(methoxymethyl)amides by CAN in methanol (eq 26).85 This
chemistry has found application in the removal of electroauxil-
iaries from peptide substrates. Other CAN-mediated C–O bond-
forming reactions include the oxidative rearrangement of aryl
cyclobutanes and oxetanes,86 the conversion of allylic and ter-
tiary benzylic alcohols into their corresponding ethers,87 and the
alkoxylation of cephem sulfoxides at the position α to the ester
moiety.88

NTs

CHO

NHTs

NBS (1 equiv)
CAN (0.2 equiv)
MeCN-H2O, rt

84%
(25)
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CO2Me

BocHN
X
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MeOH-CH2Cl2

N

O Bn

CO2Me

BocHN
OMe

87%

X = (2-methoxyphenyl)Me2Si

(26)

Carbon–Sulfur Bond Formation. The oxidation of sulfi-
nates by CAN provides an easy entry to sulfonyl radicals, which
can be trapped by various alkenes, especially electron-rich ones,
to afford sulfones. For example, the reaction of sodium 2-naphtha-
lenesulfinate with 1-vinylcyclobutanol in the presence of CAN
furnishes the ring-enlarged product (eq 27).89 With the aid of
sodium iodide, the CAN-mediated oxidative addition of sulfinates
to styrene affords vinyl sulfones and the addition to alkynes leads
to β-iodo vinyl sulfones.90

SO2Na HO CAN
MeCN

O

SO2Nap

72%
+

(27)

The treatment of styrenes with ammonium thiocyanate91 and
CAN in MeCN results in the formation of dithiocyanates.91a

Under an oxygen atmosphere, phenacyl thiocyanates can be the
major products.91c The thiocyanation of indoles also proceeds
under similar conditions.91b Chemoselective thioacetalization of
aldehydes92 and the conversion of epoxides to their corresponding
thiiranes93 can be operated under mild conditions with the catal-
ysis of CAN. As an extension, selenocyanation can be conducted
in a similar fashion with CAN/KSeCN.94

The condensation of arenenitriles with arenethiols in the
presence of CAN furnishes 2-arylbenzothiazoles.95

Carbon–Halogen Bond Formation. The combination of
CAN with a metal bromide offers a convenient generation of
bromine radicals, which can be intercepted by a C=C bond lead-
ing to the formation of C–Br bonds. As a result, a variety of
alkenes can be converted to 1,2-dibromides by reaction with CAN
and KBr.96 Similarly, acetylenes and arylcyclopropanes afford
the corresponding vicinal dibromoalkenes and 1,3-dibromides,
respectively. Cinnamyl esters or ketones on reaction with CAN,
LiBr, and propargyl alcohol give the corresponding 2-alkoxy-
1-bromoesters or ketones (eq 28).97 The reaction, however, is
only effective when there is an electron-donating group such as a
methoxy group in the aromatic ring.

OH

Ar

CO2Me

Ar
CO2Me

O

Br

LiBr, CAN

87%

Ar = p-MeOC6H4

(28)

CAN in combination with iodine or an iodide has been demon-
strated to be a powerful iodination reagent. Stereoselective iodo-
acetoxylation of glycals using sodium iodide and CAN in a
mixture of MeCN and acetic acid has been achieved.98 In a simi-
lar fashion, the reaction of α,β-unsaturated ketones or esters with
iodine and CAN in alcohol affords the corresponding β-alkoxy-
α-iodoketones or esters in good yields.99 The regioselective
iodination of pyrazoles100 and an alkoxybenzene101 mediated by
CAN has been reported.

Miscellaneous Reactions. A silyl-containing alcohol derived
from cyclohexene oxide can be converted to a nine-membered
lactone on treatment with CAN, presumably via the oxidative
generation and subsequent transformations of an alkoxy radical
(eq 29).102

O

SiMe3

HO

O

O

H

HCAN
85 °C

85% (29)

A mild protocol for the conversion of β-ketoesters and
β-diketones to carboxylic acids with the use of CAN in acetonitrile
is reported (eq 30).103

O O

CO2H

2

2

CAN, MeCN
N2, rt, 4 h

83%

(30)

CAN-mediated dehydrogenation leads to a variety of
aromatic compounds such as quinoline,104 pyridazine,105

thiadiazole,106 pyrido[4,3,2-kl]acridin-4-one,107 azobenzene, 108

and tetrazole109 derivatives.



85CERIUM(IV) AMMONIUM NITRATE

CAN is often used to detach a metal ion from its complex. CAN-
mediated decomplexation of the complexes of Co,110 Mn,111

Fe,112 Os,113 Ru,114 and Mo115 has also been reported.

Related Reagents. Cerium(IV) Ammonium Nitrate–Sodium
Bromate; Iodine–Cerium(IV) Ammonium Nitrate.
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m-Chloroperbenzoic Acid1

Cl
O O

HO

[937-14-4] C7H5ClO3 (MW 172.57)
InChI = 1/C7H5ClO3/c8-6-3-1-2-5(4-6)7(9)11-10/h1-4,10H
InChIKey = NHQDETIJWKXCTC-UHFFFAOYAC

(electrophilic reagent capable of reacting with many functional
groups; delivers oxygen to alkenes, sulfides, selenides, and

amines)

Alternate Names: m-CPBA; MCPBA.
Physical Data: mp 92–94 ◦C.
Solubility: soluble in CH2Cl2, CHCl3, 1,2-dichloroethane, ethyl

acetate, benzene, and ether; slightly soluble in hexane; insoluble
in H2O.

Form Supplied in: white powder, available with purity of 50%,
85%, and 98% (the rest is 3-chlorobenzoic acid and water).

Analysis of Reagent Purity: iodometry.2

Purity: commercial material (purity 85%) is washed with a phos-
phate buffer of pH 7.5 and dried under reduced pressure to
furnish reagent with purity >99%.3

Handling, Storage, and Precaution: pure m-CPBA is shock
sensitive and can deflagrate;4 potentially explosive, and care is
required while carrying out the reactions and during workup.5

Store in polyethylene containers under refrigeration.

Original Commentary

A. Somasekar Rao & H. Rama Mohan
Indian Institute of Chemical Technology, Hyderabad, India

Functional Group Oxidations. The weak O–O bond of
m-CPBA undergoes attack by electron-rich substrates such as
simple alkenes, alkenes carrying a variety of functional groups
(such as ethers, alcohols, esters, ketones, and amides which are
inert to this reagent), some aromatic compounds,6 sulfides, se-
lenides, amines, and N-heterocycles; the result is that an oxygen
atom is transferred to the substrate. Ketones and aldehydes un-
dergo oxygen insertion reactions (Baeyer–Villiger oxidation).

Organic peroxy acids (1) readily epoxidize alkenes (eq 1).1b

This reaction is syn stereospecific;7 the groups (R1 and R3) which
are cis related in the alkene (2) are cis in the epoxidation product
(3). The reaction is believed to take place via the transition state
(4).8 The reaction rate is high if the group R in (1) is electron
withdrawing, and the groups R1, R2, R3, and R4 in (2) are electron
releasing.

HO

O
OR R2

R1 R3

R4 R2

R1 R3

R4

(1)

+

(2)

O

(3)

(1)

R2 R4

(4)

O

O
O

H
R3R1

R

Epoxidations of alkenes with m-CPBA are usually carried
out by mixing the reactants in CH2Cl2 or CHCl3 at 0–25 ◦C.9

After the reaction is complete the reaction mixture is cooled in
an ice bath and the precipitated m-chlorobenzoic acid is removed
by filtration. The organic layer is washed with sodium bisulfite
solution, NaHCO3 solution, and brine.10 The organic layer is
dried and concentrated under reduced pressure. Many epoxides
have been purified chromatographically; however, some epoxides
decompose during chromatography.11 If distillation (caution:
check for peroxides12) is employed to isolate volatile epoxides, a
trace of alkali should be added to avoid acid-catalyzed rearrange-
ment.

Alkenes having low reactivity (due to steric or electronic fac-
tors) can be epoxidized at high temperatures and by increas-
ing the reaction time.13 The weakly nucleophilic α,β-unsaturated
ester (5) thus furnishes the epoxide (6) (eq 2).13b When alkenes are
epoxidized at 90 ◦C, best results are obtained if radical inhibitor is
added.13a For preparing acid-sensitive epoxides (benzyloxiranes,
allyloxiranes) the pH of the reaction medium has to be controlled
using NaHCO3 (as solid or as aqueous solution),14 Na2HPO4, or
by using the m-CPBA–KF9a reagent.

Ph

CO2Et

Ph

CO2Et

O
m-CPBA, CH2Cl2

reflux, 4.5 d

(5) (6)

(2)
92%

Regioselective Epoxidations. In the epoxidation of simple
alkenes (2) (eq 1), due to the electron-releasing effect of alkyl
groups the reactivity rates are tetra- and trisubstituted alkenes
> disubstituted alkenes > monosubstituted alkenes.1a High
regioselectivity is observed in the epoxidation of diene hy-
drocarbons (e.g. 7) having double bonds differing in degree
of substitution (eq 3).15 Epoxidation takes place selectively at
the more electron-rich C-3–C-4 double bond in the dienes (8)16

and (9).17

(7)

O O

O

m-CPBA, CH2Cl2
rt, 15 min

86% 4%

+ (3)

90%
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SO2Ph

O

Br

O

1
2

4

3

(8)

1
2

4
3

(9)

Diastereoselective Epoxidation of Cyclic Alkenes. π-Facial
stereoselectivity (75% anti) is observed in the epoxidation of the
allyl ether (10a) since reagent approach from the α-face is blocked
by the allylic substituent; a higher diastereoselectivity (90% anti
epoxidation) is observed when the bulkier O-t-Bu is located on
the allylic carbon (eq 4).18 Due to steric and other factors, the nor-
bornene (11) undergoes selective (99%) epoxidation from the exo
face.19 In 7,7-dimethylnorbornene (12), approach to the exo face
is effectively blocked by the methyl substituent at C-7, and (12)
is epoxidized from the unfavored endo face, although much more
slowly (1% of the rate of epoxidation of 11).19 The geminal methyl
group at C-7 is able to block the approach of the peroxy acid even
when the double bond is exocyclic to the norbornane ring system
(for example, epoxidation of (13) proceeds with 86% exo attack,
while (14) is oxidized with 84% endo attack). Folded molecules
are epoxidized selectively from the less hindered convex side;
m-CPBA epoxidation of the triene lactone (15) takes place from
the α-face with 97% stereoselectivity.20 The triepoxide (16) has
been obtained in 74% yield by epoxidizing the correspond-
ing triene;21 in the epoxidation step, six new chiral centers are
introduced stereoselectively as a result of steric effects.

O OR O OR

O

O OR

O

+ (4)

(10)

(a) R = Me
(b) R = t-Bu

1:3
1:9

m-CPBA

(11) (12)

99%

88%

(13) (14)

86%

84%

H

H
O

O

O

O

O O

O

(15) (16)

3%

97%

Unhindered methylenecyclohexanes and related compounds
show a moderate preference for axial epoxidation. In the epox-

idation of (17) the ratio of axial:equatorial attack is 86:14;22 for
the alkene (18) the ratio is 75:25.23

O
Ph

p-CF3C6H4

(17) (18)

86%

75%

Epoxidation of Cyclic Alkenes Having Directing Groups.
Henbest showed that in the absence of severe steric interference,
allylic cyclohexenols are epoxidized stereoselectively by organic
peroxy acids to furnish cis-epoxy alcohols;24a a large number
of cis-epoxy alcohols have been prepared by epoxidizing allylic
cyclohexenols.7 A mixture (5:1) of labile bisallylic alcohols (19)
and (20) was reacted with m-CPBA (eq 5); from the reaction
mixture diepoxide (21) was isolated as a single isomer.25 Epoxida-
tion of (Z)-cyclooct-2-en-1-ol (22) furnishes exclusively (99.8%)
the trans-epoxide (23) (eq 6).24b Similar observations have been
made subsequently.26 This result, as well as the stereoselectivity
observed during the epoxidation of other allylic alcohols, both
cyclic and acylic, has been rationalized on the basis of transition
state models.24,27
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BnO HO
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OBn OH
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+
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m-CPBA, CCl4
70 °C, 2 h
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46%
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H H

OHH

(CH2)4

H H

OHH

O

(22) (23)

m-CPBA, CH2Cl2
0 °C, 24 h

(6)
81%

Stereoselectivity has been observed during the peroxy acid
epoxidation of some homoallylic and bishomoallylic alcohols,28

and the epoxidation of the allylic carbamate (24) is syn stereose-
lective (eq 7).28

O

O

Me2N

O

O

Me2N

O

O

O

Me2N

O

(24)

+

cis:trans = 10:1

m-CPBA, CH2Cl2

(7)

0 °C

Epoxidations of Acyclic Alkenes. Since acyclic systems
normally are not rigid, high stereoselectivity has been observed
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only when special structural features are present. The presence of
functional groups (OH, NH, CO, and ether) which form hydrogen
bonds with the peroxy acid can facilitate stereoselective epoxi-
dations by imparting rigidity to the system. High anti selectivity
(>95%) has been observed in the epoxidation of both (25) and
(26) each of which has a branched substituent adjacent to the
carbon carrying the silicon group.29 High anti selectivities have
been noted during the epoxidation of (27) (95%),30 (28) (96%),31

(29) (95%),32 and (30) (96%).33 High syn selectivity has been
observed in the reactions of (31) (98%)33 and (32) (93%).34 When
the allyl alcohol (28) reacts with m-CPBA, in the transition state
the reagent is hydrogen-bonded to the ether oxygen as well as
to allylic hydroxyl. The high selectivity is due to the cooperative
effect of the hydroxyl group and the ether oxygen.31

EtO

O SiMe2Ph

EtO

O SiMe2Ph

(25) (26)

Ph O OH

PhMe2Si

(27) (28)

Ph O

OHPh

HN
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N
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(29) (30)

R1

OHR2

t-Boc

H
N

OH
NH-t-Boc

4

(31) R1 = (CH2)6CO2Me

R2 = (CH2)5Me

(32)

High stereoselectivity has also been observed in the epoxidation
of some acyclic homoallylic alcohols.35

Oxidation of Enol Silyl Ethers and Furans. Epoxides of enol
silyl ethers undergo facile ring opening and only in rare cases have
stable epoxides been isolated.36 α-Hydroxy enones have been pre-
pared in two steps from α,β-unsaturated ketones; the enol silyl
ether (33) prepared from the corresponding enone is treated with
m-CPBA and the resulting product reacts with triethylammonium
fluoride to furnish an α-hydroxy enone (34) (eq 8).37 This method
has also been used for the preparation of α-hydroxy ketones,38

α-hydroxy acids,39 and α-hydroxy esters. As illustrated in (eq 9),
aldehydes have been converted to protected α-hydroxy aldehydes
in a similar fashion.40 Epoxidation of enol silyl ethers according
to eq 10 has been used in synthesizing α,α′-dihydroxy ketones
from methyl secondary alkyl ketones; the silyl ether (36) fur-
nishes the corresponding dihydroxy ketone quantitatively upon
brief acidic treatment.41 Peroxy acid oxidation of furfuryl alco-
hols yields pyranones according to eq 11.42,43 Furfurylamides also
react similarly.44

OTMS O

HO
1. m-CPBA, hexane
    –15 °C
2. Et3NHF, CH2Cl2

(33)

(8)

(34)

    70–73%

C8H17

OTMS
C8H17

OTMS

OH

O

m-CPBA

O

Ar
(9)

Ar = 3-ClC6H4

84%

OSiPr3

OSiPr3

O

OH

2.5 equiv m-CPBA
CH2Cl2

10 KHCO3
0 °C, 1.5 h

(35)

(10)

(36)

72%

O
OBn

OH OTBDMS

TIPSO

OTIPSO

OH

O

OBn

OTBDMS

m-CPBA, CH2Cl2
rt, 3 h

(11)

89%

Baeyer–Villiger Rearrangement. Reaction of a ketone (37)
with peroxy acid results in oxygen insertion to furnish the es-
ters (38) and (39). This reaction, known as the Baeyer–Villiger
rearrangement, has been reviewed recently.45 Cyclobutanones
undergo very facile rearrangement with peroxy acids, as well
as with Hydrogen Peroxide in presence of base. The cyclobu-
tanone (40) reacted readily with m-CPBA to furnish regio-, stereo-,
and chemoselectively the lactone (41) (eq 12),38b which was
elaborated to gingkolide. Baeyer–Villiger reaction of (40) with
H2O2 /base furnished a γ-lactone which was the regioisomer of
(41). When 1,2,3,8,9,9a-hexahydro-1-methyl-3a,8-methano-3aH-
cyclopentacycloocten-10-one, which has double bonds as well as
a keto group, was treated with m-CPBA, exclusive alkene epox-
idation was observed.46 Ketones having stannyl groups on the
β-carbon undergo a tin-directed Baeyer–Villiger reaction.47

R1 R2

O
R1 O R2

O R1 O
R2

O

(37) (38) (39)

O
O H

OH
t-Bu

MeO

O
OO

OH
t-Bu

MeO

(40) (41)

m-CPBA
CH2Cl2
10 min

(12)
94%
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Oxidation of Nitrogen-containing Compounds. Primary
amines are oxidized by m-CPBA to the corresponding nitro com-
pounds. One of the intermediates formed in this reaction is the
corresponding nitroso compound, which reacts sluggishly with
the reagent. High yields are obtained by carrying out the reaction
at a high temperature (∼83 ◦C) and increasing the reaction time (3
hours). For example, n-hexylamine is oxidized to 1-nitrohexane
in 66% yield.48 When a substrate having the amino group at a
chiral center was oxidized, the nitro compound was formed with
substantial (∼95%) retention of configuration.49

m-CPBA oxidation of the sulfilimine (42) prepared from
2-aminopyridine, furnished 2-nitrosopyridine (43) (eq 13).50

N N
S

Me

Me

N NO
– +

(42) (43)

m-CPBA
CH2Cl2

0–5 °C, 90 min
(13)

44%

Secondary amines have been oxidized to hydroxylamines with
m-CPBA.26b In this reaction, substantial amounts of nitrone
as byproduct are expected. (The best method for the prepara-
tion of hydroxylamines is to oxidize the secondary amine with
2-(phenylsulfonyl)-3-aryloxaziridine (see e.g. (±) trans-2-
(Phenylsulfonyl)-3-phenyloxaziridine) to the nitrone, and then
to reduce the nitrone with Sodium Cyanoborohydride).51

m-CPBA oxidation of N-heterocycles furnishes in high yields
the corresponding N-oxides.52 Several tertiary N-oxides have been
prepared by the reaction of tertiary amines with m-CPBA in
CHCl3 at 0–25 ◦C and employing chromatography on alkaline
alumina; for example, trimethylamine N-oxide was obtained in
96% yield.53 When the optically pure tertiary amine (44) is oxi-
dized with m-CPBA, the initially formed amine oxide rearranges
to the hydroxylamine (45) with complete 1,3-transfer of chirality
(eq 14).54

Bn2N CO2Et CO2Et

ONBn2

(44) (45)

m-CPBA
CH2Cl2

–50 °C, 2 d
(14)

70–80%

Reaction of m-CPBA with the isoxazole (46) furnishes the
nitrone (47) (eq 15).55 m-CPBA oxidation of (−)-isoxazole (48)
and subsequent workup results in the formation of the (−)-
cyclopentanone (49) (eq 16);56 the initially formed nitrone is hy-
drolyzed during workup. The oxaziridine (51) has been prepared
by epoxidizing the sulfonimine (50) (eq 17).57

N
O

H

Ph

CH2Cl2
N
O–

H

PhHO

(46)

+

(47)

m-CPBA
(15)

C5H11

OH

CO2MeN

O

Ph

C5H11

OH

CO2Me

HO

O

6

(–)-(48) 86% ee

(–)-(49) 86% ee

1. m-CPBA, CH2Cl2, 0 °C
2. NH4Cl, H2O

(16)
6

                65%

N
PhO2S

Ph
N

PhO2S

PhOm-CPBA
BnEt3N+Cl–

NaHCO3
(17)

(50) (51)
88%

The cleavage of the N,N-dimethylhydrazone (52) proceeds
rapidly in the presence of m-CPBA, even at low temperatures, to
furnish the ketone (53), without isomerization to the more stable
cis isomer (eq 18).58

N NMe2t-Bu
O

t-Bu

(52) (53)

m-CPBA, DMF
–63 °C, 30 min

(18)
95%

Oxidation of Phosphorus-containing Compounds.
m-CPBA oxidation of the phosphite (54) is stereospecific;
it furnishes the phosphate (55) (eq 19).59a However, aqueous
Iodine is the reagent of choice for the oxidation of nucleotidic
phosphite triesters.59b m-CPBA oxidation of thiophosphate
triesters furnishes the corresponding phosphate esters with
retention of configuration.60

O
DMTrO

Th

O
P(t-BuO)2

O
DMTrO

Th

O
P(t-BuO)2

O

(54) (55)

m-CPBA
CH2Cl2
25 min

(19)
86%

Oxidation of Sulfur-containing Compounds. n-Butanethiol
is oxidized by m-CPBA in CH2Cl2 at −30 ◦C to furnish in
82% yield n-butanesulfinic acid (n-BuSO2H); other thiols react
similarly.61 Sulfides are oxidized chemoselectively to sulfoxides
by m-CPBA; the reaction is fast even at −70 ◦C, and the product
is free from sulfone.62 Three reagents (m-CPBA, Sodium Peri-
odate, and Iodosylbenzene) are regarded as ideal for the oxida-
tion of sulfides to sulfoxides.63 Good diastereoselectivity has been
observed in the oxidation of the sulfide (56) (eq 20).64 Sulfides
carrying suitably located hydroxyl groups are oxidized diastereos-
electively, due to the directing influence of the hydroxyl group.65

A phenyl sulfide carrying a variety of functional groups (epoxide,
hydroxyl, ether, carbamate, and enediyne) has been chemoselec-
tively oxidized in 99% yield to the corresponding sulfone.52
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ONS
R

Bn

O

ONS
R

Bn

OO

ONS
R

Bn

OO

(56) R = Ph 68%

m-CPBA
–20 °C

36 h
(20)+

28%

96%

Allenyl chloromethyl sulfoxide (57) reacts with m-CPBA to
furnish allenyl chloromethyl sulfone (58) (eq 21).66 The enethi-
olizable thioketone (59) has been oxidized to the (E)-sulfine (60)
(eq 22).67 The 2′-deoxy-4-pyrimidinone (62) has been prepared
by reacting the 2-thiopyrimidine nucleoside (61) with m-CPBA
(eq 23).68 Thioamides have been transformed to the amides in
high yields.69

(57) (58)

• S

O

S•

O

Cl
O

Clm-CPBA
(21)

S

t-Bu

S

t-Bu

O

(59) (60)

m-CPBA, CH2Cl2
0 °C, 1–5 min

(22)
100%

(61) R = DMTrO (62)

N

NH

O

S
O

R

HO

N

N

O

O
R

HO

(23)

m-CPBA, 10 min 
CH2Cl2, py (9:1)

98%

Oxidation of Selenides. Phenyl selenides react rapidly with
m-CPBA at −10 ◦C to form phenyl selenoxides,70a which on
warming to 0 ◦C or at rt undergo facile cis elimination. This proce-
dure for introducing unsaturation under mild conditions has been
used in the synthesis of thermally sensitive compounds; for an
example see eq 24.70b The selenonyl moiety is a good leaving
group, and its generation in the substrate can lead to the formation
of cyclic compounds. The oxazoline (64) has been synthesized
through oxidation of the selenide (63) and treatment of the oxi-
dized material with base (eq 25).71

m-CPBA
CH2Cl2

0 °C, 40 min
(24)

O
O

O
O

SePh 93%

C10H21
Se

Ph

HN

O

ON

C10H21

(63) (64)

1. m-CPBA
2. KOH

(25)
88%

Oxidation of Allylic Iodides. m-CPBA oxidation of the pri-
mary allylic iodide (65) furnishes the secondary allylic alcohol
(66) (eq 26);72 this involves rearrangement of the iodoxy com-
pound formed initially.

CO2MeI CO2Me

OH

(65) (66)

m-CPBA, EtOAc
CH2Cl2, Na2CO3 (aq)

5–20 °C, 1 h
(26)

65–67%

Comparison with Other Reagents. To effect epoxidation,
the most commonly used reagents are m-CPBA, Peracetic Acid
(PAA), and Trifluoroperacetic Acid (TFPAA). TFPAA is not com-
mercially available. m-CPBA is more reactive than PAA and is the
reagent of choice for laboratory-scale reactions. For large-scale
epoxidations the cheaper PAA is preferred. The highly reactive
TFPAA is used for unreactive and heat-sensitive substrates; its re-
activity permits the use of low reaction temperatures. The recently
introduced reagent magnesium monoperphthalate (MMPP)
(see Monoperoxyphthalic Acid) is more stable than m-CPBA and
has many applications.4

Epoxidations of hydroxyalkenes have been carried out with
Butyl Hyroperoxide/vanadium (TBHP/V). m-CPBA epoxidation
of (Z)-cyclooct-2-en-1-ol is anti selective; with TBHP/V it is
cis selective.24b Similar differences have been noticed in some
acyclic systems.27c Since the directing effect of the hydroxyl
group is larger in the TBHP/V system it is a better reagent for
hydroxyl-directed regioselective epoxidations of polyunsaturated
alcohols;73 the TBHP/V system also exhibits higher hydroxyl-
directed selectivity in highly hindered allylic alcohols.74

m-CPBA epoxidation of hindered alkenes takes place selec-
tively from the less hindered side; the epoxide of opposite stere-
ochemistry can be prepared by a two-step procedure involving
initial preparation of bromohydrin, followed by base treatment.28

For the epoxidation of extremely unreactive alkenes38b and for
the preparation of epoxides which are highly susceptible to nu-
cleophilic attack, Dimethyldioxirane is the reagent of choice.75

Electron-deficient alkenes such as α,β-unsaturated ketones are
usually oxidized with Hydrogen Peroxide/base.

First Update

André Charette
Universite de Montreal, Montreal, Quebec, Canada

Oxidative Cleavage of Polymer-bound Sulfoximines. Oxid-
ative cleavage of a Merrifield resin-bound sulfoximine afforded
the corresponding sulfone in high yield (eq 27).76 The reaction
proceeds by the formation of the N-oxide that reacts with a second
equivalent of the peracid to lead to the sulfone and the polymer-
bound nitroso derivative.

O
S

O

Ph Ph

OH

S
O

Ph Ph

OH
N

m-CPBA (4.7 equiv)
HCl (0.1 M), THF, rt

(27)

81%
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Oxidative Destannylation of β-Stannylsilylenol Ethers.
m-CPBA was used as the reagent of choice to functional-
ize the [3 + 4] annulation product of ketone enolates with
β-stannylacryloylsilanes leading to enediones (eq 28).77

O

TBSO

SnBu3

O

O

m-CPBA, CH2Cl2

84%
(28)

Chiral Auxiliary-based Epoxidation of Substituted Alkenes.
High diastereoselectivities were found for the m-CPBA or
dimethyldioxirane epoxidation of chiral oxazolidine-substituted
alkenes bearing a strongly basic urea group (eq 29).78 However, in
most cases, the diastereoselectivities were superior with dimethyl-
dioxirane.

NO

Me

N

O

Ar

H
Ph

H
Me

NO

Me

N

O

Ar

H
Ph

H
Me

O

NO

Me

N

O

Ar

H
Ph

H
Me

O

(29)+

m-CPBA, CHCl3, 20 °C, 2 h

DMDO, acetone, 20 °C, 5 h

81:19 (94%)

>98:2 (>95%)

Chiral (E)-enamides derived from (S)-4-phenyl-5,5-dimethyl-
oxazolidin-2-one undergo highly diastereoselective epoxidation
upon treatment with m-CPBA followed by in situ epoxide opening
and trapping with m-chlorobenzoic acid (eq 30).79

NO

O

Ph

Bn
NO

O

Ph

Bn

O

OH

O

Cl

m-CPBA, CHCl3, 0 °C to rt

(30)

71%, >98% de

The epoxidation of chiral β-alkoxy-α,β-unsaturated esters bear-
ing a chiral auxiliary with m-CPBA led to α-hydroxy esters with
high diastereoselectivities (eq 31).80 Both enantiomers are read-
ily accessible simply by protecting the free hydroxy group on the
auxiliary by a trimethylsilyl group (eq 32).

O OH

COOMe

OO
COOMe

OH

m-CPBA (2.2 equiv)
Li2CO3 (10 equiv)

−50 to −60 ºC, 2 d

(31)

93% (87:13)

O OTMS

COOMe

O OTMS
COOMe

OH

m-CPBA (1.2 equiv)
NaHCO3 (10 equiv)

−60 °C, 2 d
(32)

63% (>99:1)

Diastereoselective Formation of Glycosyl Sulfoxides. The
systematic oxidation of several S-alkyl and S-aryl D-thiopyrano-
sides was reported. The reaction is highly stereoselective with
α-glycosides leading to a single diastereomeric sulfoxide
(eq 33).81 Although there are a few exceptions, this is a general
trend.

OO
O

OTBDMS

BnO

SEt

Ph MCPBA OO
O

OTBDMS

BnO

S

Ph

Et
O

(33)

Epoxidation of Acyclic Alkenes. Stereoselective epoxidation
of a series of allylic carbamate methyl esters (eq 34), homoallylic
alcohols (eq 35), and acetates (eq 36) could be performed with
good to excellent stereocontrol.82 It is believed that the directing
effect of the carbamate protecting group plays an important role
in dictating the level of stereocontrol.

BocHN

Ph

OMe

O

BocHN

Ph

OMe

O
O +

BocHN

Ph

OMe

O
O

m-CPBA
 48 h

(34)

75% (8:1)
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BocHN

Ph

OH

BocHN

Ph

OH

O +
BocHN

Ph

OH

O

m-CPBA
 12 h

(35)

68% (7:1)

BocHN

Ph

OAc

BocHN

Ph

OAc

O

BocHN

Ph

OAc

O+

m-CPBA
 12 h

(36)

87% (5:1)

The diastereoselectivity of the epoxidation of allylic alcohols
substituted by polypropionate units is highly dependant upon the
nature of the protecting group and on the stereochemistry of the
stereogenic centers (eqs 37 and 38).83

BnO OH

OPG

Me

BnO OH

OPG

Me

O

BnO OH

OPG

Me

O

m-CPBA, CH2Cl2

(37)

+

PG = MOM 82% (59:41)

PG = TES 82% (95:5)

0 °C, 1.5 h

BnO OH

OTES

Me

BnO OH

OTES

Me

O

m-CPBA, CH2Cl2

(38)

95% (>99:1)

0 °C, 1.5 h

Epoxidation of Glycals. The epoxidation of glycals has been
traditionally accomplished using dimethyldioxirane. However, it
was found that the Camps reagent that consists of a mixture of
m-CPBA and KF allows the conversion of glycals to the corre-
sponding epoxides in high yields (eq 39).84 The presence of KF
is necessary to avoid the concomitant epoxide opening by the nu-
cleophilic by-product of the reaction (m-chlorobenzoic acid).

O

BnO

OBn

OBn

O

BnO

OBn

OBn

O
m-CPBA, CH2Cl2, 24 h

>95%, 9:1 (trans:cis)

(39)

Monoxidation of Thiophene. Thiophenes can be oxidized by
m-CPBA to produce thiophene-S,S-dioxides in high yields. How-
ever, when this reaction is carried out in the presence of a catalytic
amount of BF3·OEt2 the oxidation affords good yields of thio-
phene S-monoxides that can be isolated in solution.85,86 These
products can also be trapped directly by dienophiles to lead to
bicyclic compounds (eq 40).

S

Me

S

Me

O

NPh

O

O

SO

Me

N

O

O

Ph
m-CPBA, CH2Cl2
BF3·OEt2, −20 °C

(40)

Epoxidation of 1,4-Dioxene. Oxidation of 2,3-disubstituted-
1,4-dioxenes with m-CPBA in methanol gave predominantly only
one acetal (eq 41).87 The product can be used as a precursor to
generate oxabicyclo[4.2.1]nonene systems.

O

O

O

O

O

O

MeO

OH

m-CPBA, MeOH
0 °C

>54%

(41)

Baeyer–Villiger Reaction of Fluoroketones. The Baeyer–
Villiger reaction of ketones in the presence of peracids is an
important methodology to access esters and lactones via a skele-
tal rearrangement of the peracid/ketone adduct. The stereoselec-
tronic requirement for correct antiperiplanar alignment of the mi-
grating group and the O–O bond of the leaving group (RCOO−)
are well established. However, the presence of strongly electron-
withdrawing α-substituents may influence the regioselectivity of
the C–C bond migration. For example, substituted 2-fluorocyclo-
hexanones can give the two regioisomers depending of the relative
configuration of the stereogenic centers and on the solvent used
(eqs 42–44).88
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O

F

t-Bu

O

O
F

t-Bu

O

O

t-Bu

F

m-CPBA

NaHCO3, CHCl3

+

29:71 (>90%)

(42)

O

Ft-Bu

O

O
F

t-Bu

O

O

t-Bu

F

NaHCO3

CHCl3
CCl4

CH3CN

m-CPBA

+

91:9 (99%)

(43)

93:7 (85%)

85:15 (99%)

Ph Ph

F

O

Ph
O

F

O

Ph O
Ph

O

Ph

F
+

m-CPBA

NaHCO3, CHCl3

71:29

(44)

However, the Baeyer–Villiger reaction of α-trifluoromethyl-
cycloalkylketones show the reversal in regioselectivity
(eq 45).89

O

CF3

CH2Cl2, rt, 1 h

O

O

CF3

O

O
CF3

m-CPBA, TfOH

+

100% 0%

(45)

The Baeyer–Villiger oxidation of acyclic 4-methoxyphenyl
substituted fluoroketones provides an expedient access to α-
fluoroesters (eq 46).90 The regioselectivity of the carbon-carbon
bond migration is highly dependent not only on the presence of
an aryl substituent but also on the presence of the p-methoxy
group.

O

OMe
F F

HO

O

O

F F
HO

OMe

m-CPBA, rt, 12 h

(46)

Baeyer–Villiger Reaction of Hemiacetals. Hemiacetals have
been shown to react with m-CPBA to generate lactones with ex-
cellent regiocontrol (eq 47). The reaction is often much cleaner
than that performed on the cyclic ketone and it has been
shown to involve the formation of a cyclic oxocarbenium ion
intermediate.91

O

Me

OH

HO
Me

OBn

Me

O

O

OH

Me

OBn

Me
HO Me

m-CPBA, CH2Cl2

65%
(47)

Lewis Acid Catalyzed Baeyer–Villiger Oxidation. Although
m-CPBA is one of the most commonly used reagents for carrying
out the Baeyer–Villiger oxidation of ketones, its reactivity can be
increased by adding Lewis acids. Recently, it has been shown that
the addition of catalytic amounts of scandium(III) triflate,92 triflic
acid, or bismuth(III) triflate93 significantly increases the yield and
rate of the Baeyer–Villiger oxidation of ketones.

Oxidative Cleavage of Cyclic Acetals. Benzylidene acetals
are cleaved to hydroxyesters upon treatment with a mixture of
2,2′-bipyridinium chlorochromate and m-CPBA (eq 48).94

O
O

O

OMe

OMe

OMe
H

H

Ph

N HN

CrO3Cl O
BzO

HO

OMe

OMe

OMe
H

H

m-CPBA, rt, 36 h

70% (48)

Chlorination of Dichlorovinyl Ethers. A powerful chlo-
rinating agent that successfully converts dichloroalkenes to
tetrachloroalkanes is generated with m-CPBA in dichloromethane
(eq 49).95 The reaction presumably proceeds by the in situ forma-
tion of chlorine via a radical mechanism. This process occurs
only when the alkene is not sufficiently nucleophile to react
directly with m-CPBA.
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O

O O

Cl

Cl

Me Me

O

O O

Cl

Cl

Me Me

Cl
Cl

m-CPBA, CH2Cl2

68%

(49)

However, if the reaction is run in the presence of methanol and
of a radical scavenger, the α-chloro methyl ester is formed in good
yield (eq 50).96

O

O O

Cl

Cl

Me Me

O

O O

COOMe

Me Me

Cl

m-CPBA, CH2Cl2

62%

(50)
MeOH, hydroquinone

Oxidation of Imines. The oxidative rearrangement of N-aryl-
aldimines leads to amides upon treatment with m-CPBA and
BF3·OEt2 (eq 51).97 The reaction presumably proceeds via the
Lewis acid mediated peracid imine adduct which then loses
m-chlorobenzoic acid.

H

N

Me

N
H

O

Me

(51)

80%

rt, 5 h

m-CPBA
BF3·OEt2, CHCl3

Ketimines derived from either diarylketones or arylalkylke-
tones and arylamines react in an analogous fashion to lead to
amides (eq 52).98 The reaction involves the initial formation of the
oxaziridine which undergoes a Lewis acid mediated 1,2-migration
of the aryl group.

Me

N

MeO

Me

N
H

O

Me

m-CPBA
BF3·OEt2, CHCl3

(52)

70%

0 °C, 1 h

Terminal Oxidant for the Low Temperature Catalyzed
Epoxidation of Olefins. The enantioselective epoxidation of

olefins catalyzed by (salen)Mn(III) complexes99 can be effected
under anhydrous conditions and at −78 ◦C with a combination of
m-CPBA and NMO (eq 53).100,101 A variety of unfunctionalized
alkenes undergo epoxidation with a significant increase in
enantioselectivity relative to reaction using aqueous sodium
hypochlorite.

m-CPBA (2 equiv)

NMO (5 equiv), CH2Cl2, −78 °C

N N

Ph Ph

t-Bu

Me

t-Bu

MeOO
Mn

Cl

(8 mol%)Ph Me

Ph
∗ ∗

Me

O

71% (98% ee)

(53)

m-CPBA was also used as the terminal oxidant in the low tem-
perature Cu(CH3CN)4PF6 catalyzed epoxidation of alkenes.102

Hydroxylamine Synthesis by Oxidation-cope Elimination.
The oxidation of a range of β-cyanoethyl tertiary amines with
m-CPBA gives the corresponding N-oxides which can undergo
Cope-elimination to give secondary hydroxylamines in high yields
(eq 54).103

N CO2Me

NC

N CO2Me

OH

1. m-CPBA, MeOH 
2. heating in acetone

(54)
93%

The reaction has also been successfully used for the solid-phase
synthesis of hydroxylamines (eq 55).104 The resin used was a
polymer-bound benzyl acrylate.

O
O

N
n-C6H13

n-Pr

OH

N
n-C6H13 n-Pr

 m-CPBA, CHCl3

(55)

60%

Oxidation of Benzylic Methylene to Aryl Ketones. Benzylic
positions are oxidized under treatment with m-CPBA, air, and
NaHCO3 to provide the corresponding ketones (eq 56).105 The
reaction proceeds very well with some substrates but poorly with
those possessing electron-withdrawing substituents.
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NHCO2MeMeO2C NHCO2MeMeO2C

O

m-CPBA (2.5 equiv)
NaHCO3 (2 equiv), air

CH2Cl2, 24 h

(56)

Benzylic oxidation of N-substituted phthalimidines by treat-
ment with 2,2′-bipyridinium chlorochromate/m-CPBA affords
phthalimides in good yields.106

Related Reagents. m-Chloroperbenzoic Acid–2,2,6,6-Tetra-
methylpiperidine Hydrochloride.
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N-Chlorosuccinimide

NO O

Cl

[128-09-6] C4H4ClNO2 (MW 133.53)
InChI = 1S/C4H4ClNO2/c5-6-3(7)1-2-4(6)8/h1-2H2
InChIKey = JRNVZBWKYDBUCA-UHFFFAOYSA-N

(electrophilic α-chlorination of sulfides, sulfoxides, and ketones;
preparation of N-chloroamines)

Alternative Names: 1-chloro-2,5-pyrrolidinedione; NCS.
Physical Data: mp 144–146 ◦C.
Solubility: sol H2O; sl sol CCl4, benzene, toluene, AcOH; insol

ether.
Form Supplied in: white powder or crystals having a weak odor

of chlorine when pure; widely available.
Purification: the commercial reagent acquires a light yellow color

and a rather strong odor of chlorine after long storage but is
easily recrystallized from acetic acid: rapidly dissolve 200 g of
impure sample in 1 L preheated glacial AcOH at 65–70 ◦C (3–5
min); cool to 15–20 ◦C to effect crystallization; filter through a
Buchner funnel and wash the white crystals once with glacial
AcOH and twice with hexane; dry in vacuo (>85% recovery).

Analysis of Reagent Purity: the standard iodide–thiosulfate
titration method is suitable.

Handling, Storage, and Precautions: store under refrigeration
and protect from moisture; acutely irritating solid, with toxic
effects similar to those of the free halogens; avoid inhalation;
use an efficient fume hood; perform all operations as rapidly as
possible to avoid extensive decomposition of the reagent.

Original Commentary

Scott C. Virgil
Massachusetts Institute of Technology, Cambridge, MA, USA

N-Chlorosuccinimide is a convenient reagent for the electrophilic
substitution and addition of chlorine to organic compounds. Other
chlorinating agents of use include Chlorine, Sulfuryl Chloride,
Chloramine-T, tert-Butyl Hypochlorite, and Trichloroiso-
cyanuric Acid. The primary advantages of using NCS include the
ease in handling, the mild conditions under which chlorination
proceeds, and the ease of removal of the inoffensive byproduct
succinimide.

α-Chlorination of Carbonyl Derivatives. Carbonyl com-
pounds can be chlorinated in the α-position by addition of NCS
directly to the lithium enolates, enoxyborinates, or more com-
monly to the silyl enol ether derivatives.1 In combination with
methods for the regiospecific generation of enolates and silyl
enol ethers, α-chloroketones of desired structure can be produced.
For example, β-ionone can be chlorinated selectively in the α′-
position by addition of NCS to the kinetic enolate (eq 1).2 With
the appropriate chiral auxiliary, NCS chlorinates silyl ketene ac-
etals with high levels of diastereoselectivity (eq 2).3 α-Chloro

ketones, α-chloro esters, and α-chloro sulfones may also be pre-
pared by reaction of NCS with the β-keto derivatives and in situ
deacylation in the presence of base (eq 3).4 NCS is also an effective
reagent for the α-chlorination of acid chlorides.5

O

(1)

O

Cl

1. LDA, THF, 0 °C
2. NCS, –70 °C

65%

O
Et

O
SO2NCy2

O

O
SO2NCy2

1. LDA, TMSCl
    THF, –78 °C
2. NCS, –78 °C

(2)

Cl
92%

Ph

O

CO2Et
Ph

Cl

CO2Et

NCS, NaOEt
EtOH, rt

(3)
86%

Chlorination of Sulfides and Sulfoxides.6 The reaction of
alkyl sulfides with NCS has been used extensively for the prepa-
ration of α-chloro sulfides, and NCS is generally regarded as the
reagent of choice for the preparation of these useful synthetic
intermediates (see also Trichloroisocyanuric Acid ). Since the
mechanism of chlorination involves initial formation of an S-
chlorosulfonium salt followed by a Pummerer-like rearrangement,
monochlorination proceeds smoothly in CCl4 or benzene in the ab-
sence of added acid or base.7 The most straightforward procedure
involves the addition of NCS to a solution of the sulfide in CCl4 at
rt or reflux, followed by removal of insoluble succinimide by fil-
tration. The resulting α-chloro sulfides are easily hydrolyzed and,
as this is usually undesirable, α-chloro sulfides must be prepared
under strictly anhydrous conditions and are often used without fur-
ther purification. A method has been developed for the conversion
of benzylic halides to aromatic aldehydes (eq 4);8 however, this
transformation is more conveniently effected in one operation with
other reagents (see Hexamethylenetetramine). Many advantages
have led to the preferred use of NCS in the Ramberg–Bäcklund re-
arrangement sequence (eq 5), which has been recently reviewed.9

t-Bu

t-Bu

Br
t-Bu CHO

t-Bu

(4)

1. NaSPh
2. NCS, CCl4
3. Na2CO3 (aq)

85%

S S

Cl

(5)

NCS
CCl4
reflux 2 steps

79%

The chlorination of trimethylsilylmethyl sulfides with NCS and
trifluoroacetic acid affords the product of chlorodesilation in high
yield.10 The degradation of carboxylic acids to ketones can be
achieved by α-sulfenation followed by reaction with NCS in the
presence of NaHCO3 (eq 6).11 The S-chlorosulfonium ion inter-
mediate undergoes a decarboxylative Pummerer-like rearrange-
ment to afford the ketone upon hydrolysis. α-Phenylthio esters
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and amides can be successfully α-chlorinated using NCS in CCl4
at 0 ◦C (eq 7).12 1,3-Dithianes are deprotected to afford ketones
by reaction with NCS alone or in combination with Silver(I)
Nitrate in aqueous acetonitrile (see also N-Bromosuccinimide,
Mercury(II) Chloride, 1,3-Diiodo-5,5-dimethylhydantoin).13

MeO

CO2H

H

MeO

CO2H

SMe (6)

MeO

LDA (2 equiv)

O

64%

EtOH, NaHCO3

HMPA, THF
then MeSSMe

NCS

N (7)
O

NCS
CCl4, 0 °CSPh

N
O

SPh
Cl

100%

Sulfides can be oxidized to sulfoxides by reaction with NCS
in methanol (0 ◦C, 1 h).14 Similarly, selenides couple with
amines when activated by NCS to form selenimide species. These
have been generated from allylic selenides in order to prepare
allylic amines and chiral secondary allylic carbamates by [2,3]-
sigmatropic rearrangement (eq 8).15

(8)

NCS, Cbz-NH2
NEt3, MeOH, 0 °CPhSe

Ph Ph

NHCbz69%

The α-chlorination of sulfoxides is generally performed in
dichloromethane in the presence of a base (either K2CO3 or pyri-
dine) and proceeds more slowly than the reactions with sulfides.16

α-Chloro sulfoxides bearing high optical purity at sulfur are espe-
cially useful in asymmetric synthesis, but unfortunately the chlo-
rination of optically active sulfoxides is generally accompanied
by significant racemization at sulfur. Alternate procedures are
available for achieving chlorination with predominant retention
or inversion.17 Using NCS and Potassium Carbonate the degree
of racemization is minimized and chloromethyl p-tolyl sulfoxide
can be prepared in 87% ee and 91% chemical yield (eq 9).18

Me
S

O

Tol
S

O

Tol

(9)

:

NCS, K2CO3
CH2Cl2, rt, 40 h

Cl:91%, 87% ee

Reaction with Vinylic and Acetylenic Derivatives. NCS is
a suitable source of chlorine for the conversion of vinylcopper
and other organometallic derivatives to the corresponding vinyl
chlorides.19 (E)-(1-Chloro-1-alkenyl)silanes are available from
the appropriate 1-trimethylsilylalkynes by hydroalumination with
Diisobutylaluminum Hydride followed by direct treatment of the
vinylaluminum intermediate with NCS in ether at −20 ◦C (eq 10)
(the corresponding (Z)-isomer is obtained by NBS-catalyzed iso-
merization of the (E)-isomer).20 1-Chloroalkynes can be prepared

by reaction of the corresponding lithium acetylides with NCS
in THF.21

TMS

Bu

TMS Al(i-Bu)2

Bu

TMS Cl

Bu

(10)
DIBAL

84%

–20 °CEt2O, 40 °C

NCS

Chlorination of Aromatic Compounds. NCS has also been
used for the chlorination of pyrroles and indoles; however,
the reaction is less straightforward than when NBS and
N-Iodosuccinimide are used.22 In the chlorination of 1-
methylpyrrole, it has been demonstrated that basic condi-
tions (NaHCO3, CHCl3) lead to the formation of 1-methyl-2-
succinimidylpyrrole (eq 11).23 In the presence of catalytic
amounts of perchloric acid, thiophenes and other electron-rich
aromatic compounds have been chlorinated with NCS.24

(N-Chlorosuccinimide–Dimethyl Sulfide is used for the selective
o-substitution of phenols.)

N

Me

N

Me

Cl N

Me

N

O

O

(11)
NCS, rt

+

THF
CHCl3, NaHCO3

89%
–

3%
76%

Synthesis of N-Chloroamines. The conversion of secondary
amines to N-chloroamines by reaction with NCS in ether or
dichloromethane has many advantages over the use of aqueous
hypochlorite, including ease of isolation. This method has been
used repeatedly in the preparation of N-chloroamines for alkene
amination (eqs 12 and 13)25 and other reactions.26

1. NCS
    CH2Cl2, 0 °C
2. Ag2O, dioxane (aq)

O

O

O

O

MeN
(12)

NH
Me

HO

59%

1. NCS
    CH2Cl2, 0 °C
2. Ag2O, THF (aq)

(13)

BnO BnO

NMe

H

OH

NH
Me

83%

Other Oxidation and Chlorination Reactions.27 gem-
Chloronitro compounds are prepared by treating nitronate an-
ions with NCS in aqueous dioxane, or alternatively by reaction
of ketoximes with NCS (eq 14).28 Oxidative decarboxylation of
carboxylic acids with Lead(IV) Acetate and NCS has been used
effectively for the synthesis of tertiary alkyl chlorides (eq 15).29

NCS
H2O, C6H6

NOH
NO2

Cl

(14)
100%
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Pb(OAc)4, NCS
DMF, AcOH, 50 °C

CO2H Cl

(15)
95%

NCS is also regularly used for the direct oxidation of alco-
hols to ketones. The presence of Triethylamine serves to activate
the reagent for rapid quantitative oxidation of catechols and hy-
droquinones to o- and p-quinones, respectively, and for the ox-
idation of benzophenone hydrazone to diphenyldiazomethane.30

N-Chlorosuccinimide–Dimethyl Sulfide is also used in the mild
oxidation of alcohols, as well as in the conversion of allylic alco-
hols to allylic chlorides.

First Update

Terry V. Hughes
J&JPRD, Raritan, NJ, USA

α-Chlorination of Carbonyl Derivatives. The direct chlori-
nation of β-keto esters and cyclic ketones by NCS proceeds readily
at room temperature under acid catalysis by Amberlyst-15©. The
reaction is general and works for acyclic, cyclic, and heterocyclic
β-keto esters. For example, 3-oxo-3-pyridin-2-yl-propionic acid
ethyl ester was α-chlorinated in excellent yield (eq 16).31

N

O

OEt

O

N

O

OEt

O

Cl

Amberlyst-15, 

EtOAc, NCS, rt

85%

(16)

The enantioselective α-chlorination of β-keto esters was
achieved with up to 88% ee using NCS with a commercially
available TADDOL ligand.32 The chiral bisoxazoline copper(II)
complexes have also been reported to induce the asymmetric α-
chlorination of β-keto esters when reacted with NCS.33 The asym-
metric α-chlorination of aldehydes has been achieved using NCS
and (2R,5R)-diphenylpyrrolidine as a chiral catalyst. For example,
the enantioselective chlorination of 3-methylbutanal with NCS
proceeds in 95% yield and 94% ee (eq 17).34

O N
H

Ph Ph O

ClNCS, DCE, rt, 30 min

95% yield, 94% ee
(17)

The enantioselective α-chlorination reaction was also reported
to proceed for β-keto phosphonates using NCS and bisoxazoline
zinc(II) complexes in 70–91% ee.35 Phenylselenyl chloride has
been shown to enhance the electrophilicity of NCS in chlorination
reactions. Allylic chlorination of olefins with NCS catalyzed by
PhSeCl was reported to occur with ene regiochemistry in high
yields at room temperature. For example, methyl oct-3-enoate was

smoothly converted to methyl 4-chloro-oct-2-enoate in excellent
yield with no α-chlorination to the carbonyl detected (eq 18).36

Bu CO2Me

Bu CO2Me

Cl

PhSeCl, NCS, DCM, rt, 4 h

89%

(18)

Interestingly, NCS catalyzed by phenylselenyl chloride selec-
tively α-chlorinates β-keto esters in the presence of olefins with
no allylic chlorination observed (eq 19).37

O

Ph

O O

O

Ph

O O
Cl

PhSeCl, NCS, MeOH, rt, 16 h

87%
(19)

Chlorination of Sulfides. The treatment of 1,3-oxathioacetals
or dithioacetals with NCS in the presence of MeOH, EtOH, 1,2-
ethanediol, or 1,3-propanediol results in the clean conversion to
the corresponding acetal or cyclic acetal. The protecting group
conversion occurs quickly and in excellent yield. For example,
the reaction of 2-phenyl-1,3-dithiolane with 1 equiv of NCS and
3 equiv of 1,2-ethanediol in dichloromethane proceeds readily
to afford 2-phenyl-1,3-dioxolane in almost quantitative yield
(eq 20).38

S

S

O

O

NCS, 1,2-ethanediol, DCM, rt, 5 min

95%

(20)

In a similar reaction, 1,3-oxathioacetals or dithioacetals can
be deprotected with 10 mol % NCS in chloroform with 5 equiv of
DMSO to yield the corresponding carbonyl compound in excellent
yield. The reaction is chemoselective and works in the presence
of O,O-acetals.39

Conversion of Alcohols and Thiols to Chlorides. Primary
and secondary alcohols are converted to the corresponding alkyl
chlorides with the inversion of configuration when reacted with
NCS and triphenylphosphine under Mitsunobu-type conditions.40

The NCS and triphenylphosphine combination also transforms
certain hydroxyheterocycles to the corresponding chloroheterocy-
cle. The structural requirement for this transformation is that the
hydroxyl needs to be ortho to a nitrogen atom in the heterocycle.
For example, quinoxalin-2-ol is converted to 2-chloroquinoxaline
in good yield when treated with NCS and triphenylphosphine in
refluxing dioxane (eq 21).41

N

N

OH N

N

Cl

NCS, PPh3, dioxane, reflux

63%
(21)
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Benzylic, primary, and secondary thiols are readily converted
to the corresponding alkyl chlorides when treated with NCS and
triphenylphosphine in dichloromethane. The reaction for benzylic
thiols is immediate and occurs within 24 h for secondary thiols.
For example, α-toluenethiol is immediately converted to benzyl
chloride in 90% yield when treated with NCS and triphenylphos-
phine at room temperature (eq 22).42

SH ClNCS, PPh3, DCM, rt

90%
(22)

Hunsdiecker Reactions. The Hunsdiecker reaction is the de-
carboxylative halogenation of metal carboxylate salts. The reac-
tion of α,β-unsaturated carboxylic acids with NCS and catalytic
lithium acetate in acetonitrile–water provides the corresponding
β-halostyrenes in moderate yields under mild conditions. The re-
action proceeds with a good degree of stereospecificity. For ex-
ample, the reaction of 3-(4-methoxy-phenyl)-acrylic acid with
NCS with a catalytic amount of lithium acetate at room tempera-
ture provides 1-(2-chloro-vinyl)-4-methoxybenzene in good yield
(eq 23).43

CO2H

MeO

Cl

MeO

NCS, LiOAc, CH3CN, H2O, rt, 6 h

65%

(23)

A modification of the Hunsdiecker reaction uses NCS cat-
alyzed with tetrabutylammonium trifluoroacetate (TBATFA) and
gives β-chlorostyrenes in excellent yields.44 The use of the NCS/
TBATFA-catalyzed Hunsdiecker reaction has been extended to
various heterocyclic α,β-unsaturated carboxylic acids.45

Aromatic Chlorination. Many aromatic and heteroaromatic
chlorinations using NCS are catalyzed by acetic acid.46,47 Ferric
chloride and ammonium nitrite have also been used to catalyze
the chlorination of various heterocycles with NCS.48 Although
NCS has been used for halogenation of electron-rich aromatics,
the halogenation of electron-poor aromatic systems with NCS
has been difficult to achieve. However, the chlorination of var-
ious deactivated aromatic systems can be achieved when NCS is
acid catalyzed with boron trifluoride monohydrate. The reaction
is impressive in that even the deactivated 1-fluoro-2-nitrobenzene
is chlorinated to afford 4-chloro-1-fluoro-2-nitrobenzene in 81%
yield after 18 h at 100 ◦C (eq 24).49

NO2

F

NO2

F

Cl

NCS, BF3
_H2O, 100 °C, 18 h

81%
(24)

Oxidation of Alcohols. The oxidation of primary, benzylic,
and allylic alcohols to aldehydes can be selectively achieved when
the alcohol is treated with NCS catalyzed by TEMPO. Reac-
tion conditions are mild and do not chlorinate olefins or allylic

positions. The reaction is run under typical phase-transfer condi-
tions using a dichloromethane–water mixture and TBACl as the
phase-transfer agent. The aqueous layer for the biphasic reaction is
buffered at pH 8.6 with NaHCO3–K2CO3. Primary alcohols were
selectively oxidized to aldehydes in the presence of secondary al-
cohols and only 0–5% of the ketone resulting from oxidation of the
secondary alcohol was observed.50 Alternatively the oxidation of
alcohols with NCS to the corresponding carbonyl compounds can
be catalyzed with N-tert-butylbenzenesulfenamide. This reaction
presumably proceeds via an initial oxidation of the sulfur atom of
the catalyst. The N-tert-butylbenzenesulfenamide-catalyzed oxi-
dation is selective for primary alcohols over secondary alcohols,
works on a variety of substrates, and has the advantage that it can
be performed without using phase-transfer conditions.51 An inter-
esting variant to the oxidation of alcohols to carbonyl compounds
with NCS is the oxidation of diols to lactones. The reaction of
1,4-butanediol and 1,5-pentanediol with NCS in dichloromethane
at room temperature provided the corresponding five- and six-
membered-ring lactones in excellent yield (eq 25).52

HO OH
n

n = 2 or 3

O

O

n

n = 1 or 2

NCS, DCM, rt, 5 h

86–88%
(25)

Miscellaneous Uses. NCS catalyzes the transesterification of
β-keto ethyl esters with substrate alcohols under neutral condi-
tions in refluxing toluene in excellent yields. The ethanol formed
during the reaction is removed by distillation. Surprisingly, the re-
action conditions are selective and the chlorination of allylic posi-
tions or olefins is not observed. Additionally, the reaction proceeds
with only 1 equiv of the substrate alcohol allowing for complex
esters to be readily formed (eq 26).53

MeO

OMe

OMe

O
CO2Et

O

O

HO

MeO

OMe

OMe

O O

O

O

O

(26)

NCS, toluene, reflux, 7 h

81%

Oximes are converted to the corresponding carbonyl compound
when treated with NCS in CCl4 at room temperature in excellent
yields. The workup of these deoximation reactions is especially
simple with the removal of insoluble succinimide and concentra-
tion of the solvent to afford the product carbonyl compound in high
purity. For example, 4-methoxyacetophenone oxime was readily
converted to the corresponding ketone in 4 h at room temperature
(eq 27).54
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MeO

NOH

MeO

O

NCS, CCl4, rt, 4 h
(27)

93%

Alkenyl boronic acids are converted to the corresponding alkyl
chlorides when treated with NCS and TEA in good to excellent
yields. The reaction proceeds with retention of configuration at
room temperature in 30 min. For example, (E)-β-styryl boronic
acid is readily converted to (E)-β-chlorostyrene in 85% yield after
30 min at room temperature (eq 28).55

B(OH)2

Cl

NCS, TEA, rt, 30 min

82%

(28)

The conversion of a primary amine to the corresponding alkyl
chloride can be achieved through NCS chemistry. N-Substituted-
N-tosylhydrazines are readily available from the reaction of
primary amines with tosyl chloride followed by subsequent
amination O-(2,4-dinitrophenyl)hydroxylamine. Treatment of N-
substituted-N-tosylhydrazines with NCS at room temperature af-
fords the corresponding alkyl chlorides in good yields. Solvent
choice for the reaction is critical with THF giving optimum re-
sults. It is presumed that the chlorodeamination reaction proceeds
via a radical mechanism with the loss of nitrogen. The overall
reaction sequence for conversion of a primary amine to the corre-
sponding primary chloride is shown in (eq 29).56

R NH2

H2NO

O2N

NO2

R N
Tosyl

NH2

R Cl

1. TosylCl

2.

NCS, THF, rt

(29)

A new synthesis of 5-chloro-1-phenyltetrazole, a useful acti-
vating group for the hydrogenolysis of phenols, was reported us-
ing NCS-mediated chemistry. The phase-transfer reaction of NCS
with sodium azide in chloroform generates chloroazide in situ.
The transient chloroazide reacts with phenyl isocyanide via a 1,3-
dipolar cycloaddition at 0 ◦C to afford 5-chloro-1-phenyltetrazole
in 69% yield (eq 30).57

N
C NCS, CHCl3, H2O, NaN3

69%
N

N N

N

Cl

(30)

An interesting rearrangement of cyclic dithiane alcohols to the
corresponding one-carbon ring expanded 1,2-diketones is cat-
alyzed by NCS. The reaction appears to be quite general and pro-
vides 1,2-diketones in high yields in a two-step sequence from
cyclic ketones. The two-step reaction sequence from a cyclic ke-
tone to a 1,2-diketone is high yielding and uses readily available
reagents (eq 31).58

O

O

O

HO
S

S

O

O
O

n-BuLi, 1,3-dithiane

NCS, DCM, H2O

74%

89%
(31)

Chlorination of dialkylphosphites with NCS affords the cor-
responding dialkylchlorophosphate. The dialkylchlorophosphates
generated react with alcohols to give phosphonate esters. The
direct chlorination of dibenzylphosphite with NCS was used in
the synthesis of phosphate prodrugs of the anti-HIV drug 3′-azido-
2′,3′-dideoxythymidine (AZT) (eq 32).59

NH

O

ON

O

HN3

HH
HH

OPBnO

OBn

O

P

H

BnO O

BnO P

Cl

BnO O

BnO

NCS, toluene, rt, 18 h AZT, pyridine, rt, 19 h

(32)

Second Update

Di Qiu & Jianbo Wang
Peking University, Beijing, China

α-Chlorination of Carbonyl Derivatives. NCS has been
demonstrated to be a good chlorinating reagent, especially for
α-chlorination of carbonyl compounds.60 Direct chlorination of
1,3-diketones, β-ketoesters, and cyclic ketones can be carried out
in ionic liquids (ILs) at room temperature, which has been used as
a green recyclable reaction media. The recovered ionic liquid has
been reused five to six times with consistent activity (eq 33).61

O

Ph OEt

O NCS, [Bmin]PF6, rt., 20 min

93%

O

Ph OEt

O

Cl

(33)

Organoselenide-catalyzed oxidative chlorination reactions in-
cluded halolactonization, α-chlorination of ketones, and allylic
chlorination. The ability of selenium to undergo reversible 2e−
oxidation–reduction chemistry facilitates halogenation through
selenium-bound halogen intermediates.62

Enantioselective chlorination of β-oxoesters with NCS was
catalyzed by chiral sulfoximine–copper complex. Chlorination,
bromination, and fluorination reactions all proceeded well. An
example is shown in eq 34.63
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O

Me OEt

O

NCS  1.2 equiv, Cu(OTf)2 10 mol %

S-sulfoximine 10 mol %

Et2O, rt, 4 h

99% yield, 41% ee

Bn

O

Me OEt

O

Cl Bn

N HN
R4

S
O

R2
R1

R3

S-sulfoximine =

R1 = Ph
R2 = Me
R3 = H
R4 = 2,4,6-iPr3C6H2

(34)

Enantioselective α-chlorination of cyclic β-oxoesters was pro-
moted by chiral amino diol derivatives. Optimization of the cata-
lyst structure and the reaction conditions has allowed the synthesis
of optically active products with high enantioselectivities (up to
96% ee) using inexpensive NCS as the chlorine source under mild
conditions (eq 35).64

 NCS  1.2 equiv

 amino diol 10 mol %

100% yield, 96% ee

Br CO2Me

O

Br

O
CO2Me

Cl
*

O
O

NHCH2Ar

Ph
Ph

Ar = 3-F-4-CF3C6H3
amino diol = (35)

Another efficient N,N′-dioxide organocatalyst system was
also developed for the asymmetric α-chlorination of cyclic β-
ketoesters using NCS to provide a series of optically active α-
chloro-β-ketoesters in excellent yields with 90–98% ee.65

A Lewis acid-catalyzed one-pot sequential transformation of
β-ketoesters, aromatic aldehydes, and NCS was reported. The re-
action proceeds by way of Knoevenagel condensation/Nazarov
cyclization/halogenations to give α-chloro-β-ketoesters in mod-
erate yields with high diastereoselectivities.66

The chlorination of ketone derivatives was also explored. The
Antilla group reported a high yielding and enantioselective chiral
calcium phosphate-catalyzed chlorination of 3-substituted oxin-
doles with NCS (eq 36).67

N
Boc

O
N
Boc

O

Ph ClPh

99% yield, 94% ee

NCS  1.2 equiv

Ca[P1]2   5 mol %
iPrOAc, 25 ºC, 30 min

O

Ph

Ph

O
P

O

OH
P1 =

(36)

Chlorination or Oxidation of Sulfides and Sulfoxides. The
oxidation of aryl and alkyl thioacetates, as well as a variety of
thiols and disulfides, by a combination of NCS and hydrochloric
acid affords the corresponding sulfonyl chlorides in good yields.
The reaction involves the rapid generation of reactive molecu-
lar chlorine.68 The reaction between NCS and a thioether has
been studied to provide additional insight into the Corey–Kim
reaction.69

Allylic selenides react with NCS to form a Se–N bond (eq 37).
The product, N-(2-nitrophenylselenenyl) succinimide, is a useful
selenoetherification reagent.70

81%

Se

NO2

Se
N

NO2 O

O

NCS, CH2Cl2 (37)

Chlorination of Alkenes and Alkynes. The haloamidation of
olefins was carried out by reaction of N-haloimides (X = Cl, Br)
with nitriles in the presence of Lewis acids. It was presumed that
the reaction involves nucleophilic attack of nitrile on the halonium
ion followed by hydrolysis of the products (eq 38).71

NCS
BF3 · Et2O

MeCN
Cl MeCN

H2O

90%

Cl

NHCOMe

(38)

Thiourea-catalyzed chlorination of olefins with NCS in the pres-
ence of water afforded chlorohydrins in high yield (eq 39).72 When
using alcohol as solvent, the reaction gave β-chloroethers as the
products (eq 40).73

S

H2N NH2
20 mol %

THF/H2O = 1:1, 3 h

69%

HO

Cl

+ NCS

4 equiv

(39)

S

H2N NH2

5 mol %

MeOH, rt, 30 min

96%

MeO

Cl

+ NCS

4 equiv

(40)

For other types of conjugated alkenes, a variety of vinyl halides
were prepared from the reaction of 1,1-diarylalkenes with NCS
in good yields under mild and base-free conditions. The reaction
proceeds well with electron-rich diarylalkenes, such as those with
methoxy substituents on the aromatic rings.74

The halohydroxylation of methylenecyclopropane derivatives
using NXS provides a variety of halocyclopropylmethanol.
Solvent plays an important role in this halogenation (eq 41).75

Ph

Ph
NCS  2 equiv, rt

acetone/H2O = 4:1

Ph

Ph
OH

Cl

48%
(41)
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The aminohalogenation of electron-deficient olefins with NCS
can be promoted by hypervalent iodine reagents. First, the NXS
may react with TsNH2 to generate TsNHCl, which can be oxidized
by PhI(OAc)2 to form I–N bond. The chloro anion can dissociate
and the generated nitrenium intermediate can immediately react
with the double bond of olefins to form an aziridinium ion. A
series of substrates are tolerable under the reaction conditions
and are aminochlorinated or brominated in good yields with high
diastereoselectivities (eq 42).76

Ph

O

Ph
+     TsNH2

 NCS  1.5 equiv

PhI(OAc)2   75 mol %

CH2Cl2, 25 ºC, 6 h

1.5 equiv

43% yield, 95:5 dr

Ph

O

Ph

Cl

NHTs

(+)

(42)

–

Compared to alkenes, alkynes are more difficult to react with
NCS. For example, Frontier’s group has reported the chlorination
of conjugated alkyne in the presence of strong base (eq 43).77

TIPSO

OTIPS

NCS
nBuLi, THF, –78 ºC

TIPSO

OTIPS

Cl

61%
(43)

The difunctional additions of electrophiles and nucleophiles to
1-cyclopropylallenes have been investigated. In the presence of
NCS and NaCl, 2,6-dichloro-1,3-hexadiene was formed in good
yield (eq 44).78

C
Ph

NCS, NaCl

N2, THF, rt

69%
Ph

Cl

Cl (44)

Conversion of Alcohols to Chlorides. A variety of trans-
β-substituted cyclic secondary alcohols have been stereoselec-
tively chlorinated to either the corresponding cis-chloride or trans-
chloride in good to excellent yields; the stereochemical outcome
is determined by the size of the ring and the nature of the β-
substituents, especially the electronegativity of the substituent
atom. When intermolecular SN2 reaction occurs, the reaction pro-
vides cis-chloride product; when intramolecular SN2 reaction oc-
curs, a three-member ring is formed as intermediate, followed by
nucleophilic attack to give trans-chloride product (eq 45).79

Chlorination of Epoxides. Epoxides are regioselectively con-
verted into vic-haloalcohols with 1.2 equiv of NXS and triph-
enylphosphine in MeCN at room temperature. On the other hand,
treatment with 2.5 equiv of NXS and PPh3 at reflux temperature
afforded symmetrical vic-dihalides. When different N-haloimides
are used successively, unsymmetrical vic-dihalides can be ob-
tained in high yield (eq 46).80

R

OH

NCS, PPh3

THF, rt

NCS, PPh3

THF, rt

R

Cl

R

Cl

cis

trans

inversion of configuration
through SN2 reaction

retension of configuration
through double SN2 reaction

R = OCOPh

86%

R = OH
40%

(45)

O
PhO

NCS   1.2 equiv

PPh3
PhO

CH2Cl

OH

O
PhO

NCS   2.5 equiv
PPh3

PhO
CH2Cl

Cl

O
PhO

1. NCS   1.2 equiv
PPh3

PhO
CH2Cl

Br
2. NBS   2.5 equiv

PPh3

88%

90%

85%

(46)

The chiral polychlorides are accessible stereospecifically by
nucleophilic multiple chlorination reactions of internal epoxides
using NCS and an organophosphine. PPh3 may coordinate with
the oxygen atom of epoxides, followed by double nucleophilic
attack of chlorides.81 This process has been used in asymmetric
total synthesis.82

Chlorination of Nitroalkyl Compounds. Conversion of
—CH2NO2 group attached to an alkyl or aryl moiety into a
dichloronitromethyl (CCl2NO2) group has been achieved by using
NCS and DBU in dichloromethane. The proton on the α-carbon
of nitro group is readily deprotonated by base, followed by the
electrophilic attack of NCS (eq 47).83

NO2

1. DBU 10 mol % in DCM

2. NCS

3. DBU/succinimide anion

4. NCS

                   92%

NO2

Cl Cl

(47)

Chlorination of Aromatic Compounds. NCS can be used
for the chlorination of electron-rich aromatic compounds,
such as phenol84 and xylene derivatives under the microwave
conditions.85 Palladium-catalyzed directing group-assisted chlo-
rination of arenes has also been reported (eq 48).86
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N

Me
NCS 1.2 equiv

Pd(OAc)2 5 mol %

AcOH, 100 ºC, 12 h

N

Me

Cl

65%
(48)

Gold-catalyzed direct chlorination of benzene derivatives has
also been reported. The AuCl3 may activate both the arenes and
the carbonyl group of NCS.87 Furthermore, gold-catalyzed direct
chlorination of arylboronic esters occurs in high yield and with
good regioselectivity (eq 49).88 The regioselectivity is controlled
by both electronic effect and steric effect of the substituents.

MeO

Bpin

AuCl3 3 mol %

NCS 1.0 equiv

ClCH2CH2Cl, 80 ºC, 6 h

71%

MeO

Bpin

Cl

(49)

Oxidation Reaction. An efficient and regioselective method
for iodination of electron-rich aromatic compounds has been re-
ported by using NCS and sodium iodide in AcOH. This method is
also applicable to nonbenzenoid aromatic or heteroaromatic com-
pounds. NCS reacts with NaI to form the key intermediate ICl
(eq 50).89

OMe OMe

I

NCS 1 equiv

NaI 1 equiv

AcOH, 50 ºC, 2 h

93%
(50)

NCS can also be employed as an oxidant to promote the for-
mation of heterocycles from diamine derivatives and aldehyde.
The aldehyde moiety is oxidized by NCS, and finally imidazo-
line is obtained as the product. This method has been used in the
late-stage of total synthesis (eq 51).90

N
TsBr

NH2H2N N
H

OO

then NCS, MeCN

1.

2. NaOH aq, MeOH, reflux

51%

Br N
H

N

H
N

O

N
H (51)

The primary alcohols are oxidized to aldehydes in the presence
of radical oxidant with NCS as the terminal oxidant. This reaction
usually occurs in a two-phase system CH2Cl2–H2O (eq 52).91

O

O R

OH
NCS,

N

NHAc

O

CH2Cl2-H2O

R = CH3(CH2)12

82%

O

O R

O

H
(52)

Miscellaneous Reactions. Many organometallic intermedi-
ates react with NCS. The Zr–C bond of zirconacyclopentadiene
can be cleaved with NCS. For example, halogenation of the Zr–C
intermediate with CuCl gives a linear triene (eq 53).92

Cp2Zr

Et

Et

Et

Et

1. NCS, rt, 1 h

2. MeO2C CO2Me 1 equiv
CuCl  2.2 equiv, –20 ºC, 3 h

3. H+

Et

Et

Cl

Et

Et

MeO2C

CO2Me

H

71%

(53)

Håkansson’s group has synthesized both enantiomers of 1-
chloroindene from achiral starting materials with high selectivity,
and the reaction is free of optically active catalysts or auxiliaries.
This process involves the reaction between diindenylzinc reagents
with NCS.93
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Chlorotrimethylsilane1,2

ClSiMe3

[75-77-4] C3H9ClSi (MW 108.64)
InChI = 1/C3H9ClSi/c1-5(2,3)4/h1-3H3
InChIKey = IJOOHPMOJXWVHK-UHFFFAOYAM

(protection of silyl ethers,3 transients,5–7 and silylalkynes;8

synthesis of silyl esters,4 silyl enol ethers,9,10 vinylsilanes,13

and silylvinylallenes;15 Boc deprotection;11 TMSI generation;12

epoxide cleavage;14 conjugate addition reactions catalyst16–18)

Alternate Names: trimethylsilyl chloride; TMSCl.
Physical Data: bp 57 ◦C; d 0.856 g cm−3.
Solubility: sol THF, DMF, CH2Cl2, HMPA.
Form Supplied in: clear, colorless liquid; 98% purity; commer-

cially available.
Analysis of Reagent Purity: bp, NMR.
Purification: distillation over calcium hydride with exclusion of

moisture.
Handling, Storage, and Precautions: moisture sensitive and

corrosive; store under an inert atmosphere; use in a fume hood.

Original Commentary
Ellen M. Leahy
Affymax Research Institute, Palo Alto, CA, USA

Protection of Alcohols as TMS Ethers. The most common
method of forming a silyl ether involves the use of TMSCl and a
base (eqs 1–3).3,19–22 Mixtures of TMSCl and Hexamethyldisi-
lazane (HMDS) have also been used to form TMS ethers. Primary,
secondary, and tertiary alcohols can be silylated in this manner, de-
pending on the relative amounts of TMS and HMDS (eqs 4–6).23

O
O O

N3
OH

HO

TMSCl
Et3N

O
O O

N3
OTMS

TMSO
(1)

CH2Cl2
88%

OH

TMSCl
Li2S

OTMS (2)
MeCN
90%

TMSCl
K2CO3

Aliquat 336
88%

OH OTMS
(3)

OH

OH

OH

OH

OTMS

OH

HMDS (1.2 equiv)
(4)

TMSCl (0.1 equiv)

OH

OH

OH

OTMS

OTMS

OH

HMDS (1.3 equiv)
(5)

TMSCl (1.3 equiv)

OH

OH

OH

OTMS

OTMS

OTMS

HMDS (2.5 equiv)
(6)

TMSCl (2.5 equiv)
DMAP (cat)

Trimethysilyl ethers can be easily removed under a variety of
conditions,19 including the use of Tetrabutylammonium Fluoride
(TBAF) (eq 7),20 citric acid (eq 8),24 or Potassium Carbonate
in methanol (eq 9).25 Recently, resins (OH−and H+ form) have
been used to remove phenolic or alcoholic TMS ethers selectively
(eq 10).26

O
O O

OTMS
TMSO

TBAF
Et3N

CH2Cl2
THF

O
O O

OH
HO

(7)

CO2Me

OTMS

OH

CO2Me

OH

OH

citric acid

(8)

MeOH
100%

O OMe

OTMSTMSO

OTMS

TMSO K2CO3
O OMe

OTMSTMSO

OTMS

HO
(9)

MeOH
100%

TMSO
OTMS

TMSO
OH

HO
OTMS

Dowex 1-X8
resin (OH– form)

90%

Dowex CCR-2
resin (H+ form)

85%

(10)

Transient Protection. Silyl ethers can be used for the tran-
sient protection of alcohols (eq 11).27 In this example the hydroxyl
groups were silylated to allow tritylation with concomitant desi-
lylation during aqueous workup. The ease of introduction and
removal of TMS groups make them well suited for temporary
protection.
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O
N

N

O

NH2

OH

HO
O

N

N

O

NHTBTr

OH

HO

1. TMSCl
    2,6-lutidine
    DMF

91%

(11)
2. TBTrBr
3. H+

Trimethylsilyl derivatives of amino acids and peptides have
been used to improve solubility, protect carboxyl groups, and
improve acylation reactions. TMSCl has been used to prepare
protected amino acids by forming the O,N-bis-trimethylsilylated
amino acid, formed in situ, followed by addition of the acylating
agent (eq 12).5 This is a general method which obviates the pro-
duction of oligomers normally formed using Schotten–Baumann
conditions, and which can be applied to a variety of protecting
groups.5

CH2Cl2

1. FMOCCl

2. H2O

TMSCl
DIEA

H2N CO2H TMSHN CO2TMS

FMOCHN CO2H

89%

(12)

Transient hydroxylamine oxygen protection has been success-
fully used for the synthesis of N-hydroxamides.6 Hydroxylamines
can be silylated with TMSCl in pyridine to yield the N-substituted
O-TMS derivative. Acylation with a mixed anhydride of a pro-
tected amino acid followed by workup affords the N-substituted
hydroxamide (eq 13).6

HO
NH

R1
TMSCl

TMSO
NH

R1 R2 O O

O O

R2 N
OTMS

R1

O

R2 N
OH

R1

O

CH2Cl2

H+

(13)

pyridine

60–86%

Formation of Silyl Esters. TMS esters can be prepared
in good yields by reacting the carboxylic acid with TMSCl in
1,2-dichloroethane (eq 14).4 This method of carboxyl group pro-
tection has been used during hydroboration reactions. The organo-
borane can be transformed into a variety of different carboxylic
acid derivatives (eqs 15 and 16).7 TMS esters can also be reduced
with metal hydrides to form alcohols and aldehydes or hydrolyzed
to the starting acid, depending on the reducing agent and reaction
conditions.28

TMSCl

ClCH2CH2Cl
87%

Ph

CO2H

Ph

CO2TMS
(14)

CO2H
HO

CO2H
( )8

1. Et3N, TMSCl

73%

( )9
(15)

2. BH3, THF
3. H2O2, NaOH

CO2H
I

CO2H
( )8

1. Et3N, TMSCl

79%

( )9
(16)

2. BH3, THF
3. NaI

Protection of Terminal Alkynes. Terminal alkynes can be
protected as TMS alkynes by reaction with Butyllithium in THF
followed by TMSCl (eq 17).8 A one-pot β-elimination–silylation
process (eq 18) can also yield the protected alkyne.

1. n-BuLi, THF

80%
2. TMSCl

H O-t-Bu TMS O-t-Bu (17)

1. LDA, THF

74%
2. TMSCl

H

Br O-t-Bu

H
TMS O-t-Bu (18)

Silyl Enol Ethers. TMS enol ethers of aldehydes and sym-
metrical ketones are usually formed by reaction of the carbonyl
compound with Triethylamine and TMSCl in DMF (eq 19), but
other bases have been used, including Sodium Hydride29 and
Potassium Hydride.30

O

t-Bu

OTMS

t-Bu

TMSCl, Et3N
(19)

DMF
93%

Under the conditions used for the generation of silyl enol ethers
of symmetrical ketones, unsymmetrical ketones give mixtures of
structurally isomeric enol ethers, with the predominant product
being the more substituted enol ether (eq 20).10 Highly hindered
bases, such as Lithium Diisopropylamide (LDA),31 favor for-
mation of the kinetic, less substituted silyl enol ether, whereas
Bromomagnesium Diisopropylamide (BMDA)10 generates the
more substituted, thermodynamic silyl enol ether. A combination
of TMSCl/Sodium Iodide has also been used to form silyl enol
ethers of simple aldehydes and ketones32 as well as from α,β-
unsaturated aldehydes and ketones.33 Additionally, treatment of
α-halo ketones with Zinc, TMSCl, and TMEDA in ether provides
a regiospecific method for the preparation of the more substituted
enol ether (eq 21).34

O

(A)

OTMS

(B)

OTMS

(20)+

Reagents

LDA, DME; TMSCl
NaH, DME; TMSCl
Et3N, TMSCl, DMF
KH, THF; TMSCl
TMSCl, NaI, MeCN, Et3N
BMDA, TMSCl, Et3N

Ratio (A):(B)

 1:99
73:27
78:22
67:33
90:10
97:3  
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O
Cl

OTMS
Zn, TMSCl

(21)
TMEDA, Et2O

85%

Mild Deprotection of Boc Protecting Group. The Boc pro-
tecting group is used throughout peptide chemistry. Common
ways of removing it include the use of 50% Trifluoroacetic Acid
in CH2Cl2, Trimethylsilyl Perchlorate, or Iodotrimethylsilane
(TMSI).19 A new method has been developed, using TMSCl–
phenol, which enables removal of the Boc group in less than one
hour (eq 22).11 The selectivity between Boc and benzyl groups is
high enough to allow for selective deprotection.

TMSCl, phenol
(22)Boc-Val-OCH2-resin Val-OCH2-resin

20 min
100%

In Situ Generation of Iodotrimethylsilane. Of the published
methods used to form TMSI in situ, the most convenient involves
the use of TMSCl with NaI in acetonitrile.12 This method has been
used for a variety of synthetic transformations, including cleavage
of phosphonate esters (eq 23),35 conversion of vicinal diols to
alkenes (eq 24),36 and reductive removal of epoxides (eq 25).37

TMSCl, NaI

MeCN
78%

PBn OMe

O

OMe

PBn OH

O

OH

(23)

O

O

O

OH

O
OMe

OH

O

O

O

O
OMe

TMSCl, NaI

(24)

MeCN
90%

TMSCl, NaI
(25)O

MeCN
94%

Conversion of Ketones to Vinylsilanes. Ketones can be trans-
formed into vinylsilanes via intermediate trapping of the vinyl
anion from a Shapiro reaction with TMSCl. Formation of either
the tosylhydrazone38 or benzenesulfonylhydrazone (eq 26)13,39

followed by reaction with n-butyllithium in TMEDA and TMSCl
gives the desired product.

O TMS

1. PhSO2NHNH2

    p-TsOH, EtOH

88%

(26)
2. n-BuLi, TMEDA
    TMSCl

Epoxide Cleavage. Epoxides open by reaction with TMSCl
in the presence of Triphenylphosphine or tetra-n-butylammonium
chloride to afford O-protected vicinal chlorohydrins (eq 27).14

TMSCl, PPh3

CHCl3
99%

O
OTMS

Cl

(27)

Formation of Silylvinylallenes. Enynes couple with TMSCl
in the presence of Li/ether or Mg/Hexamethylphosphoric Tri-
amide to afford silyl-substituted vinylallenes. The vinylallene can
be subsequently oxidized to give the silylated cyclopentanone
(eq 28).15

H

Cl

H TMS
•

O

TMS

[O]1. Li, Et2O

80%

(28)

2. TMSCl

Conjugate Addition Reactions. In the presence of TMSCl,
cuprates undergo 1,2-addition to aldehydes and ketones to afford
silyl enol ethers (eq 29).16 In the case of a chiral aldehyde, addi-
tion of TMSCl follows typical Cram diastereofacial selectivity
(eq 30).16,40

Bu2CuLi
TMSCl

THF
75%

O TMSO Bu

(29)

Ph CHO
Bu2CuLi
TMSCl Ph

Bu

OTMS Ph

Bu

OTMS
+ (30)

9:1

THF
96%

Conjugate addition of organocuprates to α,β-unsaturated car-
bonyl compounds, including ketones, esters, and amides, are
accelerated by addition of TMSCl to provide good yields of the
1,4-addition products (eq 31).17,41,42 The effect of additives such
as HMPA, DMAP, and TMEDA have also been examined.18,43

The role of the TMSCl on 1,2- and 1,4-addition has been
explored by several groups, and a recent report has been published
by Lipshutz.40 His results appear to provide evidence that there is
an interaction between the cuprate and TMSCl which influences
the stereochemical outcome of these reactions.

O O
1. (EtCH=CH)2CuLi
    TMSCl, Et2O

(31)

86%
2. H2O

The addition of TMSCl has made 1,4-conjugate addition reac-
tions to α-(nitroalkyl)enones possible despite the presence of the
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acidic α-nitro protons (eq 32).44 Copper-catalyzed conjugate ad-
dition of Grignard reagents proceeds in high yield in the presence
of TMSCl and HMPA (eq 33).45 In some instances the reaction
gives dramatically improved ratios of 1,4-addition to 1,2-addition.

Bu2CuLi
TMSCl

THF
74%

O

NO2

OTMS

NO2
(32)

O MgBr OTMS

10% CuI
(33)

TMSCl
HMPA, THF

82%

First Update
Wenming Zhang
Dupont Crop Protection, Newark, DE, USA

Protection of Alcohols as TMS Ethers. Several new meth-
ods have been developed for the protection of alcohols as TMS
ethers. For example, TMS silyl ethers of alcohols and phenols can
be prepared efficiently by treatment of the alcohol or phenol with
TMSCl and catalytic amount of imidazole or iodine under the
solvent-free and microwave irradiation conditions.46 This trans-
formation proved to be reversible. Under the same microwave
conditions, treatment of the silyl ether in methanol and in the
presence of catalytic amount of iodine releases the parent alcohol
in quantitative yield.

In another new method, treatment of aliphatic alcohols with
TMSCl in DMF containing magnesium turnings at rt produces
the corresponding TMS silyl ethers in good to excellent yields.
This protocol provides a viable way to protect sterically hindered
alcohols as their TMS ethers. For example, O-silylation of ethyl
2-methyl-2-hydroxypropanate generates the desired TMS ether in
91% yield (eq 34).47

O

OH

O

O

O

O

TMS
Mg, TMSCl

(34)
DMF, rt, 91%

Mercaptans have been protected as trimethylsilylated sulfides
by treating the mercaptan first with a strong base such as n-
hexyllithium and then capturing the sulfide anion with TMSCl.48

Aldehydes have been converted into N-trimethylsilylimines by
sequential treatment with LiHMDS and TMSCl.49

Silyl Enol Ethers. α,α-Difluorotrimethylsilyl enol ethers can
be prepared through a Mg/TMSCl-promoted selective C–F bond
cleavage of the corresponding trifluoromethyl ketones. An α,α-
difluorinated analog of Danishefsky’s diene was prepared in good

yield when the ketone was exposed to excessive Mg/TMSCl in
DMF at 50 ◦C for 3 min (eq 35).50

F3C O
Bu-n

O

O
Bu-n

O
TMS

F

F

Mg, TMSCl
(35)

DMF, 50 °C, 3 min

Treatment of a vinyl ketone with TMSCl in THF provides the
corresponding 2-chloroenol TMS ether, which can be used to gen-
erate the Machenzie complex through reaction with Ni(cod)2, and
which can be further applied in several multicomponent assembly
reactions.51

Epoxide Cleavage. Chlorotrimethylsilane has been employed
in combination with various Lewis acids, such as SnCl2,52

BF3 · Et2O,53 and concentrated LiClO4 in ether,54 to open epoxide
rings and generate chlorohydrins or their derivatives. For example,
when glycidyl phenyl ether was reacted with TMSCl in the pres-
ence of SnCl2 as catalyst, the oxirane ring was cleaved to generate
two chlorohydrin regioisomers that were further transformed into
corresponding acetates (eq 36). In this particular case, the C3–O
bond cleavage is preferred due to stabilizing chelation of the tin(II)
cation by the 1-phenoxy oxygen. However, when glycidyl ben-
zoate was treated under the identical conditions, the C3–O bond
cleavage product now was obtained as the minor product (eq 37).
The major product came from the C2–O bond cleavage, due to the
neighboring benzoate group participation and rearrangement.

O
O

Ph

O
Ph

Cl

OAc

O
Ph

AcO

Cl

1. TMSCl, SnCl2, CH2Cl2, rt

(36)

88                          :                        12

+

2. AcCl, rt, 88%

O
O

Ph

O

OCl

OAc

Ph

O

ClAcO

O Ph

O

1. TMSCl, SnCl2, CH2Cl2, rt

(37)

20                         :                     80

2. AcCl, rt, 86%

It was demonstrated that the ring opening of expoxides with
TMSCl can also be facilitated by nucleophilic catalysts, such
as 1,2-ferrocenediylazaphosphinines,55 phosphaferrocenes, and
phosphazirconcenes.56 For example, in the presence of 5% of
1,2-ferrocenediylazaphosphinine, 1-hexene oxide was converted
into 1-chloro-2-hexanol in 97% yield with 100% regioselectivity
(eq 38). Various toluenesulfonyl aziridines also undergo a similar
ring opening reaction to produce the corresponding chloramine
derivatives under mild conditions in DMF.57 As solvent, DMF
also serves as an activator.
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P
N

O
Ph

Ph

On-Bu H

OHn-Bu

Cl

Cln-Bu

OH

Fe

(38)

TMSCl, cat

100                 :                     0

cat =

+

rt, 70 min. 97%

Related to the epoxide ring opening, TMSCl also medi-
ates some cyclopropane ring opening reactions. For example,
treatment of 1-aceto-2,2-dimethylcyclopropane with TMSCl and
sodium chloride in acetonitrile at 55 ◦C for 24 h generated
5-chloro-5-methyl-2-hexanone in 84% yield (eq 39).58 When
sodium iodide was employed to replace sodium chloride, iodotri-
methylsilane generated in situ, and the reaction completed under
more facile conditions (rt and 12 h). Interestingly, the dominant
product is 5-iodo-4,4-dimethyl-2-pentanone (eq 40), arising from
iodide attacking at the less hindered secondary methylene carbon,
instead of the quaternary dimethylmethylene carbon.

O

Cl

O O

Cl (39)

84%                   :                    0%

TMSCl, NaCl

CH3CN, 55 °C, 24 h

+

O

I

O O

I (40)

33%                   :                     47%

TMSCl, NaI

CH3CN, rt, 12 h

+

Conjugate Addition Reactions. Besides copper salts, a
number of other catalyst systems, such as Ni(acac)2/DIBAL,59

ZnEt2,60 InCl3,61 and Pd(PPh3)4/LiCl,62 catalyze Michael addi-
tion of various enones at the β-carbon to form new C–C bonds.
In addition to the formation of C–C bonds, FeCl3 · 6H2O, when
combined with a stoichiometric amount of TMSCl, can also cat-
alyze the aza-Michael addition to form new C–N bonds.63 For
example, in the presence of 5% of FeCl3 · 6H2O and 1.1 equiv of
TMSCl, stirring a mixture of 2-cyclohexenone and ethyl carba-
mate in dichloromethane provides an 89% yield of the protected
β-aminocyclohexanone (eq 41).

O

NH2CO2Et

O

NHCO2Et

TMSCl, (1.1equiv)
FeCl3·H2O (5%)

(41)
rt, 12 h, 89%

+

Cohen and Liu have examined the yield and selectivity enhance-
ment effects of TMSCl and TMSCl/HMPA on conjugate addition
of some stabilized organolithium reagents onto, particularly, eas-
ily polymerized α,β-unsaturated carbonyl compounds. The au-
thors proposed that the beneficial effect is due to the prevention of
1,2-addition and polymerization of the α,β-unsaturated carbonyl
compounds.64

The regiochemistry of 1,2- versus 1,4-addition of lithiated
N-Boc-N-(p-methoxyphenyl)benzylamine with 2-cyclohexenone
can be ligand controlled.65 In the absence of a ligand, the reac-
tion provides a 77% yield of the 1,2-addition product allylic alco-
hol (eq 42). When (−)-sparteine is premixed with n-BuLi before
lithiation, the reaction furnishes a 70% yield of the correspond-
ing 1,4-addition product. Furthermore, in the presence of TMSCl,
the same reaction now affords 82% yield of the Michael adduct,
with excellent diastereoselectivity (>99:1 dr) and enantioselec-
tivity (96:4 er) favoring the (S,S)-cyclohexanone.

N

Ph

Boc

Me
O

O

Ph

N

Boc

Ar
OH

O

Ph

N

Boc

Ar

O

Ph

N

Boc

Ar

n-BuLi, Ligand

(42)

Ligand
None                           77%                         5%
(-)-sparteine                  <5%                       70%                          -
(-)-sparteine + TMSCl       -                             -      82%, >99:1 dr, 94:6 er

Related to the copper-catalyzed Michael addition reaction, allyl
phosphates furnish substitution products via the anti SN2′ mech-
anism when treated with an appropriate Grignard reagent in the
presence of catalytic amount of CuCN and 1 equiv of TMSCl
(eq 43).66

CF3

Ph
Ph

F F

O
P

OEt

CF3 O

OEt
Ph

CF3

Ph

MeMgBr, TMSCl

86              :                    4                :                10

(43)

CuCN, Et2O, 0 °C, 73%

+ +

Anion Trap. Besides formation of silyl enol ethers, TMSCl
has also been applied to trap other oxide anions to form the
desired trimethylsilyl derivatives. For example, reaction of ethyl
4-phenylbutanoate with 1,1-dichloroethyllithium, which was gen-
erated from 1,1-dichloroethane and LDA, produced exclusively
the mixed acetal as expected in 86% yield in the presence of
TMSCl (eq 44).67 Without TMSCl, the reaction gave the corres-
ponding ketone as the final product. However, the yield is rather
low and the ketone was obtained in only 16% (eq 45). When the
same reaction run with methoxymethyl 4-phenylbutanoate, it
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always afforded the ketone as the final product, regardless of the
presence of TMSCl, although, the yield was improved dramati-
cally from 20% to 73% in the presence of the reagent (eq 46).

EtO
Ph

O

Ph

OTMS

OEt
Cl

Cl

Ph

O

Cl

Cl

CH3CHCl2, LDA 
TMSCl, HMPA

CH3CHCl2, LDA,
HMPA

(44)

(45)

THF, –78 °C, 
45 min, 86%

THF, –78 °C, 
45 min, 16%

MOMO
Ph

O

Ph

O

Cl

Cl

CH3CHCl2, LDA, HMPA

(46)

with TMSCl                                  73%
without TMSCl                             20%

THF, –78 °C, 45 min

Dehydrating Agent. TMSCl is also a suitable dehydrating
agent for scavenging water generated in various reactions. For
example, in the esterification of 5-methylpyrazinoic acid with n-
nonanol, a 44% yield of the desired ester can be distilled out
directly from the reaction mixture of the acid, alcohol, and TMSCl
(eq 47).68

N

N

O

O
C9H19-n

N

N

O

OH

(47)

n-C9H19OH
TMSCl (ex.)

+
reflux, 2 h, 44%

TMSCl also effects some dehydration cyclization reactions for
the formation of heterocyclic compounds. For example, in the
presence of TMSCl, boiling of N-benzoyl-α,β-dehydrophenyla-
lanine anilide in DMF leads to isolation of the cyclization product
imidazol-5-one in 80% yield (eq 48).69 Interestingly, the same
compound can be prepared by directly heating the corresponding
oxazolone and aniline, also in the presence of TMSCl, although
in somewhat lower yield (eq 49).

Ph
H
N

N
H

Ph

O

O

Ph

N

N
Ph Ph

O

Ph

TMSCl, DMF
(48)

125 °C, 1 h, 80%

N

N
Ph Ph

O

Ph

N

O
Ph

O

Ph

PhNH2, TMSCl, DMF
(49)

125 °C, 1 h, 65%

The combination of TMSCl and triethylamine provides an-
other choice of dehydrating agent. For example, stirring a mix-
ture of 1-nitronaphthyl tolyl sulfone, TMSCl, and triethylamine
in DMF at rt for 4 days provides the corresponding anthranil in
72% yield (eq 50).70 In a similar transformation, treatment of sub-
stituted ortho-nitroarylethanes with TMSCl and triethylamine in
DMF results in formation of 1-hydroxyindoles as the dehydra-
tion/cyclization product.71

NO2

SO2Tol

N

SO2Tol

O
TMSCl, TEA

(50)
DMF, 4 d, 72%

Chlorination. TMSCl has been used as the chloride source
in a variety of substitution reactions. For example, when 1-
bromoundecane is heated with stoichiometric amount of TMSCl
in DMF at 90 ◦C and in the presence of imidazole, a Finkelstein-
like reaction provides the corresponding 1-chloroundecane in
quantitative yield (eq 51).72

n-C11H23Br n-C11H23Cl
TMSCl, Im, DMF

(51)
90 °C, 1 h, 99%

In another example, treatment of an oxazoline ester with
TMSCl in THF at reflux leads to oxazoline ring opening and
furnishes the corresponding β-chloro-amino ester in quantitative
yield (eq 52).73 Treatment with TMSBr and TMSI at rt affords the
corresponding β-halo-amino esters in quantitative yield.

NO

Ph

O
Bn

O

HN

Cl O
Bn

O

Bz

(52)
TMSCl, THF

reflux, 99%

In a reaction generating β-halo-amino carboxylic acid deriva-
tives similar to the ones above, stirring a mixture of a serine amide
and TMSCl in acetonitrile at reflux for 8 h furnishes the β-chloro-
amino amide in 72% yield (eq 53).74 Treatment with TMSI results
in the same transformation, but provides only 20% yield of the de-
sired iodide.

AcHN
NHBn

OH

O

AcHN
NHBn

Cl

O (53)

reflux, 8 h, 72%

TMSCl, CH3CN

The above transformation of alcohols into chlorides does not
occur for simple alcohols unless a catalytic amount of DMSO is
added. Thus, addition of the catalyst into a mixture of 1-propanol
and TMSCl (2 equiv) at rt provides 1-chloropropane in 93% yield
in only 10 min (eq 54).75 The reaction also works for other primary
and tertiary alcohols, but not for secondary alcohols. The reaction
of secondary alcohols with TMSCl and a stoichiometric amount of
DMSO follows a procedure similar to that of the Swern oxidation
and the corresponding ketones are produced.76
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OH Cl (54)
TMSCl, DMSO (cat)

rt, 10 min, 93%

The TMSCl and DMSO combination can also be utilized to
convert thiols into the corresponding disulfides if a stoichiometric
amount of DMSO and a catalytic amount of TMSCl are used.
For example, addition of 0.05 equiv of TMSCl into a mixture of
thiophenol and DMSO in dichloromethane affords the diphenyl
disulfide product in 90% yield (eq 55).77

PhSH PhSSPh (55)
DMSO, TMSCl (cat)

rt, 30 min, 90%

TMSCl is also a suitable chlorine source for the electrophilic
chlorination reactions. For example, a combination of TMSCl,
DMSO, and a catalytic amount of Bu4NBr can be used for
the chlorination of isoxazolin-5(4H)-ones (eq 56).78 In another
report, the combination of TMSCl and iodobenzene diacetate
effectively converts various flavone derivatives into the corres-
ponding 3-chloroflavones under mild conditions.79

ON

O

OHN

O

Cl

TMSCl, TBAB (cat), DMSO

(56)

THF, 0–5 °C, 80%

TMSCl can be used as chlorine source for hydrochlorination
of olefins or acetylenes. For example, treatment of a mixture
of �9,10-octaline and a substoichiometric amount of water with
TMSCl furnishes the trans-hydrochlorination product in quanti-
tative yield (eq 57).80

H

Cl

(57)
TMSCl, H2O

rt, 5 h, 99%

In another reaction, in the presence of TMSCl and FeCl2 cata-
lyst, decomposition of propargyloxycarbonyl azide results in the
formation of an intramolecular syn-aminochlorination product un-
der mild conditions (eq 58).81

O

Ph

N3

O

NH
O

O

Ph
Cl

(58)
TMSCl, FeCl2

EtOH, rt 98%

H+++ Surrogate. TMSCl can function similarly to a Brønsted
acid or can generate a Brønsted acid in situ in various reactions.
For example, addition of 2 equiv of TMSCl and 2 equiv of water
to various nitriles furnishes the corresponding amides in good
yield under ambient conditions (eq 59).82 Furthermore, heating a

mixture of 2 equiv of TMSCl and an amide in an alcohol solvent
at 40 ◦C provides the corresponding ester in moderate to good
yield (eq 60).83 Finally, one-pot direct conversion of a nitrile into
the corresponding ester can be achieved by heating a mixture of
the nitrile and 2 equiv of TMSCl in the desired alcohol solvent at
50 ◦C (eq 61).84

CN

O

NH2 (59)
TMSCl, H2O

rt, 88%

O

O
Et

O

NH2
(60)

TMSCl, EtOH

40 °C, 5 h, 91%

O

O2N

Et

O
O2N

CN
(61)

TMSCl, EtOH

50 °C, 4 h, 92%

TMSCl has also been used as an efficient catalyst in acetaliza-
tion reactions to protect ketones as dioxalanes85 or thioacetals.86

Treatment of 4-methylidene-3,4-dihydro-2H-pyrrole by TMSCl
affords the corresponding pyrrole as the sole product (eq 62).87

Ph N
H
NPh (62)

TMSCl, CH2Cl2

rt, 30 min

A combination of TMSCl and triethylamine has allowed
the successful cyclization of several deoxybenzoins to form
isoflavones (eq 63), while a number of other protocols under either
basic or acidic conditions failed to provide the desired products.88

O

OMe

MeO

O

O
Et

O

O

OMe

O

OMe

MeO

O

O
Et

O

OMe

(63)

TMSCl, TEA

DMF, 160 °C, 78%

Lewis Acid. In addition to the numerous examples of the
type throughout this article, several specific examples of
TMSCl as a Lewis acid are given here. Addition of diethylzinc
to various imines is promoted by different Lewis acids, such as
TMSCl, BF3 · Et2O, and ZnCl2, to offer a variety of secondary
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amines (eq 64).89 The reaction is simple and effective and, un-
like the comparable additions to carbonyl compounds, no amino
alcohol is needed.

N

Ph H

Ph
HN

Ph

Ph

(64)
TMSCl, ZnEt2

PhMe, rt, 81%

TMSCl also promotes the Pummerer reaction. For example,
sequential addition LDA and TMSCl into a THF solution of
2-ethylbenzene sulfoxide produces 2-(1-hydroxy)-ethylbenzene
thioether in reasonable yield and excellent stereoselectivity
(eq 65).90 Interestingly, treatment of 2-methylbenzene sulfoxide
under the identical conditions gives 2-trimethylsilylmethylben-
zene sulfoxide (eq 66).

S
Tol

O

S
Tol

OH
(65)

LDA, THF, –78 °C

TMSCl, 70%

LDA, THF, –78 °C

TMSCl, 57%

S
Tol

O

S
Tol

TMS

O

(66)

In another example, addition of phenyl vinyl selenoxide into
a mixture of an indanedione, hexamethyldisilazane, and TMSCl
in dichloromethane affords the α-trimethylsiloxyselenide in 70%
yield (eq 67).91 The reaction proceeds through a sequence of
in situ formation of TMS silyl enol ether, Michael addition onto
the phenyl vinyl selenoxide, and seleno Pummerer rearrangement
of the resulting selenoxide. Trifluoroacetic anhydride and various
other trialkylchlorosilanes give the same product for this reaction,
but in much lower yields.

Ph

O

O
O

O

OTMS

Ph SePh

Se

O

(67)

1. TMSCl, (TMS)2NH

2.                          70%

The reactivity of nitrones is enhanced by addition of
TMSCl as well as TESCl and TMSOTf. Thus, stirring a mixture
of TMSCl, the benzylnitrone of propanal (1 equiv), and indole
(2 equiv) in dichloromethane at rt provides the bis-indole in good
yields (eq 68).92 In contrast, when equimolar amounts of TMSCl,
benzylnitrone, and indole are mixed, and pyridine is added into
the reaction mixture to trap hydrogen chloride liberated during the
reaction, the reaction gives the indole hydroxylamine as the major
product (eq 69).
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N
H
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Et

TMSCl, CH2Cl2

(68)

(1                 :                 2)

+
rt, 2 h, 85%
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H
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H
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H
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Et
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H

N

Et

Bn

OH

TMSCl, py

(69)

55%                                         14%

+

+

PhMe, rt, 2 h

NaBH444/TMSCl and NaBH333CN/TMSCl. TMSCl has been
combined with NaBH4 to alter its reducing ability and applied
to the reduction of a number of different functional groups. For
example, when this combination was mixed with a succimide in
ethanol at 0 ◦C, the corresponding mono- aminal was isolated in
good yield, with no further reduction product detected (eq 70).93

NMeO

Cl
O

O

NMeO

Cl
O

O

Et

(70)

NaBH4, TMSCl

EtOH, 0 °C, 65%

With the addition of a catalytic amount of (S)-α,α-diphenyl-
pyrrolidinemethanol, this reagent combination of NaBH4/TMSCl
has been successfully utilized in the enantioselective reduction of
various ketones. The chiral alcohols were produced in excellent
yields and very high enantiomeric excess (eq 71).94

O OH
N
H

Ph
Ph

OH

(71)
NaBH4, TMSCl

ee = 96%

THF, 25 °C, 98%

In the presence of acetic acid, the NaBH4/TMSCl combina-
tion is the reagent of choice for reductive amination of urea
and aromatic aldehydes. Either the mono-alkylated urea or the
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dialkylated urea can be obtained in good yields, depending on the
ratio of urea and the aldehyde (eq 72).95

O

H2N NH2
CHO

H2N N
H

Ar

O

N
H

N
H

O

Ar Ar (72)

NaBH4, TMSCl,

molar ratio
0.5        :          1                                                 75%
20         :          1               94%                           6%

AcOH, rt

NaBH3CN/TMSCl is another reducing agent combination that
has been studied. With this reagent system, aldehydes, ketones,
and acetals attached to benzo[b]furans or activated aromatic rings,
such as methoxyphenyl rings, are completely deoxygenated to
produce the corresponding alkyl arenes (eq 73).96 When at-
tached to nonactivated or deactivated aromatic rings, such as
chlorophenyl and nitrophenyl rings, those aldehydes, ketones, and
acetals groups are reduced to the alcohol or ether stage upon treat-
ment with NaBH3CN/TMSCl (eq 74). Ethyl and methyl benzo-
furoate esters are completely inactive under the same reaction
conditions.

O O

O

OMe

O

OMe

(73)
NaBH3CN, TMSCl

CH3CN, rt, 24 h, 83%

O

O

O (74)
NaBH3CN, TMSCl

CH3CN, rt, 24 h, 78%

This reduction system also provides an alternative choice for the
selective regeneration of alcohols from the corresponding allylic
ethers, while nitro, ester, carbamate, and acetal groups maintain
intaction under the reaction conditions (eq 75).97

O

N
Boc

OH

N
Boc

(75)
NaBH3CN, TMSCl

CH3CN, 0 °C to rt, 90%

Additive in Various Reduction Systems. TMSCl has been
employed in many different reduction systems to improve the re-
activity and/or increase the selectivity. The reagent has been used
to activate zinc dust98 or as additive for Reformatskii reactions.99

While less reactive than Mg/TMSCl combination, the Zn/TMSCl
combination proved to be the preferred reagent system for large
scale and high concentrated preparation of diamines through the
pinacol coupling of two molecules of imines (eq 76).100

Ph N
N
H

H
NPh

Ph N
H

H
NPh

Ph

Zn, TMSCl

1              :               1

(76)+
CH3CN, 35 °C, 97%

A catalytic amount of TMSCl can substitute for toxic HgCl2 as
an excellent activating agent in the preparation of SmI2, and also
in Sm-promoted cyclopropanation of both allylic and α-allenic
alcohols.101 The Sm/TMSCl reduction system has been explored
in the pinacol coupling reaction of aromatic carbonyl compounds,
reductive dimerization/cyclization of 1,1-dicyanoalkenes,102 de-
bromination of vicinal dibromides to produce (E)-alkenes, and re-
ductive coupling of sodium thiosulfates to generate disulfides.103

TMSCl has been combined with various metals and used in a
variety of reactions, such as in combination with Na in acyloin
condensation,104 with Ti or Ti/Zn in the McMurry reaction and
deoxygenation of epoxides,105 and with Mn/PbCl2 in three com-
ponent coupling of alkyl iodides, electron-deficient olefins, and
carbonyl compounds (eq 77).106 The reagent has also been used in
reductive ring opening of sugar-rings,107 with La/I2/CuI in deoxy-
genative dimerization of benzylic and allylic alcohols, ethers, and
esters (eq 78),108 with In to selectively reduce β-nitrostyrenes to
α-phenyl-α-methoxy oximes,109 with CHI3/Mn/CrCl2 to convert
aldehydes into the corresponding homologated (E)-1-alkenyltri-
methylsilanes,110 and with CrCl2/H2O to transform terminal
ynones and aldehydes into 2,5-disubstituted furans through the
Baylis-Hillman type adduct intermediate and its subsequent
cyclization (eq 79).111

THF-DMF (2:1), 25 °C, 30 min, 86%

Mn, PbCl2 (cat), TMSCl (cat)i-PrI CN

O

i-Pr
CN

OH
(77)

+ +

MeO

OH

MeO

OMe

(78)

La, TMSCl, I2 (cat)

CuI (cat), CH3CN, 67%

PhCHO

O

OPh

CrCl2, TMSCl, H2O

(79)

+
THF, 25 °C, 24 h, 70%

TMSCl, in combination with Mn and a catalytic amount of
CrCl2 can mediate the addition of various organic halides and
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alkenyl triflates to aldehydes to form the corresponding sec-
ondary alcohols.112 In particular, regardless of the configuration of
the crotyl bromide, addition of this bromide to various aldehy-
des always generates anti-configurated homoallyl alcohols with
excellent diastereomeric excess and in good yields (eq 80). It
was demonstrated that, as catalyst, CrCl3 is equally efficient
and is preferred for practical reasons. Chromocene (Cp2Cr) or
CpCrCl2 · THF further upgrades the number of turnovers at
chromium. This reduction system has also been used to produce
3-substituted furans in good yields via reductive annelation of
1,1,1-trichloroethyl propargyl ethers (eq 81).113

Br n-C5H11CHO

n-C5H11

OH

n-C5H11

OH

Mn, TMSCl, CrCl2(cat)

92                       :                         8

(80)

THF, rt, 84%
+

+

O

Cl3C

O
(81)

Mn, TMSCl, CrCl2(cat)

THF, 60 °C, 85%

The Mg/TMSCl combination in DMF is another reducing
system to be thoroughly studied. When treated with this redu-
cing system, aromatic carbonyl compounds are converted into
α-trimethylsilylalkyl trimethylsilyl ethers, generally, in reason-
able to good yield.114 When bis(chlorodimethylsilyl)ethane or
1,5-dichlorohexamethyltrisiloxane is used instead, the corres-
ponding cyclic silylalkyl silyl ether is formed in moderate to good
yield (eq 82).115

Ph

O

Cl
Si

Si
Cl O

Si

Si

Ph (82)
Mg, DMF

+
rt, 20 h, 43%

Reactions of various activated alkenes with Mg/TMSCl in
DMF system have been explored as well. When treated with this
reduction mixture, α-substituted arylvinyl sulfones affords (E)-
β-substituted styrenes in high stereoselectivity and reasonable
yields, through the desulfonation reaction (eq 83).116 Under the
reaction conditions, α,β-unsaturated ketones undergo facile and
regioselective reductive dimerization to afford the correspond-
ing bis(silyl enol ethers), that is, 1,6-bis(trimethylsilyloxy)-1,5-
dienes (eq 84).117 In contrast, α,β-unsaturated esters or α,β-
epoxy esters were converted into β-trimethylsilyl esters when
Mg/TMSCl in HMPA was used instead.118 In the presence
of an electrophile, such as an acid anhydride or acid chlo-
ride, α,β-unsaturated carbonyl compounds,119 vinylphosphorus
compounds,120 and stilbenes and acenaphthylenes all experience
a reductive cross-coupling reaction to give β-C-acylation prod-
ucts (eq 85).121 Under these conditions, the reaction between
ethyl β-arylacrylates and an aldehyde furnishes the correspond-

ing γ-hydroxyester as the intermediate product, which is further
converted into a β-aryl-γ-lactone as final product (eq 86).122 In
general, the trans γ-lactone is obtained as the preferred product.

H
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Ph

H Ph

Ph

SO2Tol

Mg, TMSCl
(83)

DMF, 85%

O OTMSTMSO
(84)

Mg, TMSCl, DMF

5 °C, 61%

O
(CH3CO)2O

Mg, TMSCl, DMF
(85)+

H2O, 10 °C, 80%

CO2Et

H

O

O
O

(86)

Mg, TMSCl

cis/trans = 1/1.7

+
DMF, 94%

Mg/TMSCl has also been applied to reduce Ti(O-i-Pr)4 and
generate a low-valent titanium species, which can mediate allyl
and propargyl ether cleavage reactions to produce the correspond-
ing aliphatic or aromatic alcohols (eq 87).123 Selective cleavage
of a propargyl ether in the presence of an allyl ether was made
possible through addition of 2 equiv of ethyl acetate (eq 88).

O

O

O

OH

Mg (2 equiv), TMSCl (0.15 equiv)
Ti(O-i-Pr)4 (0.1 equiv)

(87)
THF, rt, 100%

O

O

OH

O

Mg (2 equiv), TMSCl (1 equiv)
Ti(O-i-Pr)4 (1 equiv)

(88)
EtOAc (2 equiv), THF, rt, 91%

Additive in Miscellaneous Reactions. Concurrent addition
of TMSCl and an enol triflate into a preformed Boc-protected



118 CHLOROTRIMETHYLSILANE

α-aminoalkyl cuprate results in formation of Boc-protected
secondary allylamine in good yield (eq 89).124

OTf

N

Boc

N

Boc
(89)

1. s-BuLi, sparteine, CuCN
+

2. TMSCl, THF, –78 °C, 89%

Treatment of terminal acetylenes with hydrogen iodide, gen-
erated in situ from TMSCl, sodium iodide, and water, provides
a highly regioselective synthesis of 2-iodo-1-alkenes. Followed
by addition of cuprous cyanide, the protocol offers a convenient
one-pot preparation of 2-substituted acrylonitriles in fair to good
yield (eq 90).125 In contrast, when the reaction with arylacetylene
proceeds in DMSO and with catalytic amount of sodium iodide,
the 3-arylpropynenitrile is obtained as the preferred product.126

Ph H

Ph

NC
Ph

CN (90)

99            :              1

1. NaI, TMSCl, H2O, CH3CN, rt

2. CuCN, NMP, 100 °C, 78%

+

In the presence of TMSCl and ZnCl2, Zn(Hg) can convert ortho
formates, or acetals into organozinc carbenoid species, which then
undergo a variety of reactions, such as cyclopropanation.127 N-
Diethoxymethyl amides function similarly and give amidocyclo-
propanation reactions,128 or diastereoselective amidocyclopropa-
nations if a chiral auxiliary is incorporated into the original amide
(eq 91).129

Fmoc

H
N

OEt

O

N O

O

EtO

OEt

Ph Ph

Fmoc

H
N

OEt

O

N O

O

Ph Ph

H

H
(91)

Zn(Hg), TMSCl, ZnCl2
+

Et2O, CH2Cl2, 70%

TMSCl is a suitable additive for some Rh-130 and FeCl2-131

catalyzed diazo decomposition reactions. TMSCl itself can also
convert β-trimethylsiloxy α-diazocarbonyl compounds into a
mixture of α-chloro-β,γ-unsaturated and γ-chloro-α,β-
unsaturated carbonyl compounds.132

In a number of multicomponent condensation reactions,
TMSCl has also been utilized to improve the yield or efficacy
of the desired product, or is directly incorporated into the final
molecules. Examples include the synthesis of N-aryl-3-arylamino
acids from a three-component reaction of phenols, glyoxylates,
and anilines,133 preparation of 2,4,5-trisubstituted oxazoles,134 or
4-cyanooxazoles,135 and the three-component Biginelli reaction

(eq 92) and Biginelli-like Mannich reaction of carbamates, alde-
hydes, and ketones.136

EtO

O

O
Ph H

O

H2N NH2

O

N
H

NH

O Ph

EtO

O

CH3CN

FeCl3 · H2O, TMSCl

(92)

+ +

In the presence of TMSCl, various sulfides are oxidized by KO2

to afford sulfoxides in excellent yields, with little further oxidation
to the sulfones (eq 93).137 A trimethylsilylperoxy radical species
is proposed to mediate the reaction. When promoted by a Lewis
acid such as SnCl4, (SnO)n, or Zr(O-i-Pr)4, bis(trimethylsilyl)
peroxide (BTSP) and TMSCl convert olefins into chlorohydrins
(eq 94).138 Replacing TMSCl with TMS acetate furnishes the cor-
responding acetoxy alcohols as the final product. Stirring a mix-
ture of allenic zinc reagents, TMSCl, and ZnCl2 under an oxygen
atmosphere produces propargyl hydroperoxides regioselectively;
further transformation to the corresponding propargyl alcohols is
achieved with Zn and hydrochloric acid.139

Me
S

Ph
Me

S
Ph

O

Me
S

Ph

O

O

(93)
KO2, TMSCl

93% 1%

CH3CN, –15 °C
+

OH

Cl

(94)
1. SnCl4 (10%), BTSP, TMSCl, CH2Cl2

2. HCl, CH3OH, 61%

A mixture of an inorganic nitrate salt and TMSCl promotes
the ipso-nitration of arylboronic acids to the corresponding ni-
troarenes in moderate to excellent yields, with high regioselectiv-
ity (eq 95).140 Treatment of various secondary nitro compounds
subsequently with 1 equiv of KH and then a catalytic amount of
TMSCl furnishes the corresponding ketones in good to excellent
yields.141 In the Lewis acid mediated carboxylation of aromatic
compounds with CO2, addition of a large excess of TMSCl sig-
nificantly improves the yields of the resulting aromatic carboxylic
acids.142

B(OH)2 NO2

(95)
AgNO3, TMSCl

CH2Cl2, rt, 30 h, 98%

Upon addition of TMSCl, the yield dramatically increased
from 21% to 91% for the palladium-catalyzed intramolecular con-
version of methyl 3-oxo-6-heptenonate to 2-carbomethoxycyclo-
hexanone (eq 96).143 In this particular case, however, hydrogen
chloride, generated from hydrolysis of TMSCl with adventitious
moisture, was identified as the active promoter. Thus, in a sim-
ilar cyclization reaction, addition of hydrogen chloride, instead
of TMSCl, provided the desired product with comparable yield
(eq 97).
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OMe

O O

OMe

O O

(96)
PdCl2(CH3CN)2 (0.1 equiv)

TMSCl
     -                                    21%
2–3 equiv                           91%

dioxane, 25 °C

Ph

O

Ph

O

(97)
PdCl2(CH3CN)2 (0.1 equiv)

CuCl2 (1 equiv), TMSCl (2–3 equiv)               78%
CuCl2 (0.3 equiv), HCl (0.1 equiv)                  79%

dioxane, 70 °C
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Chlorotris(triphenylphosphine)-
rhodium(I)

RhCl(PPh3)3

[14694-95-2] C54H45ClRhP3 (MW 925.24)
InChI = 1/3C18H15P.ClH.Rh/c3*1-4-10-16(11-5-1)19(17-12-6-

2-7-13-17)18-14-8-3-9-15-18;;/h3*1-15H;1H;/q;;;;+1/
p-1/f3C18H15P.Cl.Rh/h;;;1h;/q;;;-1;m/r3C18H15P.Cl
Rh/c3*1-4-10-16(11-5-1)19(17-12-6-2-7-13-17)18-14-
8-3-9-15-18;1-2/h3*1-15H;

InChIKey = IXAYKDDZKIZSPV-KIDOFKJHCK

(catalyst precursor for many reactions involving alkenes, alkynes,
halogenated organics, and organometallic reagents; notably
hydrogenations, hydrosilylations, hydroformylations, hydrobora-
tions, isomerizations, oxidations, and cross-coupling processes)

Alternate Name: Wilkinson’s catalyst.
Physical Data: mp 157 ◦C. It exists in burgundy-red and or-

ange polymeric forms, which have identical chemical properties
(as far as is known).

Solubility: about 20 g L−1 in CHCl3 or CH2Cl2, about 2 g L−1 in
benzene or toluene; much less in acetic acid, acetone, methanol,
and other aliphatic alcohols. Virtually insol in alkanes and
cyclohexane. Reacts with donor solvents like DMSO, pyridine,
and acetonitrile.

Form Supplied in: burgundy-red powder, possibly containing
excess triphenylphosphine, triphenylphosphine oxide, and
traces of rhodium(II) and -(III) complexes.

Analysis of Reagent Purity: 31P NMR displays resonances for
the complex in equilibrium with dissociated triphenylphosphine
(CH2Cl2, approximate δ ppm: 31.5 and 48.0 {J values: Rh–P1

−142 Hz; Rh–P2 −189 Hz; P1–P2 −38 Hz} shifted in the pres-
ence of excess PPh3).3 Triphenylphosphine oxide contaminant
can also be observed (CH2Cl2, δ ppm: 29.2) but paramagnetic
impurities are generally not evident. In rhodium NMR a signal
is observed at −1291 ppm.

Preparative Methods: good quality material can be obtained us-
ing the latest Inorganic Syntheses procedure,4 with careful ex-
clusion of air. Recrystallization is not recommended.

Handling, Storage, and Precautions: the complex should be
stored at reduced temperature under dinitrogen or argon. It
oxidizes slowly when exposed to air in the solid state, and faster
in solution. Such partial oxidation can influence the catalytic
efficacy. Consequently, the necessary precautions are governed
by the reaction in question. For mechanistic and kinetic
studies, reproducible results may only be obtained if the cata-
lyst is freshly prepared and manipulated in an inert atmosphere;
even the substrate should be treated to remove peroxides. For
hydrogenations of alkenes on a preparative scale, complex that
has been handled in the air for very brief periods should be
active, but competing isomerization processes may be enhanced
as a result of partial oxidation of the catalyst. At the other
extreme, exposure to air just before use is clearly acceptable
for oxidations in the presence of O2 and t-BuOOH.

Original Commentary
Kevin Burgess & Wilfred A. van der Donk
Texas A&M University, College Station, TX, USA

Background.1 In solution, Wilkinson’s catalyst is in equilib-
rium with the 14e species RhCl(PPh3)2 (1) and triphenylphos-
phine. The 14e complex is far more reactive than the parent
material; consequently it is the reactive entity most likely to
coordinate with the substrate and/or the reagents. Generally, the
catalytic cycles involving this material then proceed via a cascade
of oxidative addition, migratory insertion, and reductive elimina-
tion reactions. The postulated mechanism for the hydrogenation
of alkenes illustrates these features (Scheme 1), and is typical of
the rationales frequently applied to comprehend the reactivity of
RhCl(PPh3)3. Other types of transformations may be important
(e.g. transmetalations), and the actual mechanisms are certainly
more complicated in many cases; nevertheless, the underlying
concepts are similar.

HRh
Cl
H

PPh3

PPh3 R

HRh

PPh3

PPh3

H
Cl

R

R
H

H

HRhCl
PPh3

PPh3

R

H

Scheme 1  Simplified mechanism for alkene hydrogenations 
mediated by RhCl(PPh3)3

H H
coordination

migratory
insertion

reductive
elimination

[RhCl(PPh3)2]
(1)

oxidative
addition

– PPh3

+ PPh3

RhCl(PPh3)3

Two important conclusions emerge from these mechanistic con-
siderations. First, RhCl(PPh3)3 is not a catalyst in the most rigor-
ous sense, but a catalyst precursor. This distinction is critical to
the experimentalist because it implies that there are other ways to
generate catalytically active rhodium(I) phosphine complexes in
solution. Wilkinson’s ‘catalyst’ is a convenient source of homo-
geneous rhodium(I); it has been extensively investigated because
it is easily obtained, and because it was discovered early in the de-
velopment of homogeneous transition metal catalysts. However,
for any transformation there always may be better catalyst precur-
sors than RhCl(PPh3)3. Secondly, reactions involving a catalytic
cycle such as the one shown in Scheme 1 are inherently more com-
plicated than most in organic chemistry. Equilibria and rates for
each of the steps involved can be influenced by solvent, tempera-
ture, additives, and functional groups on the substrate. Competing
reactions are likely to be involved and, if they are, the perfor-
mance of the catalytic systems therefore is likely to be sensitive
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to these parameters. Consequently, the purity of the Wilkinson’s
catalyst used is an important factor. Indeed, less pure catalyst oc-
casionally gives superior results because removal of a fraction of
the triphenylphosphine in solution by oxidation to triphenylphos-
phine oxide gives more of the dissociation product (1).

In summary, practitioners of organometallic catalysis should
consider the possible mechanistic pathways for the desired trans-
formation, then screen likely catalyst systems and conditions until
satisfactory results are obtained. Wilkinson’s catalyst is one of the
many possible sources of homogeneous rhodium(I).

Hydrogenations. Wilkinson’s catalyst is highly active for
hydrogenations of unconjugated alkenes at ambient temperatures
and pressures. Steric effects are important insofar as less hindered
alkenes react relatively quickly, whereas highly encumbered
ones are not reduced (eq 1).5 Hydrogen in the presence of
RhCl(PPh3)3 under mild conditions does not reduce aromatic
compounds, ketones, carboxylic acids, amides, or esters, nitriles,
or nitro (eq 2) functionalities. Moreover, hydrogenations mediated
by Wilkinson’s catalyst are stereospecifically cis (eq 1). These
characteristics have been successfully exploited to effect chemo-,
regio-, and stereoselective alkene reductions in many organic
syntheses (eqs 1–3). For instance, steric effects force delivery of
dihydrogen to the least hindered face of the alkene in (eq 3).6

eq 4 illustrates that 1,4-cyclohexadienes can be reduced with
little competing isomerization/aromatization,7 unlike many other
common hydrogenation catalysts.5

H

AcO

i-Pr

Et

D2

H

AcO

i-Pr

Et

D
D

(1)

cat RhCl(PPh3)3

Ph
NO2

H2

Ph
NO2 (2)

cat RhCl(PPh3)3

O

OMe

OTr

O

OMe

OTr

(3)
cat RhCl(PPh3)3

H2, benzene

H2

CO2Me H2

CO2Me CO2Me

cat PtO2

(4)

+

96:4

cat RhCl(PPh3)3

49:26

Strongly coordinating ligands can suppress or completely in-
hibit hydrogenations mediated by Wilkinson’s catalyst; examples

include 1,3-butadiene, many phosphorus(III) compounds, sul-
fides, pyridine, and acetonitrile. Similarly, strongly coordinating
substrates are not hydrogenated in the presence of Wilkinson’s cat-
alyst, presumably because they bind too well. Compounds in this
category include maleic anhydride, ethylene, some 1,3-dienes, and
some alkynes. Conversely, transient coordination of functional
groups on the substrate can be useful with respect to directing
RhCl(PPh3)3 to particular regions of the molecule for stereos-
elective reactions. However, in directed hydrogenations Wilkin-
son’s catalyst is generally inferior to more Lewis acidic cationic
rhodium(I) and iridium(I) complexes.8 The activity of Wilkinson’s
catalyst towards hydrogenation of alkenes has been reported to be
enhanced by trace quantities of oxygen.9

Hydrogenations of alkynes mediated by Wilkinson’s catalyst
generally give alkanes. Cis-alkene intermediates formed in such
reactions tend to be more reactive than the alkyne substrate, so this
is usually not a viable route to alkenes. Some alkynes suppress the
catalytic reactions of RhCl(PPh3)3 by coordination. Nevertheless,
hydrogenation of alkynes mediated by RhCl(PPh3)3 can be useful
in some cases, as in eq 5 in which the catalyst tolerates sulfox-
ide functionalities and gives significantly higher yields than the
corresponding reduction catalyzed by Palladium on Barium
Sulfate.10

S
p-Tol

C6H13

O

S
p-Tol

C6H13
O

(5)
:

cat RhCl(PPh3)3

: H2, C6H6

Wilkinson’s catalyst can mediate the hydrogenation of allenes
to isolated alkenes via reduction of the least hindered bond.11

Di-t-butyl hydroperoxide is ‘hydrogenated’ to t-BuOH in the pres-
ence of RhCl(PPh3)3, though this transformation could occur via
a radical process.12

Hydrogen Transfer Reactions. Wilkinson’s catalyst should
lower the energy barrier for dehydrogenations of alkanes to
alkenes since it catalyzes the reverse process, but no useful trans-
formation of this kind have been discovered. Presumably, the
activation energy for this reaction is too great since alkanes have
no coordinating groups. Alcohols and amines, however, do have
ligating centers, and can dehydrogenate in the presence of Wilkin-
son’s catalyst. These reactions have been used quite often, mostly
from the perspective of hydrogen transfer from an alcohol or amine
to an alkene substrate, although occasionally to dehydrogenate al-
cohols or amines.

2-Propanol solvent under basic conditions has been exten-
sively used to transfer hydrogen to alkenes and other substrates.
Elevated temperatures are usually required and under these condi-
tions RhCl(PPh3)3 may be extensively modified prior to the catal-
ysis. Ketones, alkenes (eq 6), aldimines (eq 7),13 nitrobenzene,
and some quinones are reduced in this way.

cat RhCl(PPh3)3

O OH

cat RhCl(PPh3)3

OH

(6)
i-PrOH, KOH i-PrOH, KOH
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CN

NPh

CN

NPh

(7)
cat RhCl(PPh3)3

K2CO3, i-PrOH, reflux

Wilkinson’s catalyst mediates a Cannizzaro-like process with
benzaldehyde in ethanol; the aldehyde serves as a dihydrogen
source to reduce itself, and the benzoic acid formed is esterified
by the solvent (eq 8).14 Pyrrolidine is N-methylated by methanol
in the presence of RhCl(PPh3)3, a reaction that presumably
occurs via hydrogen transfer from methanol, condensation of the
formaldehyde formed with pyrrolidine, then hydrogen transfer to
the iminium intermediate (eq 9).15

(8)Ph O Ph OEt

O

Ph OH+
K2CO3, EtOH, reflux

cat RhCl(PPh3)3

MeOH, reflux
NH NMe (9)

cat RhCl(PPh3)3

Hydrosilylations.16 Wilkinson’s catalyst is one of several
complexes which promote hydrosilylation reactions, and it often
seems to be among the best identified.17 However, hydrosilyla-
tions with RhCl(PPh3)3 tend to be slower than those mediated by
H2PtCl6. Good turnover numbers are observed, the catalyst even-
tually being inactivated by P–C bond cleavage reactions at the
phosphine,18 and other unidentified processes. Catalysts without
phosphine ligands may be even more robust than RhCl(PPh3)3

because they are unable to decompose via P–C bond cleavage.19

Wilkinson’s catalyst is relatively efficient with respect to conver-
ting silanes to disilanes.20 The latter reaction could be useful in
its own right but in the context of hydrosilylation processes it
means that the product yields based on the silane are less than
quantitative.

For hydrosilylation of alkenes, the reaction rate increases with
temperature and hence many of these reactions have been per-
formed at 100 ◦C. Higher reaction rates are obtained for silanes
with very electronegative substituents and low steric require-
ments (e.g. HSi(OEt)3 > HSi(i-Pr)3). Terminal alkenes usually are
hydrosilylated in an anti-Markovnikov sense to give terminal
silanes. Internal alkenes tend not to react (e.g. cyclohexene), or iso-
merize to the terminal alkene which is then hydrosilylated (eq 10).
Conversely, terminal alkenes may be partially isomerized to un-
reactive internal alkenes before the addition of silane can occur.
1,4-Additions to dienes are frequently observed, and the product
distributions are extremely sensitive to the silane used (eq 11).

HSiMe2Ph
Et Et Et SiMe2Ph

(10)
or

cat RhCl(PPh3)3

HSiR3
R3Si +

SiR3
(11)

cat RhCl(PPh3)3

α,β-Unsaturated nitriles are hydrosilylated, even γ-substituted
ones, to give 2-silyl nitriles with good regioselectivity (eq 12).21

Secondary alkyl silanes are also formed in the hydrosilylation
of phenylethylene. In fact, the latter reaction has been studied
in some detail, and primary alkyl silanes, hydrogenation product
(i.e. ethylbenzene), and E-2-silylphenylethylenes are also formed
(eq 13).22 Equimolar amounts of ethylbenzene (2) and E-2-silyl-
phenylethylene (4) are produced, implying these products arise
from the same reaction pathway. It has been suggested that this
involves dimeric rhodium species because the relative amounts
of these products increase with the rhodium:silane ratio; how-
ever, competing radical pathways cannot be ruled out. Certainly,
product distributions are governed by the proportions of all the
components in the reaction (i.e. catalyst, silane, and alkene), and
the reaction temperature. Side products in the hydrosilylation of
1-octene include vinylsilanes and allylsilanes (eq 14).23,24

HSiR3
CN CN

SiR3

(12)
cat RhCl(PPh3)3

Ph

Ph Ph
SiEt3 Ph

SiEt3
Ph

SiEt3
(13)

HSiEt3, 50 °C

+ + +

(2) (3) (4) (5)

mol % catalyst
3.1

  0.12

(2):(3):(4):(5)
 39:  34: 43:   3
   3:  25:   2: 47

cat RhCl(PPh3)3

C6H11

C6H11C6H11
MeR2Si

(14)

2.3 mol % RhCl(PPh3)3

+

5%

C6H11
MeR2Si

MeR2Si C5H9

3%

MeR2Si

C5H9

MeR2SiH  +

+

+ +

60% 32%

80–85 °C

Hydrosilylation of alkynes gives both trans products
(i.e. formally from cis addition), and cis products (from either
isomerization or trans addition); H2PtCl6, however, gives almost
completely cis addition to trans products.25 Moreover, CC–H
to CC–SiR3 exchange processes can occur for terminal alkynes
giving 6 (eq 15).25–27 The product distribution in these reac-
tions is temperature dependent, and other factors may be equally
important. Nonstereospecific transition metal catalyzed hydro-
silylations of alkynes are not confined to Wilkinson’s catalyst, and
the origin of the trans addition product has been investigated in
detail for other homogeneous rhodium and iridium complexes.19

HSiEt3

(6)

+

Ph

(9)

Ph SiEt3

temperature
65 °C
80 °C

Ph

SiEt3

(6):(7):(8):(9)
   4:  31: 57: 8
   3:  55: 35: 7

Ph
SiEt3

Ph

SiEt3
(15)

(7)

+ +

(8)

cat RhCl(PPh3)3
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Hydrosilylation of terminal alkenes has been used in a poly-
merization process to form new polymeric organic materials.28

Hydrosilylation of α,β-unsaturated aldehydes and ketones gives
silylenol ethers via 1,4-addition, even when the 4-position is rel-
atively hindered.29 Hydrolysis of the silyl enol ethers so formed
gives saturated aldehydes. Combination of these reduction and
hydrolysis steps gives overall reduction of alkenes conjugated to
aldehydes, in selectivities which are generally superior to those ob-
tained using hydridic reducing agents (eqs 16 and 17). Dihydrosi-
lanes tend to reduce α,β-unsaturated carbonyl compounds to the
corresponding alcohols, also with good regioselectivity (eq 18).

O
hydrolysis

OSiEt3

(16)

OHSiEt3

net conjugate reduction

cat
RhCl(PPh3)3

O

OSiEt3

D
(17)

DSiEt3

cat RhCl(PPh3)3

(18)
O OHH2SiEt2

cat RhCl(PPh3)3

Similar hydrosilylations of α,β-unsaturated esters are useful
for obtaining silyl ketene acetals with over 98:2 (Z) selectivity
(eq 19);30 this transformation is complementary to the reaction of
α-bromo esters with zinc and chlorotrialkylsilanes, which favors
the formation of the corresponding (E) products.30 In cases where
(E):(Z) stereoselectivity is not an issue, Rhodium(III) Chlo-
ride (RhCl3·6H2O) may be superior to Wilkinson’s catalyst.31

Unconjugated aldehydes and ketones are reduced by silanes in
the presence of RhCl(PPh3)3; trihydrosilanes react quicker than
di- than monohydrosilanes.32,33

OMe

O

OMe

OSiPh3

(19)
HSiPh3

cat RhCl(PPh3)3

Alcohols (eq 20)34 and amines (eq 21)35 react with silanes in
the presence of Wilkinson’s catalyst to give the silylated com-
pounds and, presumably, hydrogen. These reactions are useful in
protecting group strategies.

cat RhCl(PPh3)3
(20)Ph2SiH2  +  MeOH Ph2SiH(OMe)  +  H2

Si
H

H
Si

MeMe

Me Me

H2N Br

Si
N

Si
Br

MeMe

Me Me

+

(21)

cat RhCl(PPh3)3

N,N-Dimethylacrylamide and triethylsilane combine in the
presence of Wilkinson’s catalyst (50 ◦C) to give a O,N-silylketene
acetal as the pure (Z) isomer after distillation; this reaction can
be conveniently performed on a gram scale (eq 22). The products
have been used in new aldol methodology.36

Me2N

O

Me2N

OSiEt3
(22)

HSiEt3

cat RhCl(PPh3)3

Hydrostannylations. Hydrostannanes add to alkynes in
uncatalyzed reactions at 60 ◦C. Phenylacetylene, for instance
gives a mixture of (E)- and (Z)-vinylstannanes, wherein the tin
atom has added to the terminal carbons. In the presence of Wilkin-
son’s catalyst, however, the hydrostannylation proceeds at 0 ◦C to
give mostly the regioisomeric vinylstannanes (eq 23).37 Termi-
nal stannanes in the latter process seem to result from competing
free radical additions. This may not be a complication with some
other catalysts; the complexes PdCl2(PPh3)2 and Mo(η3-allyl)
(CO)2(NCMe)2 also mediate hydrostannylations of alkynes, and
they are reported to be 100% cis selective.38 Hydrostannanes and
thiols react in a similar way to silanes and alcohols (eq 24).39

Ph

SnBu3

Ph
SnBu3Ph

HSnBu3
(23)+

88% 12%

cat RhCl(PPh3)3

NHS NBu3SnS
(24)

HSnBu3

cat RhCl(PPh3)3

Hydroacylations. Alkenes with aldehyde functionality in the
same molecule, but displaced by two carbon atoms, can cyclize
via intramolecular hydroacylation reactions. Substituent effects
can have a profound influence on these transformations. For in-
stance, 3,4-disubstituted 4-pentenals cyclize to cyclopentanones
without serious complications,40 but 2,3-disubstituted 4-pentenals
give a cyclopropane as a competing product (eqs 25 and 26).41

Formation of the latter material illustrates two features which
restrict the applicability of this type of reaction. First decarbony-
lation of the aldehyde can occur, in this case presumably giving
a rhodium alkyl complex which then inserts the pendant alkene
functionality. Secondly, decarbonylation reactions convert the cat-
alyst into RhCl(CO)(PPh3)2, which tends to be inactive. More-
over, the reaction is only generally applicable to the formation
of five-membered rings, and it is apparently necessary to use
quite large amounts of Wilkinson’s catalyst to ensure good yields
(eq 27).42 Rhodium(I) complexes other than RhCl(PPh3)3 can
give better results in some cases.43

O
CHO

O

O

(25)
cat RhCl(PPh3)3

3 4CH2Cl2, 20 °C, 2.5 h
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MeO2C

CHO

R

MeO2C

cat RhCl(PPh3)3

MeO2C2 +

O

(26)
5

R 3
R

5

5

1:1R = (CH2)7Me

CHO

OTHP

THPO

OTHP

THPO O

H

H
(27)

0.4 equiv 
RhCl(PPh3)3

CH2Cl2
40 °C, 20 h

Lactols can be cyclized under the typical hydroacylation condi-
tions (eq 28), presumably via equilibrium amounts of the corres-
ponding aldehyde.40 Finally, intermolecular hydroacylation has
been formally achieved in the reaction of a pyridyl aldimine with
ethylene under pressure at 160 ◦C; here the pyridine functionality
anchors the aldimine to the rhodium, and decarbonylation is
impossible (eq 29).

O OH

O

O

OH
(28)O

cat RhCl(PPh3)3

Ph

O

N N

Ph

(29)

1. cat RhCl(PPh3)3
    150 psi C2H4, 160 °C

2. hydrolysis

Decarbonylations. Wilkinson’s catalyst has been known for
some time to decarbonylate aldehydes, even heavily functional-
ized ones, to the corresponding hydrocarbons.44 Some examples
are shown in eqs 30–33, illustrating high stereochemical reten-
tion in the decarbonylation of chiral, cyclopropyl, and unsatu-
rated aldehydes.45,46 Acid chlorides are also decarbonylated by
RhCl(PPh3)3.

O

OH

HO

HO
HO

HO

OH OH

OH

+  RhCl(PPh3)3

(30)

130 °C

+  RhCl(CO)(PPh3)2

– PPh3

Ph
O

Et

Ph H

Et
(31)

1.0 equiv RhCl(PPh3)3

93% retention

94% retention

Ph
Ph

O

Ph
Ph

1.0 equiv RhCl(PPh3)3
(32)

100% retention

Ph O
Et

Ph

Et

1.0 equiv RhCl(PPh3)3
(33)

The problem with all these reactions is that stoichiometric
amounts of the catalyst are required, and the process is inordinately
expensive. Consequently, it has only been used by those wishing
to illustrate a decarbonylation occurs for some special reason, or
in the closing stages of small scale syntheses of complex organic
molecules. Very recently, however, it has been shown that the
reaction can be made catalytic by adding Diphenyl Phosphora-
zidate.47 The role of the latter is to decarbonylate the catalytically
inactive RhCl(CO)(PPh3)2, regenerating rhodium(I) without car-
bonyl ligands. Examples of this catalytic process are shown in eqs
34 and 35. The path is now clear for extensive use of RhCl(PPh3)3

for catalytic decarbonylation reactions in organic synthesis.

(PhO)2P(O)N3, 25 °C
O

(34)
< 5 mol % RhCl(PPh3)3

Ph O
(PhO)2P(O)N3, 25 °C

Ph (35)
< 5 mol % RhCl(PPh3)3

Catalytic decarbonylations of a few substrates other than alde-
hydes have been known for some time, e.g. conversion of benzoic
anhydrides to fluorenones at high temperatures (ca. 225 ◦C).48

Hydroformylations.49 Carbon monoxide reacts rapidly
with RhCl(PPh3)3 to give RhCl(CO)(PPh3)2. With hydrogen,
in the presence of triphenylphosphine, the latter carbonyl complex
affords some Carbonylhydridotris(triphenylphosphine)rhodium-
(I), and this very actively mediates hydroformylations.50 Re-
actions wherein RhCl(PPh3)3 is used as a hydroformylation
catalyst probably proceed via this route. A more direct means of
hydroformylation is to use RhH(CO)(PPh3)3. Nevertheless,
Wilkinson’s catalyst (an unfortunate term here because
Wilkinson also pioneered hydroformylations using RhH(CO)-
(PPh3)3) has been used to effect hydroformylations of some
substrates. Eq 36 is one example and illustrates that transient
coordination of the acyl group with rhodium apparently leads to
predominant formation of a ‘branched chain’ aldehyde, whereas
straight chain aldehydes are usually formed in these reactions.51

Other hydroformylation catalysts that have been studied include
cobalt and iridium based systems.49

N
H

O

N
H

O

H2, CO

CHO

(36)+  other minor products

cat RhCl(PPh3)3
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Hydroborations.52 Addition of Catecholborane to alkenes is
accelerated by Wilkinson’s catalyst, and other sources of rhodium-
(I) complexes.53 Unfortunately, the reaction of Wilkinson’s cata-
lyst with catecholborane is complex; hence if the conditions for
these reactions are not carefully controlled, competing processes
result. In the hydroboration of styrene, for instance, the secondary
alcohol is formed almost exclusively (after oxidation of the inter-
mediate boronate ester, eq 37); however, the primary alcohol also
is formed if the catalyst is partially oxidized and this can be the
major product in extreme cases.54,55 Conversely, hydroboration
of the allylic ether (12) catalyzed by pure Wilkinson’s catalyst
gives the expected alcohol (13), hydrogenation product (14), and
aldehyde (15), but alcohol (13) is the exclusive (>95%) product
if the RhCl(PPh3)3 is briefly exposed to air before use.54 The
syn-alcohol is generally the favored diastereomer in these and
related reactions (eq 38), and the catalyzed reaction is therefore
stereocomplementary to uncatalyzed hydroborations of allylic
ether derivatives.56−58

PhPh

OH1. catecholborane
    cat RhCl(PPh3)3

+ 
primary alcohol
if the catalyst is
partially oxidized

(37)
2. H2O2, OH–

R

OTBDMS

R

OTBDMS

OH R

OTBDMS

(38)R

OTBDMS

1. catecholborane
    cat RhCl(PPh3)3

+ CHO+ 

(12)

(13) (14) (15)

syn product favored

2. H2O2, OH–

Other sources of rhodium(I) are equally viable catalysts for
hydroborations, notably Rh(η3-CH2CMeCH2)(i-Pr2PCH2CH2P-
i-Pr2) which gives a much cleaner reaction with catecholborane
than Wilkinson’s catalyst.59 Other catalysts for hydroborations are
also emerging.60–62

Catecholborane hydroborations of carbonyl and related func-
tionalities are also accelerated by RhCl(PPh3)3 (eqs 39–41); how-
ever, several related reactions proceed with similar selectivities in
the absence of rhodium.63–65

i-Pr

OH

i-Pr

O

(39)

syn:anti = 12:1

i-Pr

OH

i-Pr

OH
1. catecholborane
    cat RhCl(PPh3)3

2. hydrolysis

C13H27 OMe

O

(40)

1. catecholborane
    cat RhCl(PPh3)3

C13H27 OMe

O

2. hydrolysis

O
OMe
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N
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O

O OMe

OTBDMS

O
OMe

OMe

N
H

MeO

O

O OMe

OTBDMS

1. catecholborane
    cat RhCl(PPh3)3

H

H (41)

de 10:1

2. hydrolysis

Cyclization, Isomerization, and Coupling Reactions. Inter-
(eq 42)66 and intramolecular (eq 43)67 cyclotrimerizations of
alkynes are mediated by Wilkinson’s catalyst. This is an extremely
efficient route to ring fused systems. Similarly, Diels–Alder-like
[4 + 2] cyclization processes are promoted by RhCl(PPh3)3;68

‘dienophile’ components in these reactions need not be electron
deficient, and they can be an alkene or alkyne (eqs 44 and 45).
Allenes oligomerize in pathways determined by their substituents.
For instance, four molecules of allene combine to give a spiro-
cyclic system (eq 46), but tetraphenylallene isomerizes to give an
indene (eq 47).69

O2S

OH

O2S
cat RhCl(PPh3)3 OH

+ (42)

HO

O

OH

O

HO

OHcat RhCl(PPh3)3
(43)

MeO2C
MeO2C

MeO2C
MeO2Ccat RhCl(PPh3)3

(44)

TBDMSOTBDMSO H

H
cat RhCl(PPh3)3

(45)

(46)•
cat RhCl(PPh3)3

4
59%

•
Ph

Ph Ph

Ph

Ph Ph

cat RhCl(PPh3)3
(47)
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Wilkinson’s catalyst is also capable of mediating the formation
of C–C bonds in reactions which apparently proceed via oxidative
addition of an unsaturated organohalide across the metal (eq 48),70

or via transmetalation from an organometallic (eq 49).71 These
two transformation types are very similar to couplings developed
by Heck so, predictably, some palladium complexes also mediate
these reactions (see Tetrakis(triphenylphosphine)palladium(0)
and Palladium(II) Acetate).

Br

CO2MeMeO2C

MeO2C CO2Me MeO2C CO2Me

(48)

cat RhCl(PPh3)3

+

(49)

O
Pr

HgCl

I
CO2Me

O
Pr

cat RhCl(PPh3)3

CO2Me

+

Intermolecular reactions of dienes, allenes, and methylenecy-
clopropanes with alkenes are mediated by RhCl(PPh3)3, although
mixtures of products are usually formed (eqs 50–51).72–75

(50)

+ CO2H

CO2H CO2H

cat RhCl(PPh3)3

+

cat RhCl(PPh3)3
CO2H

Ph
CO2H

Ph CO2H

Ph

Ph

Ph

+

Ph

(51)

+

Wilkinson’s catalyst mediates hydrogenation of 1,4-cyclohexa-
dienes without double bond isomerization (see above), but at
elevated temperatures in the absence of hydrogen it promotes
isomerization to conjugated dienes (eq 52).76 Isomerization of
allylamines to imines followed by hydrolysis has also been per-
formed using RhCl(PPh3)3 (eq 53),77 although RhH(PPh3)4 and
other catalysts are more frequently used for this reaction type.78

(52)

OMe OMe

cat RhCl(PPh3)3

O

O
CO2Me

N

H

O

O
CO2Me

NH2

2

(53)
cat RhCl(PPh3)3

H

Oxidations. Cleavage of alkenes to aldehydes and ketones is
promoted by Wilkinson’s catalyst under pressures of air or
oxygen,79 but these reactions are inferior to ozonolysis because
they tend to form a mixture of products. More useful are the
oxidations of anthracene derivatives to anthraquinones in the
presence of oxygen/tert-Butyl Hydroperoxide and catalytic
RhCl(PPh3)3 (eq 54).80,81 Wilkinson’s catalyst reacts with oxy-
gen to form an adduct so RhCl(PPh3)3 is clearly quite different
from the true catalyst in all the reactions mentioned in this section.

(54)

MeO

MeO

O

O

O2, t-BuOOH

cat RhCl(PPh3)3

Other Transformations. At high temperatures (>200 ◦C)
aromatic sulfonyl chlorides are desulfonated to the corresponding
aryl halides in the presence of Wilkinson’s catalyst (eq 55).82

Benzamides and malonamide also decompose under similar con-
ditions, giving benzonitrile and acetamide, respectively.83

(55)SO2Br Br
cat RhCl(PPh3)3

– SO2

Diazonium fluoroborates are reduced to the corresponding
unsubstituted aryl compounds by Wilkinson’s catalyst in DMF;
the solvent is apparently the hydride source in this reaction
(eq 56).84

(56)O2N N2
+ O2N

cat RhCl(PPh3)3

DMF

Finally, aryl group interchange between triarylphosphines is
mediated by Wilkinson’s catalyst at 120 ◦C, but a near statistical
mixture of the exchanged materials is formed along with some
byproducts.85
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Chul-Ho Jun & Young Jun Park
Yonsei University, Seoul, Korea

Hydrogenations. Wilkinson’s catalyst does not promote
hydrogenation of aromatic compounds under mild reaction con-
ditions. However, in special cases, certain aromatic compounds
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such as benzophenone can be partially reduced by molecular
hydrogen in the presence of Wilkinson catalyst via an indirect
activation process involving a germylene (eq 57).86 Further reduc-
tion of the two remaining double bonds is most likely inhibited
by steric hindrance of the germylene.

Ge

Me3Si
SiMe3

Me3Si
SiMe3

Ph

OGe

R

R

O

RhCl(PPh3)3
H2

SiMe3

SiMe3

Ph

OGe

R

R

+

benzene
 (57)

R =

Examples of the regioselective hydrogenation of dienes by
Wilkinson’s catalyst to give allylic and homoallylic alcohols have
been reported (eq 58).87

R1 R

R2

OH RhCl(PPh3)3
H2

R1

Me

R

R2

OH

n ntoluene

>95:5 
regioselectivity

(58)

n = 0, 1

R = Ph, Cy, 1,2,3° alk
R1 = H, Me
R2 = 1,2 ° alk

Transfer Hydrogenations. Transition metal-catalyzed trans-
fer hydrogenation is thought to occur via two different interme-
diates, monohydrides or dihydrides, depending on the transition
metal species employed. For Wilkinson’s catalyst the mono-
hydridic pathway was shown to be operative with the aid of
deuterium labeling experiments (eq 59).88

O

R R
H

H

O

R R

[M]

Cl

[M]

H

O
H

H

O

+ HCl

(59)[M] = 
Rh(PPh3)n

In certain cases, additives are observed to have an accelerating
effect in the RhCl(PPh3)3-catalyzed hydrogen transfer reaction.
By adding Yb(OTf)3, propionophenone is reduced to the alco-
hol under milder reaction conditions than with the conventional
RhCl(PPh3)3-catalyzed hydrogen transfer reaction (eq 60).89

O OH
RhCl(PPh3)3
0.05 mol %

t-BuOK
2-propanol

Yield (%)

Without 
Yb(OTf)3

85 65

(60)

With
Yb(OTf)3

Hydrosilylations. Hydrosilylation of vinylcyclopropane in
the presence of Wilkinson catalyst is accompanied by ring cleav-
age of vinylcyclopropane leading to the formation of terminal
silyl-substituted regioisomeric alkenes in 80% yield (eq 61).90 In
the hydrosilylation of vinylcyclopropane analogs, the ring open-
ing of the cyclopropyl group dominates over the simple addition of
the Si–H bond to the vinyl group. This process provides an alter-
native synthesis of silyl-substituted alkenes to the hydrosilylation
of dienes.

HSiEt3
RhCl(PPh3)3

SiEt3

SiEt3
SiEt3

SiEt3

+
0.1 mol %

15% 75%

10% 0%

(61)

Hydrophosphorylations. Among the transition metal-cata-
lyzed reactions for constructing carbon-hetero atom bonds,
strategies for forming carbon-phosphorous bonds are relatively
limited.91 Most of the successful metal-catalyzed reactions of
phosphorous(V) compounds have been conducted in the presence
of a Pd catalyst at elevated temperatures.91 However, with a highly
reactive five-membered ring hydrogen phosphonate, Wilkinson’s
catalyst is capable of the hydrophosphorylation of alkynes to
give the corresponding (E)-alkenylphosphonates with excellent
regio- and stereoselectivities (eq 62).92 Microwave-assisted
RhCl(PPh3)3-catalyzed hydrophosphorylation of alkynes can also
give the corresponding alkenyl phosphine oxide very efficiently
under solvent-free conditions.93

R P
O

O

O

H

P
O

O

O

R

(62)

+
1−2 mol% RhCl(PPh3)3

toluene 100~110 °C
2~6 h

Hydroacylations. Wilkinson’s catalyst is an extremely pow-
erful catalyst for intermolecular hydroacylation when combined
with several organococatalysts such as 2-amino-3-picoline, ani-
line, and benzoic acid (for details, see 2-amino-3-picoline).94

Equation 63 illustrates how benzaldehyde undergoes intermole-
cular hydroacylation very efficiently with terminal olefins by the
chelation-assistance of 2-amino-3-picoline by a process involving
C–H bond activation.
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CHO
n-C4H9

O

n-C4H9

N

[Rh]

N

Ph
H

+

RhCl(PPh3)3
2-amino-3-picoline

benzoic acid
aniline

toluene 130 °C
1 h

98%
(63)

Hydroformylations. Wilkinson’s catalyst can tolerate highly
oxygenated functionality in hydroformylation reactions as illus-
trated by the cyclopentene of eq 64. This strategy has been
applied to the synthesis of monosaccharide analogs such as a
carba-D-fructofuranose.95

CO, H2, 80 °C
24 h

quant.

BnO

OBn

BnO

BnO

RhCl(PPh3)3

BnO

OBn

BnO

BnO

CHO BnO

OBn

BnO

BnO

CHO BnO

OBn

BnO

BnO

CHO

+ + (64)

Hydroborations. Although the reaction of Wilkinson’s cat-
alyst with catecholborane is often complex, superior selectivity
over the uncatalyzed reaction can be observed in RhCl(PPh3)3-
catalyzed hydroborations (eq 65).96

N

Boc

H
O

O

Et

BH3

N

Boc

H
O

O

Et

OH

conditions

5-endo + 5-exo

Conditions

RhCl(PPh3)3/CatBH
                 50
                 83

(65)

95:5  
89:11

endo/exo Combined yield (%)

In the case of the hydroboration of perfluoroalkylolefins, the
choice of Rh-complex and borane species can influence regio-
selectivity dramatically. For instance, while the reaction of perflu-
oroalkylolefins with catecholborane in the presence of a cationic
Rh-catalyst produces the secondary alcohols predominantly
after the oxidative work-up process, a Wilkinson’s complex-
catalyzed reaction with pinacolborane affords the primary alco-
hols (eq 66).97

C–H Functionalization by Ortho Alkylation. Among
the several complexes that promote orthoalkylation (originally
discovered by Murai using a ruthenium catalyst in 1993),98

Wilkinson’s catalyst appears to be the most successful, in terms

of its broad scope of substrates.99 For instance, while allylic pro-
tons in most olefins, especially terminal ones, are not tolerated in
Murai’s ruthenium-catalyzed orthoalkylation, terminal olefins
with or without allylic protons can be used successfully with
Wilkinson’s catalyst in the orthoalkylation of benzyl imines.
Remarkably, even dienes and internal olefins are also substrates
for this reaction (eq 67).

RF
OH

O
B

O
H

RhCl(PPh3)3

RF

O
B

O
H

[O]

OH

RF
[Rh(COD)(dppb)]BF4

>92% 
regioselectivity

>97% 
regioselectivity

(66)

[O]

The functional group tolerance of this reaction is illustrated by
olefins containing ester, amide, sulfone, and nitrile groups which
can be applied to RhCl(PPh3)3-catalyzed orthoalkylation with
remarkable efficiency (eq 68).100 These functionalized olefins are
much more reactive than “nonfunctionalized” olefins. Neverthe-
less, when rhodium cationic species are employed as a catalyst,
much higher yields of orthoalkylated products can be obtained
under mild reaction conditions.

R1

N Ph

R3

R2

R1

O

R2R3

R1 = Me, Et, n-Pent

+

1. RhCl(PPh3)3 2 mol %
    toluene, 150 °C, 2 h

(67)

R3 = CF3, H, CH3O
R2 = t-C4H9, C6F5, Cy, n-C4H9, n-C6H13, n-C10H25, (CH3)3Si

2. H3O+

N Ph

O

R

O

OMe

O

NMe2

O

OEt

O

OtBu

SO2Ph CN

O

OMe

+

1. RhCl(PPh3)3 2 mol %
    toluene, 150 °C, 2 h

2. H3O+

(68)

functionalized
olefin

Functionalized olefins
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This chelation-assisted cyclometallation using Wilkinson’s cat-
alyst can be extended to β-alkylation through aliphatic sp2 C–H
bond activation (eq 69).101 When an enone is allowed to react with
excess olefin in the presence of RhCl(PPh3)3, benzoic acid, and
secondary amine at 130 ◦C for 12 h, β-alkylated products can be
obtained in good yields.

O

Ph R
H

N
R1 R1

O

Ph

R

O

Ph

R

O

Ph

R

+

RhCl(PPh3)3 5 mol %
benzoic acid 10 mol %
toluene, 130 °C, 12–24 h

10 equiv

50 mol %

Pd/C, H2

R = alkyl, Si(CH3)3

(69)+

The Wilkinson’s catalyst/benzyl imine system for orthoalky-
lation can be applied to RhCl(PPh3)3-catalyzed orthoalkenyla-
tion of aromatic benzyl imine with both terminal and internal
alkynes.102 Equation 70 illustrates reaction of the benzyl imine
of acetophenone with several terminal alkynes giving mono- and
doubly-alkenylated products, depending on the substituents in the
alkyne and aromatic imine.

R2

N

R1

Ph

R4R3

R2

O

R1 R4

R3

R2

N

R1

Ph

R4

R3

R3

R4

RhCl(PPh3)3  2  mol %
+

+

R1 = H, CF3, OMe
R2 = Me, Et, nPent

(70)

R3 = H, Ph
R4 = nBu, nHex, tBu, Ph

toluene, 130 °C, 2 h

Under more vigorous reaction conditions, two isoquinoline
derivatives are formed from the reaction of benzyl imine with
diphenylacetylene (eq 71).

N Ph

R

PhPh

N

Ph

Ph

R

N

R

Ph

Ph

Ph

RhCl(PPh3)3  4 mol %
+

R = H, CF3, OMe

+ (71)

toluene, 150  °C, 24 h

Carbonyl Methylenations. In an alternative to the classical
Wittig reaction,103 Wilkinson’s catalyst mediates the olefination
of carbonyl compounds in the presence of a diazo compound
and triphenylphosphine.104 This transformation is quite attractive
because several drawbacks of the Wittig reaction, including the
use of stoichiometric amounts of phosphonium salts, can be avoi-
ded. In the presence of 2-propanol, trimethylsilyldiazomethane,
triphenylphosphine, and Wilkinson’s catalyst can convert the
ketone and aldehyde groups in various organic compounds into the
corresponding methylene group (eqs 72 and 73).104 Various other
transition metals have been employed in the catalytic methylena-
tion of carbonyl compounds in organic synthesis.105–109

O

R H R H
(72)

RhCl(PPh3)3  2.5 mol %
2-propanol, PPh3

TMSCHN2

THF, 25 °C

O

R1 R2 R1 R2

RhCl(PPh3)3  2.5 mol %
2-propanol, PPh3

TMSCHN2
(73)

1,4-dioxane, 60 °C

Cyclization, Isomerization, and Coupling Reactions. The
cyclization of diynes is an efficient route to the formation of
1,2-dialkylidenecycloalkanes. When silanes are included in
Wilkinson’s complex-catalyzed reaction of 1,6-diynes, silylative
cyclization occurs (eq 74).110

MeO2C

MeO2C
Me2PhSiH

MeO2C

MeO2C SiMe2Ph

(74)

RhCl(PPh3)3 3 mol %
+

CH2Cl2, reflux

The cyclization of 1,6-enynes by RhCl(PPh3)3 can generate
functionalized 1,3- or 1,4-diene cyclic compounds. For exam-
ple, treatment of 1,6-enynes containing a haloalkenyl group with
Wilkinson’s catalyst in dichloromethane at reflux produces cycli-
zation product which incorporates an intramolecular halogen shift:
a wide spectrum of enynes can be applied in this transformation
(eq 75).111

(75)RhCl(PPh3)3 10 mol %
X

X

O
R

Cl

O

Cl

R

CH2Cl2, reflux

α-Arylpropargyl alcohols can be isomerized to indenones in the
presence of Wilkinson’s catalyst under mild conditions (eq 76).112

This isomerization, which includes a 1,4-hydrogen shift, is
regioselective for the less hindered position of the aromatic ring.
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OH

SiEt3
R

O

SiEt3
R

(76)
RhCl(PPh3)3 5 mol %

0.6 M KOH (aq) 15 mol %
THF, 60 °C

Wilkinson’s catalyst can also catalyze the formation of C–O
bonds via a reductive coupling reaction of epoxides with aldehydes
in the presence of Et3B as a reductant (eq 77).113

(77)

NEt3  20  mol %
Et3B 200 mol %

O

R1
+

O

R2 H

OH

R1 O R2

>95:5 
regioselectivity

RhCl(PPh3)3 2.5 mol %

Treatment of α,β-unsaturated ketones with CF3I in the pres-
ence of Et2Zn and RhCl(PPh3)3 gives an α-trifluoromethylated
product, thereby providing alternative to previous electrophilic
reaction114 using chalcogenium reagents or photochemical
reactions115 of enamine with CF3I. Eq. 78 illustrates
α-trifluoromethylation of α,β-unsaturated ketones by Wilkinson’s
catalyst.116

CF3I

O

R R′

O

R R′
CF3

(78)

RhCl(PPh3)3 2 mol %
Et2Zn

+
THF

Wilkinson’s catalyst mediates stoichiometric intramolecular
C–C bond forming reactions with certain substrates containing
acidic C–H bonds via an intramolecular hydride migration yield-
ing a 1,3-diketone (eq 79).117

O

CHO

H
OO

(79)
RhCl(PPh3)3 1 equiv

PhCN
reflux

The reaction of benzaldehyde and 4-pentynoic acid in the
presence of Wilkinson’s catalyst and 2-amino-3-picoline exhibits
the exclusive formation of (E)-3-benzylidene-3H-furan-2-one,
instead of the usual enone hydroacylation product (eq 80).118,119

H

O

OH

O

O

O

(80)

RhCl(PPh3)3 5 mol %
2-amino-3-picoline

+
toluene, 100 °C

While enynes are common products in the reaction of 1-alkynes
under Wilkinson’s catalyst,120 hydrative dimerization products of
1-alkyne with H2O are obtained in the presence of an additional
cocatalyst, 2-amino-3-picoline. For instance, when the reaction of
terminal alkynes and H2O is carried out using the catalytic system
of RhCl(PPh3)3, 2-amino-3-picoline, and benzoic acid in THF, a
mixture of branched α,β-enone and linear enone can be obtained
in a 4:1 ratio (eq 81).121

HR

O

RR

O

R
R (81)

RhCl(PPh3)3 5 mol %
2-amino-3-picoline

benzoic acid2 +         H2O

+

THF, 110 °C

Other Transformations. Aldoxime groups can be converted
to amide groups in the presence of Wilkinson’s catalyst with
high selectivity and efficiency (eq 82),122 with no requirement for
additives.

R NOH R NH2

O

(82)
RhCl(PPh3)3 5 mol %

solvent, 150 °C

The synthesis of formaldehyde dithioacetals may be achieved
through a reaction with thiols and dichloromethane in the presence
of Wilkinson’s catalyst and triethylamine (eq 83).123 The reaction
is simple and takes place under very mild reaction conditions.

RSH
RhCl(PPh3)3

SR

SR
(83)CH2Cl2 (solvent)+

NEt3

Wilkinson’s catalyst mediates the Reformatsky-type reaction
of ethyl bromodifluoroacetate with various carbonyl compounds
(eq 84).124

O

R R′

RhCl(PPh3)3 
Et2Zn

R R′
CF2COOEtHO

(84)+  BrCF2COOEt
CH3CN

Related Reagents. Bis(bicyclo[2.2.1]hepta-2,5-diene)rho-
dium Perchlorate; [1,4-Bis(diphenylphosphino)butane](norbora-
diene)rhodium Tetrafluroborate Catecholborane; (1,5-Cycloocta-
diene)[1,4-Bis(diphenylphosphino)butane]iridium(I) Tetrafluoro-
borate; (1,5-Cyclooctadiene)(tricyclohexylphosphine)(pyridine)
iridium(I) Hexafluorophosphate Octacarbonyldicobalt; Palladium
(II) Chloride; Tetrakis(triphenylphosphine)palladium(0); 2-
Amino-3-picoline; Benzylamine.
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(Diacetoxyiodo)benzene1–3

PhI(OAc)2

[3240-34-4] C10H11IO4 (MW 322.10)
InChI = 1/C10H11IO4/c1-8(12)14-11(15-9(2)13)10-6-4-3-5-7-

10/h3-7H,1-2H3
InChIKey = ZBIKORITPGTTGI-UHFFFAOYAA

(transannular carbocyclization,6 vic-diazide formation,7 α-hydr-
oxy dimethyl acetal formation,8,10,11,13 oxetane formation,9

chromone, flavone, chalcone oxidation,11,12 arene–Cr(CO)3 func-
tionalization,14 phenolic oxidation16 and coupling,17,18 lactol
fragmentation,19 iodonium ylides and intramolecular cyclopropa-
nation,20 oxidation of amines24−28 and indoles,30,31 hydrazine
derivatives (diimide32 and azodicarbonyls33) and radical type

intramolecular oxide formation44−46)

Alternate Names: phenyliodine(III) diacetate; DIB; iodobenzene
diacetate; IBD.

Physical Data: mp 163–165 ◦C.
Solubility: sol AcOH, MeCN, CH2Cl2; in KOH or NaHCO3/

MeOH it is equivalent to PhI(OH)2.
Form Supplied in: commercially available as a white solid.
Preparative Method: by reaction of iodobenzene with Peracetic

Acid.4,5

Purification: recrystallization from 5 M acetic acid.4

Handling, Storage, and Precautions: a stable compound which
can be stored indefinitely.

Original Commentary
Robert M. Moriarty, Calvin J. Chany II, & Jerome W.
Kosmeder II
University of Illinois at Chicago, Chicago, IL, USA

Reactions with Alkenes. Reactions of simple alkenes with
PhI(OAc)2 are not synthetically useful because of formation of
multiple products.

Transannular carbocyclization in the reaction of cis,cis-1,5-
cyclooctadiene yields a mixture of three diastereomers of
2,6-diacetoxy-cis-bicyclo[3.3.0]octane, a useful precursor of cis-
bicyclo[3.3.0]octane-2,6-dione (eq 1).6

PhI(OAc)2

AcO

OAc

(1)
AcOH

PhI(OAc)2/NaN3/AcOH yields vicinal diazides (eq 2).7

O O
N3

N3

PhI(OAc)2

NaN3, AcOH
(2)

Oxidation of Ketones to ααα-Hydroxyl Dimethyl Acetals.
Ketones are converted to the α-hydroxy dimethyl acetal upon
reaction with PhI(OAc)2 in methanolic potassium hydroxide
(eqs 3–5).8

PhI(OAc)2

MeOH, KOH
(3)ArCOMe ArC(OMe)2CH2OH

N

O O

N

O O

HO OH

PhI(OAc)2

MeOH, KOH
(4)

O

Fe

O
PhI(OAc)2

MeOH, KOH Fe

(5)

2

OH

2

Several potentially oxidizable groups are unaffected in this
reaction (eq 6).13

CH(OH)R2
OMe

OMe

R1

N

N

N

N

N

N
H

N

PhI(OAc)2

MeOH, KOH
R1COCH2R2 (6)

R1 = 

R1 = 

NCH2

R1 = 

R1 = 

NCH2

R1 = 

, R2 = H, 61%

NCH2

, R2 = H, 45%

, R2 = H, 58% S

, R2 = H, 62% NCH2

R2 = 

R2 = 

O

, R2 = H, 65%

NCH2

R2 = 

R2 = O

R2 = 

R1 = Ph,

R1 = Ph,

R1 = Ph,

R1 = Ph,

R1 = Ph,  4-MeOC6H4

25%

50%

65%

60%

44%

In the case of a 17α-hydroxy steroid the hydroxy group acts
as an intramolecular nucleophile to yield the 17-spirooxetan-20-
one. It is noteworthy that the 3β-hydroxy-�5-system is unaffected
(eq 7).9

HO

OH

R

O

HO

R

O

O
PhI(OAc)2

MeOH, KOH

(7)

R = H, NHAc, Me

cis-3-Hydroxyflavonone is obtained via acid-catalyzed hydro-
lysis of cis-3-hydroxyflavone dimethyl acetal, which is formed
upon treatment of flavanone with PhI(OAc)2 (eq 8).10,11

O Ph

O

O Ph

OH
MeO OMe

O Ph

OR

O

(8)

R = H, Ac

α,β-Unsaturated ketones, such as chromone, flavone, chalcone,
and flavanone, yield α-hydroxy-β-methoxy dimethyl acetal prod-
ucts (eqs 9–11).12a
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O

O

PhI(OAc)2
O OMe

MeO
OH

OMe

(9)

O Ph

O

PhI(OAc)2
O

OMe

MeO
OH

OMe

Ph

(10)

PhCOCH=CHPh
PhI(OAc)2

Ph Ph

OMeMeO

OH

OMe

(11)

Intramolecular participation by the ortho hydroxy group occurs
in the reaction of substituted o-hydroxyacetophenones, yielding
the corresponding coumaran-3-ones (eq 12).12b

O

OH

R1

R2

R3
PhI(OAc)2

R2

R1

O OMe

R3

O

(12)

R1 = R2 = R3 = H
R1 = R2 = H; R3 = Me
R1 = R2 = Me; R3 = H
R1 = R2 = H; R3 = Bn

R3 = OMe
R3 = Me
R3 = OMe
R3 = Bn

Formation of the α-hydroxy dimethyl acetal occurs without
reaction of the Cr(CO)3 complex of η6-benzo-cycloalkanones
(eqs 13–15).14

(13)

Cr(CO)3

O

Cr(CO)3

OMeMeO
OH

(14)

Cr(CO)3 Cr(CO)3

O OMeMeO

OH

(15)

Cr(CO)3 Cr(CO)3

O

OH
OMeMeO

Carbon–Carbon Bond Cleavage with PhI(OAc)222/TMSN333.
PhI(OAc)2/Azidotrimethylsilane reacts with unsaturated com-
pounds even at −53 ◦C to yield keto nitriles (eq 16).15

(16)
Ph

CN

COPh
2 equiv PhI(OAc)2

4 equiv TMSN3

CH2Cl2
61%

Oxidation of Phenols. Phenols are oxidized using PhI(OAc)2

with nucleophilic attack by solvent (eqs 17 and 18),16 or with
intramolecular nucleophilic addition amounting to an overall

oxidative coupling as with the bisnaphthol (eq 19)17 and also with
the conversion of reticuline to salutaridine (eq 20).18

(17)

OH O

OMe

PhI(OAc)2

MeOH, rt
72%

(18)

OH O

MeO OMe

2 equiv PhI(OAc)2

MeOH, rt
80%

(19)

Ar

HO OH
O

O

Ar

C6H6, rt

PhI(OAc)2

NMe

MeO

HO

MeO

OH

PhI(OAc)2

CF3CO2H
NMe

MeO

HO

MeO

O

(20)

Fragmentation of Lactols to Unsaturated Medium-ring
Lactones. Ring cleavage to form a medium-sized ring lactone
with a transannular double bond has been observed (eq 21).19

or
O

OH

HBu3Sn

O

O

PhI(OAc)2

0 °C
(  )n

O

n = 1, 2, 3

n

O

n

(21)

Reactions with βββ-Dicarbonyl Systems; Formation of Iodo-
nium Ylides; Intramolecular Cyclopropanation. β-Dicarbo-
nyl compounds upon reaction with PhI(OAc)2 and KOH/MeOH
at 0 ◦C yield isolable iodonium ylides (eq 22).20 This is a gen-
eral reaction which requires two stabilizing groups flanking the
carbon of the C=I group, such as NO2 and SO2Ph.21 Decomposi-
tion of unsaturated analogs in the presence of Copper(I) Chloride
proceeds with intramolecular cyclopropanation (Table 1).20

I

Ph OMe

O

O

OMe

O

O (22)

An asymmetric synthesis of a vitamin D ring A synthon
employed this intramolecular cyclopropanation reaction (eq 23).22

O

CO2R*
O CO2R* CHO1. PhI(OAc)2

    KOH, MeOH

2. CuCl
(23)

Oxidation of Amines. Aromatic amines are oxidized with
PhI(OAc)2 to azo compounds in variable yield. PhI(OAc)2 in
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Table 1 Intramolecular cyclopropanation of iodonium ylides
Reactants Iodonium ylide Product Yield (%)

O

CO2Me
I–Ph

O
CO2Me

+

O CO2Me

76

O

CO2Me
I–Ph

O
CO2Me

+

O CO2Me

81

O

CO2Me

O

CO2Me

I
Ph

+

OMeO2C

85

O

OMe

O

O

OMe

O

I

Ph

+
O

CO2Me

82

benzene oxidizes aniline in excellent yield (eq 24);23 however,
substituted anilines give substantially lower yields.

NH2 N N
(24)

PhI(OAc)2

C6H6
95%

Intramolecular azo group formation is a useful reaction for
the formation of dibenzo[c,f]diazepine (eq 25).24,25 Other ortho
groups may react intramolecularly to yield the benzotriazole
(eq 26), benzofuroxan (eq 27), or anthranil (eq 28)
derivatives.24−28

O2
S

H2N NH2

PhI(OAc)2

C6H6
95% N N

O2
S

(25)

NH2

N
N

Ph

PhI(OAc)2

C6H6 N
N

N
Ph (26)

NH2

NO2

PhI(OAc)2

C6H6 N
O

N
(27)

NH2

COPh

PhI(OAc)2

C6H6

Ph

O
N

(28)

A number of examples of oxidative cyclization of 2-(2′-pyridyl-
amino)imidazole[1,2-a]pyridines to dipyrido[1,2-a:2′,1′-f]-1,3,4,
6-tetraazapentalenes with PhI(OAc)2/CF3CH2OH have been
reported (eq 29).29

N

NN

N

N
N

N

N

N

N
RR

N

H
NN

N

N
N

N

N

N

N
RR

O

AcO

OAcAcO

O

AcO

AcO

,R = 

(29)

In the case of the oxidation of indole derivatives, nucleophilic
attack by solvent may occur (eq 30).30 Reserpine undergoes an
analogous alkoxylation.30 In the absence of a nucleophilic sol-
vent, intramolecular cyclization occurs, an example of which is
illustrated in the total synthesis of sporidesmin A (eq 31).31

N
H

MeO

PhI(OAc)2

MeOH N

OMe

MeO

(30)

N

AcO

NHMeCl

MeO

OMe Me

PhI(OAc)2

N

N

HO
Cl

MeO

OMe Me

HO

H

N

O

O

Me
S

S

N

NH

AcO
Cl

MeO

OMe Me

AcO

(31)

Hydrazine is oxidized by PhI(OAc)2 to diimide, which may
be used to reduce alkenes and alkynes under mild conditions
(Table 2).32

Table 2 Diimide reduction of various compounds
Compound Product Yield (%)
PhSCH=CH2 PhSCH2Me 85
cis-EtO2CCH=CHCO2Et EtO2CCH2CH2CO2Et 94
EtO2C–N=N–CO2Et EtO2CNH–NHCO2Et 90
Maleic anhydride (MeCO)2O 83
PhC≡≡CPh cis-PhCH=CHPh 80
PhCH=CHCO2Et PhCH2CH2CO2Et 96
CH2=CHCN MeCH2CN 97

The hydrazodicarbonyl group is smoothly oxidized by
PhI(OAc)2 to the azodicarbonyl group (eqs 32 and 33).33

EtO2C
N
H

H
N

CO2Et
EtO2C

N
N

CO2Et

PhI(OAc)2

CH2Cl2, rt
(32)

N

N
N

H

H

O

O

R
N

N
N

O

O

R
PhI(OAc)2

CH2Cl2, rt
(33)



139(DIACETOXYIODO)BENZENE

An intramolecular application of this reaction was used in a
tandem sequence with PhI(OAc)2 oxidation and a Diels–Alder
reaction in the synthesis of nonpeptide β-turn mimetics
(eq 34).34,35

HN

HN

O

O

H

N
O Bn

PhI(OAc)2

N

N

O

O

H

N
O Bn

H

(34)

Oxidation of 5-Substituted Pyrazol-3(2H)-ones; Formation
of Alkynyl Esters. Oxidation of various 5-substituted pyrazol-
3(2H)-ones proceeded with fragmentative loss of molecular ni-
trogen to yield methyl-2-alkynoates (eq 35).36 An analogous
fragmentation process with pyrazol-3(2H)-ones occurs with
Thallium(III) Nitrate Trihydrate37,38 and Lead(IV) Acetate.39

NHHN

O

H

R R CO2Me
PhI(OAc)2

MeOH, –23 °C
+  PhI (35)

R = Me, 60%
R = Et, 63%
R = CO2Me, 59%
R = CH2CO2Me, 62%

R = Ph, 59%
R = p-ClC6H4, 61%
R = p-MeC6H4, 59%
R = p-MeOC6H4, 64%

Oxidation of Hydrazones, Alkylhydrazones, N-Amino Het-
erocycles, N-Aminophthalimidates, and Aldazines. The oxi-
dation of hydrazones to diazo compounds is not a generally useful
reaction but it was uniquely effective in the oxidation of a triazole
derivative (eq 36).40

N
N

N

Ph

Ph

N
H2N

PhI(OAc)2

N
N

N

Ph

Ph

N2
(36)

Oxidation of arylhydrazones proceeds with intramolecular
cyclizations (eqs 37 and 38)41 and aziridines may be formed via
nitrene additions (eq 39).42

PhI(OAc)2

CH2Cl2, rt

N
NHR

NO2 N
N+

N–

O

O–

R
+

(37)

ArHC
N

H
N

CO2-t-Bu
O

N
N
H

Ar

O

PhI(OAc)2

MeOH, Δ
(38)

NN

N

NH2

PhPh
PhI(OAc)2

NN

N

:N:

PhPh

NN

N

N

PhPh

R

RCH=CH2

(39)

A linear tetrazane is formed in the oxidation of N-aminophthali-
mide (eq 40).43

N

O

O

NH2 N

O

O

N N N

O

O

PhI(OAc)2

90%
(40)

(Diacetoxyiodo)benzene/Iodine is reported to be a more effi-
cient and convenient reagent for the generation of alkoxyl radicals
than PbIV, HgII, or AgI, and this system is useful for intramole-
cular oxide formation (eqs 41 and 42).44

PhI(OAc)2, I2

hν, 30 °C
94%

(41)R

OH

R

O

R = H, CH2CO2Et

HO

MeO2C

H

O

MeO2C

H
(42)

Fragmentation processes of carbohydrate anomeric alkoxyl
radicals45 and steroidal lactols46 using PhI(OAc)2/I2 have been
reported.

First Update
Justin Du Bois
Stanford University, Stanford, CA, USA

Preparation. Methods for the synthesis of PhI(OAc)2 and
aryl-substituted derivatives involve oxidation of iodoarenes with
CH3CO3H, NaBO3, NaIO4, and CrO3.47–49 Peracid oxidation is
typically employed to prepare the title reagent as well as solid-
supported forms;50 reactions with NaBO3 and CrO3, however,
appear to be more versatile and have been used to synthesize both
arene and heteroarene iodine(III) reagents. Alternatively, ligand
exchange between PhI(OAc)2 and a variety of carboxylic acids
is quite facile and proceeds in high yield (eq 43).51 Derivatives
of stronger acids (i.e., p-TsOH) are also accessible starting from
PhI(OAc)2.52,53
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PhI(OAc)2 2  RCO2H
C6H5Cl

PhI(O2CR)2+

R = C6H5, p-NO2C6H4,
         tBu, Bn, CCl3

(43)
50–55 °C

reduced pressure
>90%

Reactions with Alkenes. The combination of PhI(OAc)2

with nucleophilic reagents including KSCN, Me3SiSCN,
(PhSe)2, and Et4N+Br− provides for the trans-selective func-
tionalization of alkene derivatives (eq 44).54,55 Good levels of
regiocontrol are often observed in such reactions employing
unsymmetrical olefins.56,57 Treatment of PhI(OAc)2 with
halogen salts is known to generate (AcO)2X−, thought to be the
active oxidant in reactions with glycals and other unsaturated
materials (eq 45).58 Alternatively, activation of PhI(OAc)2 with
catalytic BF3·OEt2 enables the conversion of protected glycals
to trans-1,2-bis(acetoxy)-glycosides.59

nBu
PhI(OAc)2

nBu

OAc

NCS

nBu

OAc

SCN

+

83:17

KSCN
HFIP
90%

(44)

O

BnO

BnO

OBn
O

BnO

BnO

OBn
X

OAc

X = Br or I

Ph4P+I–, CH3CN
67%

(45)
PhI(OAc)2

Ligand exchange of PhI(OAc)2 with Mg(ClO4)2 and subse-
quent introduction of terminal or cyclic alkenes has been reported
to give vicinal-bis(perchlorato)alkanes.60 Reaction with cyclo-
hexene selectively affords the cis-product.

Alkene derivatives such as alkenylboronic acids and alkenylzir-
conanes reacht with PhI(OAc)2 to furnish alkenyliodonium salts
(eq 46).61 These transformations proceed with retention of olefin
configuration.62 Similarly, alkenylboron species add to PhI(OAc)2

in the presence of NaI to give vinyl acetate products (eq 47). In
these examples, (E)-alkenylboronates give stereochemically pure
(Z)-configured enol acetates.63

ZrCp2ClMeO

IPh+ BF4
–MeO

1.  PhI(OAc)2, THF

85%

(46)

2.  NaBF4, aq CH2Cl2

NC
B(OiPr)2

NC

OAc

PhI(OAc)2, NaI

stereospecific

(47)

DMF, 25 °C
85%

Rearrangement and Fragmentation Reactions. Hoffmann-
type rearrangements of 1◦ amides were described originally
using PhI(OAc)2 in methanolic KOH solution.64 Under such
conditions, benzo-fused azolones are conveniently prepared
(eq 48).65 The need for strong base, however, does not appear
essential for conducting such oxidations, as highlighted in the
reaction of N-Boc asparagine (eq 49).66 The mildness of these
conditions for effecting the Hoffmann rearrangement and the
inexpensive cost of PhI(OAc)2 facilitate the large scale prepa-
ration of important amine derivatives. Similar transformation of
N-substituted amidines with PhI(OAc)2 leads to urea products
via the corresponding carbodiimide intermediate.67

N
NH2

O

OH

N

O

H
N

O
KOH, MeOH

0 °C
68%

(48)
PhI(OAc)2

H2N CO2H

NHBocO

N
CO2H

NHBoc

•
O

H2N
CO2H

NHBoc

100 kg

EtOAc
aq CH3CN

93%

(49)

PhI(OAc)2

Rearrangement reactions of three- and four-membered cyclo-
alkanols have been demonstrated in a number of notable
contexts.48 In the former case, fragmentation occurs with
PhI(OAc)2 in MeOH to yield the unsaturated ester product
(eq 50).68 Other combinations of hypervalent iodine reagents with
Brønsted acids have also proven effective for this transformation.

TsN

OH

MeH

N
Ts

Me
MeO2C

MeOH, 25 °C
53%

(50)

PhI(OAc)2

Synthesis of substituted furanones is made possible starting
from squaric ester derivatives (eq 51).69 Ring-expansion occurs
through a putative acylium species, which may be trapped with ei-
ther AcOH or MeOH depending on the choice of reaction solvent.

O

R

OH
EtO

EtO

O

O
EtO

EtO
R

OAc

O
EtO

EtO
R

O

PhI(OAc)2

R = Me, nBu, Ph

(51)

DCE, 85 °C
64–84%
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Alcohol Oxidation. Catalytic 2,2,6,6-tetramethyl-1-piperidi-
nyloxyl (TEMPO), employed in combination with PhI(OAc)2,
will effect the oxidation of 1◦ and 2◦ alcohols to aldehydes and
ketones, respectively (eq 52).70,71 Reactions are generally high
yielding and complete in a few hours. A related protocol uses
polymer-supported PhI(OAc)2 with KBr in H2O to generate car-
boxylic acids from 1◦ alcohols.50,72 Ketones may also be prepared
in excellent yield with this latter method.

PhS
OH

PhS CHO

PhI(OAc)2

chemoselective
oxidation

(52)

10 mol % TEMPO
CH2Cl2, 1 h

70%

Alcohol oxidation has been described using (salen)CrCl
(10 mol %) and PhI(OAc)2.73 Over-oxidation of 1◦ alcohols
to carboxylic acids is not observed under these conditions.
Chemoselective synthesis of α,β-unsaturated enones from allylic
alcohols is also possible. Optically active (salen)MnPF6 catalysts
perform with PhI(OAc)2 for the kinetic resolution of a small
collection of chiral 2◦ alcohols (eq 53).74

N N
Mn

O O

tBu

tBu

tBu

tBu

HH

PF6
–

Me

OH

Me

OH

(salen)MnPF6

(±)

0.5 PhI(OAc)2

85% ee @ 51% conv.

krel ~ 23

(53)
2 mol % 

(salen)MnPF6
Et4NBr, H2O

In the absence of TEMPO or a metal catalyst, benzylic alco-
hols can be oxidized with alumina-supported PhI(OAc)2 using
microwave irradiation.75 The reaction is conducted without sol-
vent and is completed in 1–3 min.

Decarboxylation and Related Radical Processes. Oxidation
of alcohols and sulfonamides with PhI(OAc)2 and I2 under irradia-
tion from a Hg- or W-lamp results in the formation of oxygen- and
nitrogen-centered radicals, respectively.76 Chroman derivatives
may be synthesized in this manner from simple 3-arylpropan-1-ol
starting materials (eq 54).77 N-Alkylsaccharin products have been
assembled in a similar fashion.76 The PhI(OAc)2/I2 conditions
also make available benzo-fused lactones from ortho-substituted
benzoic acids.

OH

Me

I

O Me

PhI(OAc)2, I2
(54)

DCE, hν
52%

Decarboxylation of α-heteroatom-functionalized carboxylic
acids occurs smoothly using PhI(OAc)2 and I2 without the
requirement for photolysis.78 When proline derivatives are
employed for this reaction, the intermediate N,O-acetal may be
treated with nucleophilic agents to give 2-substituted pyrrolidine
products (eq 55).

Treatment of both aliphatic and electron-withdrawn aromatic
carboxylic acids with PhI(OAc)2, Br2, and light affords alkyl-
and aryl bromides, respectively.79

Alkene Epoxidation/Aziridination. Olefin epoxidation,
principally of styrene derivatives, using a chiral Ru(II)-
bisoxazoline catalyst and PhI(OAc)2 takes place with modest
enantiomeric induction (eq 56).80,81 The rate of this reaction
is enhanced by the presence of H2O. An electron-deficient
Fe-porphyrin complex also serves as a catalyst for O-atom
transfer using PhI(OAc)2 as the terminal oxidant.82

N CO2H

O OtBu

N

OtBuO

OH

N

OtBuO

allylSiMe3

83%

(55)

BF3 · OEt2I2, CH2Cl2

PhI(OAc)2

Ph
Me

Ph
Me

O
5 mol %

Ru(S,S-iPr2-pybox)(dipic)

27% ee

(56)
PhI(OAc)2

H2O, t-BuOH/toluene
86% (GC)

Both intra- and intermolecular aziridination of alkenes can be
accomplished with PhI(OAc)2 and an appropriate nitrogen source
(eqs 57 and 58).83,84 The former reactions have been described
using carbamate, sulfonamide, and sulfamate substrates. Typi-
cal catalysts utilized for these processes include Ru, Rh, and Cu
complexes.85–88 By employing chiral transition metal catalysts,
asymmetric induction has been realized in both intra- and inter-
molecular reactions.

CO2Et

Me O
S

NH2

O O

CO2Et

N O
S

O O

Me

2 mol % Rh2(oct)4

4:1 diastereoselectivity

(57)
PhI(OAc)2

MgO, CH2Cl2
92%
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Me

nHx

Me

nHx

NSO3CH2CCl3

H2NSO3CH2CCl3+

1 mol %
Rh2(NHCOCF3)4

cis-isomer only

(58)

PhI(OAc)2
MgO, C6H6

72%

Alkene Cyclopropanation. Olefin cyclopropanation is
possible in selected cases through in situ generation of stabilized
phenyliodonium ylides using PhI(OAc)2 and enolate equivalents
such as Meldrum’s acid or methyl nitroacetate (eq 59).89 The
intermediate ylide decomposes in the presence of Rh2(O2CR)4

catalysts to generate a putative metallo-carbene species as the
reactive cyclopropanating agent. With methyl nitroacetate, sub-
stituted cyclopropanes are formed with good levels of cis/trans
stereocontrol.90 PhI=O has also been employed for related
reactions using both Rh and Cu complexes.91,92

O2N
OBn

O

Ph

Ph

O2N
CO2Bn

+

5 equiv

0.5 mol % 
Rh2(O2CtBu)4

84:16 E/Z

(59)

PhI(OAc)2
neat, 2 h

83%

C–H Amination. A number of amine-based starting materials
will react with PhI(OAc)2 and a transition metal catalyst to pro-
mote selective C–H bond amination.84 Intramolecular oxidation
of substrates such as carbamates, ureas, sulfamates, sulfonamides,
and sulfamides affords the corresponding heterocycles in high
yields and, in many cases, with excellent diastereocontrol (eqs 60
and 61).93–95 Insertion into optically active 3◦ C–H centers is re-
ported to be stereospecific (eq 62).96,97 Chiral Ru, Mn, and Rh
catalysts have all been utilized for asymmetric C–H amination,
though product enantiomeric induction is variable. Many of the
heterocyclic structures furnished from these reactions function as
versatile precursors to 1,2- and 1,3-amine derivatives.

O
CO2

tBu

H2N O

CO2
tBu

O
HN

O

5 mol %
Rh2(OAc)4

PhI(OAc)2
MgO, 40 °C

82%

(60)

N
Boc

NPhth

O
S

H2N

O O

N
Boc

NPhth

O
S

HN

O O

2 mol %
Rh2(oct)4

12:1 anti/syn

(61)

PhI(OAc)2
MgO, CH2Cl2

85%

Et

Me O
S

NH2

O O

Me

O

Et

S
HN

O O

(S)

Me
CO2H

Et

NHCBz

2 mol %
Rh2(OAc)4

stereospecific C–H 
insertion

(R)-β-isoleucine

(62)

PhI(OAc)2
MgO, CH2Cl2

91%

Intermolecular C–H amination has been demonstrated using
primarily p-TsNH2 or 2,2,2-trichloroethoxysulfonamide as the
nitrogen source (eq 63).93,95,98 Reactions operate most effectively
with benzylic hydrocarbons, although C–H amination of 3◦ and
2◦ C–H bonds is possible. Other sulfonamides as well as certain
acyl amides can be employed in this unique oxidation reaction.99

These methods generally function with limiting amounts of the
starting hydrocarbon and a slight excess of both the nitrogen
source and PhI(OAc)2.

ArSO2NH2+

NHSO2Ar

1 mol %
Mn(TPFPP)Cl

Ar = Ts, Ns
88–94% conversion

(63)

PhI(OAc)2
CH2Cl2, 40 °C

C–H Oxygenation. The combination of PhI(OAc)2 and cat-
alytic Pd(OAc)2 can be used with functionalized aromatic and
aliphatic hydrocarbons for the directed oxygenation of C–H bonds
(eq 64).100,101 Substrates containing pyridine, azole, imine, and
oxime groups fuction under these reaction conditions to afford
acetoxylated or methoxylated compounds. Oxidation of 1◦ methyl
centers is strongly preferred over 2◦ and 3◦ C–H sites.
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N OMeMe

Me Me

N OMe

Me Me

OAc

5 mol % Pd(OAc)2
(64)

PhI(OAc)2
80–100 °C

75%

Heteroatom Oxidation. Oxidation of organosulfur compou-
nds with PhI(OAc)2 is noted in a number of different contexts. A
particularly useful method for deprotection of dithiane-derived
aldehydes and ketones employs PhI(OAc)2 in aq acetone
(eq 65).102 Related to this process, organosulfides may be
selectively oxidized to sulfoxides by employing the supported
reagent PhI(OAc)2/Al2O3 or with a combination of PhI(OAc)2

and Ac2O.103

S S

R1 R2

PhI(OAc)2
O

R1 R2

R1 = aryl, alkyl, vinyl
R2 = H, alkyl

acetone/H2O
25 °C

64–92%

(65)

Synthesis of sulfilimines and sulfoximines from sulfides and
sulfoxides, respectively, may be accomplished with PhI(OAc)2

and o-NsNH2 or CF3CONH2 as the nitrogen source.104

Rh2(OAc)4 was found to be an optimal catalyst for this process
(eq 66). Removal of the CF3CO-protecting group from the
products is facilitated with methanolic base, thereby affording
the N-unsubstituted products. Under these conditions, reaction
of a chiral sulfoxide is stereospecific. N-Sulfonyl sulfilimine
formation has also been reported using arenesulfonamides and
PhI(OAc)2 in the absence of a metal catalyst.105

p-Tol
S

Me

O

p-Tol
S

Me

O NH1. Rh2(OAc)4, CF3CONH2
     PhI(OAc)2, MgO

>99% ee >99% ee
(66)

2. K2CO3, MeOH

76%

Diacetoxyiodobenzene has been utilized for the oxidation of
organic derivatives of both bismuth and antimony.103 Reactions
of triaryl species proceed under mild, neutral conditions to yield
the corresponding pentavalent diacetates (eq 67).106

Ar3Bi
PhI(OAc)2

AcO

Bi

AcO

Ar

Ar
Ar

Ar = C6H5, 2-MeC6H4,
         4-MeOC6H4, 4-FC6H4,
         3–F3CC6H4, 1-naphthyl

CH2Cl2
7–9 h, 25 °C

65–80%

(67)
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Diazomethane1

+ –
H2C=N=N

[334-88-3] CH2N2 (MW 42.04)
InChI = 1/CH2N2/c1-3-2/h1H2
InChIKey = YXHKONLOYHBTNS-UHFFFAOYAZ

(methylating agent for various functional groups including car-
boxylic acids, alcohols, phenols, and amides; reagent for the syn-
thesis of α-diazo ketones from acid chlorides, and the cyclopropa-

nation of alkenes1)

Physical Data: mp −145 ◦C; bp −23 ◦C.
Solubility: diazomethane is most often used as prepared in ether,

or in ether containing a small amount of ethanol. It is less fre-
quently prepared and used in other solvents such as dichloro-
methane.

Analysis of Reagent Purity: diazomethane is titrated2 by adding a
known quantity of benzoic acid to an aliquot of the solution such
that the solution is colorless and excess benzoic acid remains.
Water is then added, and the amount of benzoic acid remaining
is back-titrated with NaOH solution. The difference between
the amount of acid added and the amount remaining reveals the
amount of active diazomethane present in the aliquot.

Preparative Methods: diazomethane is usually prepared by the
decomposition of various derivatives of N-methyl-N-nitroso-
amines. Numerous methods of preparation have been
described,.3 but the most common and most frequently
employed are those which utilize N-Methyl-N-nitroso-
p-toluenesulfonamide (Diazald©R ; 1),4 1-Methyl-3-nitro-1-
nitrosoguanidine (MNNG, 2),5 or N-methyl-N-nitrosourea (3)2

(1) (2) (3)

Me
N NH2N

NO

NH

N

O

NO

Me NO2

H
N S

O

O

Me

ON

The various reagents each have their advantages and disadvan-
tages, as discussed below. The original procedure6 for the synthe-
sis of diazomethane involved the use of N-methyl-N-nitrosourea,
and similar procedures are still in use today. An advantage of
using this reagent is that solutions of diazomethane can be pre-
pared without distillation,7 thus avoiding the most dangerous op-
eration in other preparations of diazomethane. For small scale
preparations (1 mmol or less) which do not contain any alcohol,
a kit is available utilizing MNNG which produces distilled di-
azomethane in a closed environment. Furthermore, MNNG is a
stable compound and has a shelf life of many years. For larger
scale preparations, kits are available for the synthesis of up to 300
mmol of diazomethane using Diazald as the precursor. The shelf
life of Diazald (about 1–2 years), however, is shorter than that
of MNNG. Furthermore, the common procedure using Diazald
produces an ethereal solution of diazomethane which contains
ethanol; however, it can be modified to produce an alcohol-free
solution. Typical preparations of diazomethane involve the slow
addition of base to a heterogeneous aqueous ether mixture con-
taining the precursor. The precursor reacts with the base to lib-
erate diazomethane which partitions into the ether layer and is

concomitantly distilled with the ether to provide an ethereal so-
lution of diazomethane. Due to the potentially explosive nature
of diazomethane, the chemist is advised to carefully follow the
exact procedure given for a particular preparation. Furthermore,
since diazomethane has been reported to explode upon contact
with ground glass, apparatus which do not contain ground glass
should be used. All of the kits previously mentioned avoid the use
of ground glass.
Handling, Storage, and Precautions: diazomethane as well as the

precursors for its synthesis can present several safety hazards,
and must be used with great care.8 The reagent itself is highly
toxic and irritating. It is a sensitizer, and long term exposure
can lead to symptoms similar to asthma. It can also detonate
unexpectedly, especially when in contact with rough surfaces,
or on crystallization. It is therefore essential that any glassware
used in handling diazomethane be fire polished and not contain
any scratches or ground glass joints. Furthermore, contact with
certain metal ions can also cause explosions. Therefore metal
salts such as calcium chloride, sodium sulfate, or magnesium
sulfate must not be used to dry solutions of the reagent. The rec-
ommended drying agent is potassium hydroxide. Strong light
is also known to initiate detonation. The reagent is usually gen-
erated immediately prior to use and is not stored for extended
periods of time. Of course, the reagent must be prepared and
used in a well-ventilated hood, preferably behind a blast shield.
The precursors used to generate diazomethane are irritants and
in some cases mutagens and suspected carcinogens, and care
should be exercised in their handling as well.

Methylation of Heteroatoms. The most widely used feature
of the chemistry of diazomethane is the methylation of carboxylic
acids. Carboxylic acids are good substrates for reaction with di-
azomethane because the acid is capable of protonating the dia-
zomethane on carbon to form a diazonium carboxylate. The car-
boxylate can then attack the diazonium salt in what is most likely
an SN2 reaction to provide the ester. Species which are not acidic
enough to protonate diazomethane, such as alcohols, require an ad-
ditional catalyst, such as Boron Trifluoride Etherate, to increase
their acidity and facilitate the reaction. The methylation reaction
proceeds under mild conditions and is highly reliable and very
selective for carboxylic acids. A typical procedure is to add a yel-
low solution of diazomethane to the carboxylic acid in portions.
When the yellow color persists and no more gas is evolved, the
reaction is deemed complete. Excess reagent can be destroyed by
the addition of a few drops of acetic acid and the entire solution
concentrated to provide the methyl ester.

Esterification of Carboxylic Acids and Other Acidic Func-
tional Groups. A variety of functional groups will tolerate the
esterification of acids with diazomethane. Thus α,β-unsaturated
carboxylic acids and alcohols survive the reaction (eq 1),9 as
do ketones (eq 2),10 isolated alkenes (eq 3),11 and amines
(eq 4).12

(1)
HO OH

O O

OMeHO( )6 ( )6

CH2N2
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Other acidic functional groups will also undergo reaction
with diazomethane. Thus phosphonic acids (eq 5)13 and phenols
(eq 6)14 are methylated in high yields, as are hydroxytropolones
(eq 7)15 and vinylogous carboxylic acids (eq 8).16 The origin of
the selectivity in eq 6 is due to the greater acidity of the A-ring
phenol.
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Selective monomethylation of dicarboxylic acids has been re-
ported using Alumina as an additive (eq 9).17 It is thought that one
of the two carboxylic acid groups is bound to the surface of the alu-
mina and is therefore not available for reaction. Carboxylic acids
that are engaged as lactols will also undergo methylation with
diazomethane to provide the methyl ester and aldehyde (eq 10).18

HO OH

O O

HO OMe

O O
(9)
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CH2N2

(10)
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O
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O
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OHC

CH2N2

Methylation of Alcohols and Other Less Acidic Functional
Groups. As previously mentioned, alcohols require the addition
of a catalyst in order to react with diazomethane. The most com-
monly used is boron trifluoride etherate (eq 11),19 but Tetrafluo-
roboric Acid has been used as well (eq 12).20 Mineral acids are
not effective since they rapidly react with diazomethane to pro-
vide the corresponding methyl halides. Acids as mild as silica gel
have also been found to be effective (eq 13).21 Monomethylation
of 1,2-diols with diazomethane has been reported using various
Lewis acids as promoters, the most effective of which is Tin(II)
Chloride (eq 14).22
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An interesting case of an alcohol reacting with diazomethane
at a rate competitive with a carboxylic acid has been reported
(eq 15).23 In this case, the tertiary structure of the molecule is
thought to place the alcohol and the carboxylic acid in proximity
to each other. Protonation of the diazomethane by the carboxylic
acid leads to a diazonium ion in proximity to the alcohol as well
as the carboxylate. These species then attack the diazonium ion at
competitive rates to provide the methyl ether and ester. No reaction
is observed upon treatment of the corresponding hydroxy ester
with diazomethane, indicating that the acid is required to activate
the diazomethane.

(15)
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Amides can also be methylated with diazomethane in the pres-
ence of silica gel; however, the reaction requires a large excess of
diazomethane (25–60 equiv, eq 16).24 The reaction primarily pro-
vides O-methylated material; however, in one case a mixture of O-
and N-methylation was reported. Thioamides are also effectively
methylated with this procedure to provide S-methylated com-
pounds. Finally, amines have been methylated with diazomethane
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in the presence of BF3 etherate, fluoroboric acid,25 or copper(I)
salts;26 however, the yields are low to moderate, and the method
is not widely used.

NH

O

N

OMe

(16)
silica

CH2N2

The Arndt–Eistert Synthesis. Diazomethane is a useful
reagent for the one-carbon homologation of acid chlorides via a
sequence of reactions known as the Arndt–Eistert synthesis. The
first step of this sequence takes advantage of the nucleophilicity
of diazomethane in its addition to an active ester, typically an
acid chloride,27 to give an isolable α-diazo ketone and HCl. The
HCl that is liberated from this step can react with diazomethane
to produce methyl chloride and nitrogen, and therefore at least
2 equiv of diazomethane are typically used. The α-diazo ketone
is then induced to undergo loss of the diazo group and insertion
into the adjacent carbon–carbon bond of the ketone to provide
a ketene. The ketene is finally attacked by water or an alcohol
(or some other nucleophile) to provide the homologated car-
boxylic acid or ester. This insertion step of the sequence is known
as the Wolff rearrangement28 and can be accomplished either ther-
mally (eq 17)29 or, more commonly, by treatment with a metal ion
(usually silver salts, eq 18),30 or photochemically (eq 19).31 It has
been suggested that the photochemical method is the most effi-
cient of the three.32 As eqs 18 and 19 illustrate, retention of stere-
ochemistry is observed in the migrating group. The obvious limi-
tations of this reaction are that there must not be functional groups
present in the molecule which will react with diazomethane more
rapidly than it will attack the acid chloride. Thus carboxylic acids
will be methylated under these conditions. Furthermore, electron-
deficient alkenes will undergo [2,3] dipolar cycloaddition with di-
azomethane more rapidly than addition to the acid chloride. Thus
when the Arndt–Eistert synthesis is attempted on α,β-unsaturated
acid chlorides, cycloaddition to the alkene is observed in the prod-
uct. In order to prevent this, the alkene must first be protected by
addition of HBr and then the reaction carried out in the normal
way (eq 20).33 Cycloaddition to isolated alkenes, however, is not
competitive with addition to acid chlorides.
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O
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Other Reactions of α-Diazo Ketones Derived from Dia-
zomethane. Depending on the conditions employed, the Wolff
rearrangement may proceed via a carbene or carbenoid interme-
diate, or it may proceed by a concerted mechanism where the
insertion is concomitant with loss of N2 and no intermediate is
formed. In the case where a carbene or carbenoid is involved,
other reactions which are characteristic of these species can oc-
cur, such as intramolecular cyclopropanation of alkenes. In fact,
the reaction conditions can be adjusted to favor cyclopropanation
or homologation depending on which is desired. Thus treatment
of the dienoic acid chloride shown in eq 21 with diazomethane
followed by decomposition of the α-diazo ketone with silver ben-
zoate in the presence of methanol and base provides the homolo-
gated methyl ester. However, treatment of the same diazoketone
intermediate with CuII salts provides the cyclopropanation prod-
ucts selectively.34 This trend is generally observed; that is, silver
salts as well as photochemical conditions (eqs 18 and 19) favor
the homologation pathway while copper or rhodium salts favor
cyclopropanation.35 Using copper salts to decompose the diazo
compounds, hindered alkenes as well as electron-rich aromatics
can be cyclopropanated as illustrated in eqs 22 and 23,36,37 re-
spectively.
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In addition to these reactions, α-diazo ketones will undergo
protonation on carbon in the presence of protic acids38 to pro-
vide the corresponding α-diazonium ketone. These species are
highly electrophilic and can undergo nucleophilic attack. Thus if
the proton source contains a nucleophile such as a halogen then
the corresponding α-halo ketone is isolated (eq 24).39 However,
if the proton source does not contain a nucleophilic counterion
then the diazonium species may react with other nucleophiles that
are present in the molecule, such as alkenes (eq 25)40 or aromatic
rings (eq 26).41 Note the similarity between the transformations
in eqs 26 and 23 which occur using different catalysts and by dif-
ferent pathways. Also, eq 26 illustrates the fact that other active
esters will undergo nucleophilic attack by diazomethane.



148 DIAZOMETHANE

Cl

O O

(24)
Br

1. CH2N2

2. HBr

1. CH2N2
(25)

CO2Cl
O

2. HClO4

1. CH2N2
(26)

N
O

O

CF3

O O

N
H

CF3

O

OMe
2. H+

Lewis acids are also effective in activating α-diazo ketones to-
wards intramolecular nucleophilic attack by alkenes and arenes.42

The reaction has been used effectively for the synthesis of cy-
clopentenones (eq 27) starting with β,γ-unsaturated diazo ketones
derived from the corresponding acid chloride and diazomethane.
It has also been used to initiate polyalkene cyclizations (eq 28).
Typically, boron trifluoride etherate is used as the Lewis acid, and
electron-rich alkenes are most effective providing the best yields
of annulation products.
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The Vinylogous Wolff Rearrangement. The vinylogous
Wolff rearrangement43 is a reaction that occurs when the
Arndt–Eistert synthesis is attempted on β,γ-unsaturated acid chlo-
rides using copper catalysis. Rather than the usual homologation
products, the reaction proceeds to give what is formally the prod-
uct of a [2,3]-sigmatropic shift, but is mechanistically not derived
by this pathway.44 The mechanism is thought to proceed by an ini-
tial cyclopropanation of the alkene by the α-diazo ketone to give
a bicyclo[2.1.0]pentanone derivative. This compound then under-
goes a fragmentation to a ketene alkene before being trapped by
the solvent (eq 29). Inspection of the products reveals that they
are identical with those derived from the Claisen rearrangement
of the corresponding allylic alcohols, and as such this method can
be thought of as an alternative to the Claisen procedure. However,
the stereoselectivity of the alkene that is formed is not as high as
is typically observed in the Claisen rearrangement (eq 30), and in
some substrates the reaction proceeds with no selectivity (eq 31).
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Insertions into Aldehyde C–H Bonds. The α-diazo ketones
(and esters) derived from diazomethane and an acid chloride
(or chloroformate) will also insert into the C–H bond of aldehydes
to give 1,3-dicarbonyl derivatives.45 The reaction is catalyzed by
SnCl2, but some simple Lewis acids, such as BF3 etherate, also
work. The reaction works well for aliphatic aldehydes, but gives
variable results with aromatic aldehydes, at times giving none of
the desired diketone (eq 32). Sterically hindered aldehydes will
also participate in this reaction, as illustrated in eq 33 with the reac-
tion of ethyl α-diazoacetate and pivaldehyde. In a related reaction,
α-diazo phosphonates and sulfonates will react with aldehydes in
the presence of SnCl2 to give the corresponding β-keto phospho-
nates and sulfonates.46 This reaction is a practical alternative to
the Arbuzov reaction for the synthesis of these species.
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Additions to Ketones. The addition of diazomethane to
ketones47 is also a preparatively useful method for one-carbon
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homologation. This reaction is a one-step alternative to the
Tiffeneau–Demjanow rearrangement48 and proceeds by the mech-
anism shown in eq 34. It can lead to either homologation or epox-
idation depending on the substrate and reaction conditions. The
addition of Lewis acids, such as BF3 etherate, or alcoholic cosol-
vents tend to favor formation of the homologation products over
epoxidation.
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CH2N2

However, the reaction is limited by the poor regioselectivity
observed in the insertion when the groups R1 and R2 in the
starting ketone are different alkyl groups. What selectivity is ob-
served tends to favor migration of the less substituted carbon,49

a trend which is opposite to that typically observed in rearrange-
ments of electron-deficient species such as in the Baeyer–Villiger
reaction. Furthermore, the product of the reaction is a ketone
and is therefore capable of undergoing further reaction with di-
azomethane. Thus, ideally, the product ketone should be less
reactive than the starting ketone. Strained ketones tend to re-
act more rapidly and are therefore good substrates for this re-
action (eq 35).50 This method has also found extensive use in
cyclopentane annulation reactions starting with an alkene. The
overall process begins with dichloroketene addition to the alkene
to produce an α-dichlorocyclobutanone. These species are ideally
suited for reaction with diazomethane because the reactivity of
the starting ketone is enhanced due to the strain in the cyclobu-
tanone as well as the α-dichloro substitution. Furthermore, the
presence of the α-dichloro substituents hinders migration of that
group and leads to almost exclusive migration of the methylene
group. Thus treatment with diazomethane and methanol leads to
a rapid evolution of nitrogen, and produces the corresponding α-
dichlorocyclopentanone, which can be readily dehalogenated to
the hydrocarbon (eq 36).51 Aldehydes will also react with dia-
zomethane, but in this case homologation is not observed. Rather,
the corresponding methyl ketone derived from migration of the
hydrogen is produced (eq 37).
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Cycloadditions with Diazomethane. Diazomethane will un-
dergo [3 + 2] dipolar cycloadditions with alkenes and alkynes to
give pyrazolines and pyrazoles, respectively.52 The reaction pro-
ceeds more rapidly with electron-deficient alkenes and strained
alkenes and is controlled by FMO considerations with the HOMO
of the diazomethane and the LUMO of the alkene serving as the
predominant interaction53 In the case of additions to electron-
deficient alkenes, the carbon atom of the diazomethane behaves
as the negatively charged end of the dipole, and therefore the
regiochemistry observed is as shown in eq 38. With conjugated
alkenes, such as styrene, the terminal carbon has the larger lobe in
the LUMO, and as such the reaction proceeds to give the product
shown in eq 39. Pyrazolines are most often used as precursors
to cyclopropanes by either thermal or photochemical extrusion of
N2. In both cases the reaction may proceed by a stepwise mecha-
nism with loss of stereospecificity. As shown in eq 40, the thermal
reaction provides an almost random product distribution, while
the photochemical reaction provides variable results ranging from
20:1 to stereospecific extrusion of nitrogen.54
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Cyclopropanes can also be directly synthesized from alkenes
and diazomethane, either photochemically or by using transi-
tion metal salts, usually Copper(II) Chloride or Palladium(II)
Acetate, as promoters. The metal-mediated reactions are more
commonly used than the photochemical ones, but they are not as
popular as the Simmons–Smith procedure. However, they do occa-
sionally offer advantages. Of the two processes, the Cu-catalyzed
reaction produces a more active reagent.55 which will cyclo-
propanate a variety of alkenes, including enamines as shown in
eq 4156 These products can then be converted to α-methyl ketones
by thermolysis. The cyclopropanation of the norbornenol deriva-
tive shown in eq 42 was problematic using the Simmons–Smith
procedure and provided low yields, but occurred smoothly using
the CuCl2/diazomethane method.57
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(42)

OH OH
CH2N2

CuCl2

The Pd(OAc)2-mediated reaction can be used to cyclopropanate
electron-deficient alkenes as well as terminal alkenes. Thus selec-
tive reaction at a monosubstituted alkene in the presence of oth-
ers is readily achieved using this method (eq 43).58 The example
shown in eq 44 is one in which the Simmons–Smith procedure
failed to provide any of the desired product, whereas the current
method provided a 92% yield of cyclopropane.59
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In the case of the photochemical reaction, irradiation of dia-
zomethane in the presence of cis-2-butene provides cis-1,2-di-
methylcyclopropane with no detectable amount of the trans iso-
mer (eq 45).60 This reaction is thought to proceed via a singlet
carbene. However, if the same reaction is carried out via a triplet
carbene, generated via triplet sensitization, then a 1.3:1 mixture
of trans to cis dimethylcyclopropane is observed (eq 46).61 The
yields in the photochemical reaction are typically lower than
the metal-mediated processes, and are usually accompanied by
more side products.
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Additions to Electron-deficient Species. Diazomethane will
also add to highly electrophilic species such as sulfenes or im-
minium salts to give the corresponding three-membered ring hete-
rocycles. When the reaction is performed on sulfenes, the products
are episulfones which are intermediates in the Ramberg–Backlund
rearrangement, and are therefore precursors for the synthesis of
alkenes via chelotropic extrusion of SO2. The sulfenes are typi-
cally prepared in situ by treatment of a sulfonyl chloride with a
mild base, such as Triethylamine (eq 47).62 Similarly, the addi-
tion of diazomethane to imminium salts has been used to methyle-
nate carbonyls.63 In this case, the intermediate aziridinium salt is
treated with a strong base, such as Butyllithium, in order to induce
elimination (eq 48).

(47)

SO2Cl
O O

O2S
O

NEt3 Δ
CH2N2

1. CH2N2
(48)

+
N

OH

H

H

H

H
H

2. BuLi

Miscellaneous Reactions. Diazomethane has been shown to
react with vinylsilanes derived from α,β-unsaturated esters to pro-
vide the corresponding allylsilane by insertion of CH2 into the
C–Si bond (eq 49).64 The reaction has been shown to be stereospe-
cific, with cis-vinylsilane providing cis-allylsilanes; however, the
mechanism of the reaction has not been defined. Diazomethane
has also been used in the preparation of trimethyloxonium salts.
Treatment of a solution of dimethyl ether and trinitrobenzenesul-
fonic acid with diazomethane provides trimethyloxonium trini-
trobenzenesulfonate, which is more stable than the fluoroborate
salt.65

OMe

OO

OMe

TMS
TMS

(49)
CH2N2

Related Reagents. 2-Diazopropane; Diphenyldiazomethane;
Phenyldiazomethane; 1-Diazo-2-propene.

1. (a) Regitz, M.; Maas, G. Diazo Compounds, Properties and Synthesis;
Academic: Orlando, 1986. (b) Black, T. H., Aldrichim. Acta 1983, 16, 3.
(c) Pizey, J. S. Synthetic Reagents; Wiley: New York, 1974; Vol. 2, p 65.

2. Arndt, F., Org. Synth., Coll. Vol. 1943, 2, 165.

3. Moore, J. A.; Reed, D. E., Org. Synth., Coll. Vol. 1973, 5, 351. Redemann,
C. E.; Rice, F. O.; Roberts, R.; Ward, H. P., Org. Synth., Coll. Vol. 1955,
3, 244. McPhee, W. D.; Klingsberg, E., Org. Synth., Coll. Vol. 1955, 3,
119.

4. De Boer, Th. J.; Backer, H. J., Org. Synth., Coll. Vol. 1963, 4, 250.
Hudlicky, M., J. Org. Chem. 1980, 45, 5377. See also Aldrich Chemical
Company Technical Bulletins Number AL-121 and AL-131. Note that
the preparation described in Fieser & Fieser, 1967, 1, 191. is flawed and
neglects to mention the addition of ethanol Failure to add ethanol can
result in a buildup of diazomethane and a subsequent explosion.

5. McKay, A. F., J. Am. Chem. Soc. 1948, 70, 1974. See also Aldrich
Chemical Company Technical Bulletin Number AL-132.

6. von Pechman, A., Chem. Ber. 1894, 27, 1888.

7. Ref. 2, note 3.

8. For a description of the safety hazards associated with diazomethane,
see: Gutsche, C. D., Org. React. 1954, 8, 391.

9. Fujisawa, T.; Sato, T.; Itoh, T., Chem. Lett. 1982, 219.

10. Nicolaou, K. C.; Paphatjis, D. P.; Claremon, D. A.; Dole, R. E., J. Am.
Chem. Soc. 1981, 103, 6967.

11. Fujisawa, T.; Sato, T.; Kawashima, M.; Naruse, K.; Tamai, K.,
Tetrahedron Lett. 1982, 23, 3583.

12. Kozikowski, A. P.; Sugiyama, K.; Springer, J. P., J. Org. Chem. 1981,
46, 2426.

13. De, B.; Corey, E. J., Tetrahedron Lett. 1990, 31, 4831. Macomber, R. S.,
Synth. Commun. 1977, 7, 405.

14. Blade, R. J.; Hodge, P., J. Chem. Soc., Chem. Commun. 1979, 85.

15. Kawamata, A.; Fukuzawa, Y.; Fujise, Y.; Ito, S., Tetrahedron Lett. 1982,
23, 1083.

16. Ray, J. A.; Harris, T. M., Tetrahedron Lett. 1982, 23, 1971.



151DIAZOMETHANE

17. Ogawa, H.; Chihara, T.; Taya, K., J. Am. Chem. Soc. 1985, 107, 1365.

18. Frimer, A. A.; Gilinsky-Sharon, P.; Aljadef, G., Tetrahedron Lett. 1982,
23, 1301.

19. Chavis, C.; Dumont, F.; Wightman, R. H.; Ziegler, J. C.; Imbach, J. L.,
J. Org. Chem. 1982, 47, 202.

20. Neeman, M.; Johnson, W. S., Org. Synth., Coll. Vol. 1973, 5, 245.

21. Ohno, K.; Nishiyama, H.; Nagase, H., Tetrahedron Lett. 1979, 20, 4405.

22. Robins, M. J.; Lee, A. S. K.; Norris, F. A., Carbohydr. Res. 1975, 41,
304.

23. Evans, D. S.; Bender, S. L.; Morris, J., J. Am. Chem. Soc. 1988, 110,
2506. For a similar example with the antibiotic lasalocid, see: Westly,
J. W.; Oliveto, E. P.; Berger, J.; Evans, R. H.; Glass, R.; Stempel, A.;
Toome, V.; Williams, T., J. Med. Chem. 1973, 16, 397.

24. Nishiyama, H.; Nagase, H.; Ohno, K., Tetrahedron Lett. 1979, 20, 4671.

25. Muller, v. H.; Huber-Emden, H.; Rundel, W., Justus Liebigs Ann. Chem.
1959, 623, 34.

26. Seagusa, T.; Ito, Y.; Kobayashi, S.; Hirota, K.; Shimizu, T., Tetrahedron
Lett. 1966, 7, 6131.

27. In addition to acid chlorides, α-diazo ketones can be synthesized from
carboxylic acid anhydrides; however, in this case one equivalent of
the carboxylic acid is converted to the corresponding methyl ester.
Furthermore, the anhydride can be formed in situ using DCC. See
Hodson, D.; Holt, G.; Wall, D. K., J. Chem. Soc. (C) 1970, 971.

28. For a review of the Wolff rearrangement, see: Meier, H.; Zeller, K.-P.;
Angew. Chem., Int. Ed. Engl. 1975, 14, 32.

29. Bergmann, E. D.; Hoffmann, E., J. Org. Chem. 1961, 26, 3555.

30. Clark, R. D., Synth. Commun. 1979, 9, 325.

31. Smith, A. B.; Dorsey, M.; Visnick, M.; Maeda, T.; Malamas, M. S., J.
Am. Chem. Soc. 1986, 108, 3110.

32. Smith, A. B.; Toder, B. H.; Branca, S. J.; Dieter, R. K., J. Am. Chem.
Soc. 1981, 103, 1996.

33. Rosenquist, N. R.; Chapman, O. L., J. Org. Chem. 1976, 41, 3326.

34. Hudliky, T.; Sheth, J. P., Tetrahedron Lett. 1979, 20, 2667.

35. For a review of intramolecular reactions of α-diazo ketones, see: Burke,
S. D.; Grieco, P. A., Org. React. 1979, 26, 361.

36. Murai, A.; Kato, K.; Masamune, T., Tetrahedron Lett. 1982, 23,
2887.

37. Iwata, C.; Fusaka, T.; Fujiwara, T.; Tomita, K.; Yamada, M., J. Chem.
Soc., Chem. Commun. 1981, 463.

38. For a review on the reactions of α-diazo ketones with acid, see: Smith,
A. B.; Dieter, R. K., Tetrahedron 1981, 37, 2407.

39. Ackeral, J.; Franco, F.; Greenhouse, R.; Guzman, A.; Muchowski, J. M.,
J. Heterocycl. Chem. 1980, 17, 1081.

40. Ghatak, U. R.; Sanyal, B.; Satyanarayana, G.; Ghosh, S., J. Chem. Soc.,
Perkin Trans. 1 1981, 1203.

41. Blair, I. A.; Mander, L. N., Aust. J. Chem. 1979, 32, 1055.

42. Smith, A. B.; Toder, B. H.; Branca, S. J.; Dieter, R. K., J. Am. Chem.
Soc. 1981, 103, 1996. Smith, A. B.; Dieter, K., J. Am. Chem. Soc. 1981,
103, 2009. Smith, A. B.; Dieter, K., J. Am. Chem. Soc. 1981, 103, 2017.

43. Smith, A. B.; Toder, B. H.; Branca, S. J., J. Am. Chem. Soc. 1984, 106,
3995.

44. Smith, A. B.; Toder, B. H.; Richmond, R. E.; Branca, S. J., J. Am. Chem.
Soc. 1984, 106, 4001.

45. Holmquist, C. R.; Roskamp, E. J., J. Org. Chem. 1989, 54, 3258. Padwa,
A.; Hornbuckle, S. F.; Zhang, Z. Z. Zhi, L.; J. Org. Chem. 1990, 55,
5297.

46. Holmquist, C. R.; Roskamp, E. J., Tetrahedron Lett. 1992, 33, 1131.

47. For a review of this reaction, see: Gutsche, C. D., Org. React. 1954, 8,
364.

48. For a review, see: Smith, P. A. S.; Baer, D. R., Org. React. 1960, 11, 157.

49. House, H. O.; Grubbs, E. J.; Gannon, W. F., J. Am. Chem. Soc. 1960, 82,
4099.

50. Majerski, Z.; Djigas, S.; Vinkovic, V., J. Org. Chem. 1979, 44, 4064.

51. Greene, A. E.; Depres, J-P., J. Am. Chem. Soc. 1979, 101, 4003.

52. For a review, see: Regitz, M.; Heydt, H. In 1,3-Dipolar Cycloadditions
Chemistry; Padwa, A.; Ed.; Wiley: New York, 1984; p 393.

53. For a discussion of the orbital interactions that control dipolar additions
of diazomethane, see: Fleming, I. Frontier Molecular Orbitals and
Organic Chemical Reactions; Wiley: New York, 1976; p 148.

54. Van Auken, T. V.; Rienhart, K. L., J. Am. Chem. Soc. 1962, 84, 3736.

55. This is a very reactive reagent combination which will cyclopropanate
benzene and other aromatic compounds. See: Vogel, E.; Wiedeman, W.;
Kiefe, H.; Harrison, W. F., Tetrahedron Lett. 1963, 4, 673. Muller, E.;
Kessler, H.; Kricke, H.; Suhr, H., Tetrahedron Lett. 1963, 4, 1047.

56. Kuehne, M. E.; King, J. C., J. Org. Chem. 1973, 38, 304.

57. Pincock, R. E.; Wells, J. I., J. Org. Chem. 1964, 29, 965.

58. Suda, M., Synthesis 1981, 714.

59. Raduchel, B.; Mende, U.; Cleve, G.; Hoyer, G. A.; Vorbruggen, H.,
Tetrahedron Lett. 1975, 16, 633.

60. Doering, W. von E.; LaFlamme, P., J. Am. Chem. Soc. 1956, 78, 5447.

61. Duncan, F. J.; Cvetanovic, R. J., J. Am. Chem. Soc. 1962, 84, 3593.

62. Fischer, N.; Opitz, G., Org. Synth., Coll. Vol. 1973, 5, 877.

63. Hata, Y.; Watanabe, M., J. Am. Chem. Soc. 1973, 95, 8450.

64. Cunico, R. F.; Lee, H. M.; Herbach, J., J. Organomet. Chem. 1973, 52,
C7.

65. Helmkamp, G. K.; Pettit, D. J., Org. Synth., Coll. Vol. 1973, 5, 1099.

Tarek Sammakia
University of Colorado, Boulder, CO, USA



152 2,3-DICHLORO-5,6-DICYANO-1,4-BENZOQUINONE

Essential Reactions for Organic Synthesis, First Edition. Edited by Philip L. Fuchs.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone1

NC

NC

O

Cl

Cl

O

[84-58-2] C8Cl2N2O2 (MW 227.01)
InChI = 1/C8Cl2N2O2/c9-5-6(10)8(14)4(2-12)3(1-11)7(5)13
InChIKey = HZNVUJQVZSTENZ-UHFFFAOYAL

(powerful oxidant, particularly useful for dehydrogenation to form
aromatic1a–d and α,β-unsaturated carbonyl compounds;1 oxi-
dizes activated methylene1a–c and hydroxy groups1b to carbonyl

compounds; phenols are particularly sensitive1c)

Alternate Name: DDQ.
Physical Data: mp 213–216 ◦C; E0 ≈ 1000 mV.
Solubility: very sol ethyl acetate and THF; moderately sol di-

chloromethane, benzene, dioxane, and acetic acid; insol H2O.
Form Supplied in: bright yellow solid; widely available.
Analysis of Reagent Purity: UV (λmax [dioxane] 390 nm) and

mp.
Purity: recrystallization from a large volume of dichloromethane.
Handling, Storage, and Precautions: indefinitely stable in a dry

atmosphere, but decomposes in the presence of water with the
evolution of HCN. Store under nitrogen in a sealed container.

Original Commentary

Derek R. Buckle
SmithKline Beecham Pharmaceuticals, Epsom, UK

Introduction. Quinones of high oxidation potential are pow-
erful oxidants which perform a large number of useful reactions
under relatively mild conditions. Within this class, DDQ repre-
sents one of the more versatile reagents since it combines high
oxidant ability with relative stability1 (see also Chloranil). Re-
actions with DDQ may be carried out in inert solvents such as
benzene, toluene, dioxane, THF, or AcOH, but dioxane and hy-
drocarbon solvents are often preferred because of the low solubil-
ity of the hydroquinone byproduct. Since DDQ decomposes with
the formation of hydrogen cyanide in the presence of water, most
reactions with this reagent should be carried out under anhydrous
conditions.1a

Dehydrogenation of Hydrocarbons. The mechanism by
which quinones effect dehydrogenation is believed to involve
an initial rate-determining transfer of hydride ion from the
hydrocarbon followed by a rapid proton transfer leading to
hydroquinone formation.1d Dehydrogenation is therefore depen-
dent upon the degree of stabilization of the incipient carbocation
and is enhanced by the presence of functionality capable of
stabilizing the transition state. As a consequence, unactivated

hydrocarbons are stable to the actions of DDQ while the presence
of alkenes or aromatic moieties is sufficient to initiate hydrogen
transfer.1d,2 The formation of stilbenes from suitably substituted
1,2-diarylethanes3 and the synthesis of chromenes by dehydro-
genation of the corresponding chromans (eq 1)4 are particularly
facile transformations. Similar reactions have also found consid-
erable utility for the introduction of additional unsaturation into
partially aromatized terpenes and steroids, where the ability to
control the degree of unsaturation in the product is a particular
feature of quinone dehydrogenations.5 Moreover, the ability to
effect exclusive dehydrogenation in the presence of sensitive
substituents such as alcohols and phenols (eq 2)5b illustrates the
mildness of the method and represents a further advantage.

O

OMe

MeO O

OMe

MeO

(1)

DDQ, PhH
80 °C, 20 h

80%

DDQ, 20 °C

HO

OH

H

HO

OH

(2)
90%

DDQ is a particularly effective aromatization reagent and is
frequently the reagent of choice to effect facile dehydrogenation
of both simple (eq 3)6 and complex hydroaromatic carbocyclic
compounds.1d,7 Skeletal rearrangements are relatively uncom-
mon features of quinone-mediated dehydrogenation reactions,
but 1,1-dimethyltetralin readily undergoes aromatization with a
1,2-methyl shift when subjected to the usual reaction conditions
(eq 4).8 Wagner–Meerwein rearrangements have also been ob-
served in the aromatization of steroids (eq 5), although in this
instance considerably longer reaction times are required.9 Such
reactions provide a unique method for the aromatization of cyclic
systems containing quaternary carbon atoms without the loss of
carbon.

(3)

DDQ, PhH
80 °C, 2 h

100%

(4)

DDQ, PhH
80 °C, 5 h

78%

DDQ, TsOH
dioxane

101 °C, 72 h

O

H

OH

H

HO

(5)
48%

DDQ is also an effective reagent for the dehydrogenation of hy-
droaromatic heterocycles, and pyrroles,10 pyrazoles,11 triazoles,12

pyrimidines,13 pyrazines,14 indoles,15 quinolines,16 furans,17

thiophenes,18 and isothiazoles19 are among the many aromatic
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compounds prepared in this manner. Rearomatization of nitrogen
heterocycles following nucleophilic addition across a C=N bond
(eq 6)13 is a particularly useful application of DDQ,13,16 and simi-
lar addition and reoxidation reactions in acyclic systems have also
been reported.20

N

N

Cl N
H

N

Cl

N

N

Cl

1. MeLi, ether
    –30 °C

DDQ, THF
0–20 °C
10 min

(6)

2. AcOH 84%

One particularly important use of DDQ has been in the dehydro-
genation of reduced porphyrins, where the degree of aromatization
of the product is highly dependent on the relative reagent:sub-
strate stoichiometry.1b Under optimal conditions, excellent yields
of partially or fully conjugated products may be isolated.1b,21 The
formation of porphyrins from tetrahydro precursors on reaction
with 3 equiv of DDQ under very mild conditions (eq 7) typifies
one of the more commonly described transformations.21 More re-
cently, DDQ has been used as part of a one-pot sequence for the
formation of porphyrins from simple intermediates, although the
overall yields in such reactions are generally comparatively low.22

NH HN

HNNH

CN

Et

EtEt

NC
Et

Et

Et

NH N

HNN

CN

Et

EtEt

NC
Et

Et

(7)

Et

DDQ, MeCN–ether
(degassed)

22 °C, 30 min

100%

In addition to the formation of neutral aromatic compounds,
DDQ is also an effective agent for the preparation of the salts of
stable aromatic cations. High yields of tropylium (eq 8) and triph-
enylcyclopropenyl (eq 9) cations have been isolated in the pres-
ence of acids such as perchloric, phosphoric, and picric acid,23

and oxonium,24 thioxonium,23,25 and pyridinium23,26 salts may
be prepared in reasonable yields from appropriate starting materi-
als under essentially similar conditions. The formation of the peri-
naphthyl radical has been reported on oxidation of perinaphthalene
with DDQ under neutral conditions,23 although such products are
not usually expected.

(8)

+
DDQ, HClO4

AcOH

ClO4
–92%

Ph

Ph

Ph (9)

Ph

Ph

Ph
+

DDQ, HClO4
AcOH

ClO4
–

95%

Dehydrogenation of Carbonyl Compounds. DDQ and other
high oxidation potential quinones are versatile reagents for the
synthesis of α,β-unsaturated carbonyl compounds,1e a reaction
that has found extensive application in the chemistry of 3-keto
steroids.1b The regiochemical course of this dehydrogenation is
highly dependent on the initial steroidal geometry; thus the 5α-
and the 5β-series usually furnish �1- and �4-3-keto steroids, re-
spectively (eq 10).1b The selection of one isomer over the other is
likely to reflect the relative steric crowding of the C-4 hydrogen
atom in the two series, but other factors may play a role in those
instances where the anticipated product is not formed.1b

O
H

O
H

O
H

5α series
(10)

5β  series

O

DDQ

DDQ

A rather more unusual situation exists during the dehydrogena-
tion of �4-3-keto steroids where the product formed is dependent
on the oxidizing quinone. Thus whereas DDQ gives the �4,6 ke-
tone, chloranil and a number of other quinones yield only the
�1,4 isomer (eq 11), a result that has been rationalized on the ba-
sis of DDQ proceeding via the kinetic enolate while less reactive
quinones proceed via the thermodynamic enolate.27

O

(11)

O

chloranil

O

DDQ

While DDQ is an effective reagent for the formation of α,β-
unsaturated steroidal ketones, the dehydrogenation of cyclohex-
anones to the corresponding enone only proceeds well when the
further reaction is blocked by gem-dialkyl substitution.1b,28 Tro-
pone, by contrast, has been prepared from 2,4-cycloheptadienone
(eq 12), although the yield was somewhat low.29 Heterocyclic
enones such as flavones30 and chromones31 may be efficiently pre-
pared from flavanones and chromanones, respectively, under sim-
ilar conditions to those used for the dehydrogenation of steroids,
and the dehydrogenation of larger ring heterocyclic ketones has
been described.32 Ketone enol ethers have also been shown to
undergo facile dehydrogenation to α,β-unsaturated ketones with
DDQ, although the nature of the product formed may be dependent
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on the presence or absence of moisture.33 Prior formation of the
silyl enol ether is a potentially more versatile procedure that has
been shown to overcome the problems generally associated with
the dehydrogenation of unblocked cyclohexanones (eq 13),34 par-
ticularly when the acidic hydroquinone formed during the reaction
is neutralized by the addition of N,O-Bis(trimethylsilyl)acetamide
(BSA)34 or a hindered base.35 Preparation of the enone derived
from either the kinetic or the thermodynamic enolate is possible
in this manner.34,35a

O O

(12)

DDQ, PhH
80 °C, 2 h

10%

DDQ, BSA, PhH
20 °C, 1 h

OTMS O

(13)
50%

Quinone dehydrogenation reactions of carbonyl compounds are
mostly limited to the more readily enolized ketones, and analo-
gous reactions on esters36 and amides37 require stronger condi-
tions and are far less common unless stabilization of the incipient
carbonium ion is possible. Oxidation in the presence of the silylat-
ing agent bis(trimethylsilyl)trifluoroacetamide (BSTFA) consid-
erably improves the dehydrogenation of steroidal lactams (eq 14)
by facilitating the breakdown of the intermediate quinone–lactam
complex.38 Similar dehydrogenations of carboxylic acids are rare,
but reaction of the α-anion of carboxylate salts generated in the
presence of HMPA has given modest yields of a number of α,β-
unsaturated fatty acids.39

N
H

O
H

N
H

O
H

DDQ, BSTFA
dioxane

20–110 °C, 22 h
(14)

85–90%

Oxidation of Alcohols. Saturated alcohols are relatively sta-
ble to the action of DDQ in the absence of light, although some
hindered secondary alcohols have been oxidized in reasonable
yield on heating under reflux in toluene for extended periods of
time (eq 15).40 It has been suggested that oxidation proceeds in
this instance as a result of relief of steric strain.40 Allylic and ben-
zylic alcohols, on the other hand, are readily oxidized to the cor-
responding carbonyl compounds,1b,41 and procedures have been
developed which utilize catalytic amounts of the reagent in the
presence of a stoichiometric amount of a second oxidant.42 Since
the rate of oxidation of allylic alcohols is greater than that for many
other reactions,43 the use of DDQ provides a selective method for
the synthesis of allylic and benzylic carbonyl compounds in the
presence of other oxidizable groups.

DDQ, toluene
116 °C, 8 h

OH

O

(15)
96%

Benzylic Oxidation. The oxidation of benzylic alkyl groups
proceeds rapidly in those instances in which stabilization of the

incipient carbonium ion is possible44,45 and a number of poly-
cyclic aromatic compounds have been oxidized in good yield to
the corresponding benzylic ketones on brief treatment with DDQ
in aqueous acetic acid at rt.44 The reaction is postulated to proceed
via an intermediate benzylic acetate which is hydrolyzed and fur-
ther oxidized under the reaction conditions.44 It is interesting that
1-alkylazulenes, which are cleaved by many of the more common
oxidants, are cleanly oxidized following a short exposure to DDQ
in aqueous acetone (eq 16), while under the same conditions no
oxidation of C-2 alkyl substituents takes place.46 As expected, the
oxidation was shown to be disfavored by the presence of strongly
electron-withdrawing substituents.46

DDQ, acetone (aq)
20 °C, 5 min

O

(16)
93%

The stabilization of benzylic carbonium ions is also a fea-
ture of arenes containing electron-donating substituents, espe-
cially those having 4-alkoxy or 4-hydroxy groups, and such com-
pounds are particularly effective substrates for oxidation by DDQ.
Thus 6-methoxytetralone has been prepared in 70% yield from 6-
methoxytetralin on treatment with DDQ in methanol,47 although
it is possible to isolate intermediate benzylic acetates if the oxi-
dation is carried out in acetic acid (eq 17).48 An interesting vari-
ant of the oxidation in inert solvents in the presence of either
Cyanotrimethylsilane49 or Azidotrimethylsilane50 results in the
isolation of good to excellent yields of benzyl cyanides and azides,
respectively.

(17)
MeO MeO

OAc
DDQ, AcOH, argon

22 °C, 12 h

73%

Benzylic oxidation of alkoxybenzyl ethers is particularly facile,
and since some of the more activated derivatives are cleaved
under conditions which leave benzyl, various ester, and formyl
groups unaffected, they have found application in the protection
of primary and secondary alcohols.51 Deprotection with DDQ
in dichloromethane/water follows the order: 3,4-dimethoxy > 4-
methoxy > 3,5-dimethoxy > benzyl and secondary > primary,
thus allowing the selective removal of one function in the
presence of another.51 2,6-Dimethoxybenzyl esters are read-
ily cleaved to the corresponding acids on treatment with DDQ
in wet dichloromethane at rt, whereas 4-methoxybenzyl esters
are stable under these conditions.52 Oxidative cleavage of N-
linked 3,4-dimethoxybenzyl derivatives with DDQ has also been
demonstrated.53

DDQ is a powerful oxidizing agent for phenols, and carbonium
ion stabilization via the quinone methide makes benzylic oxidation
of 4-alkylphenols a highly favored process.47,54 With methanol as
the solvent it is possible to isolate α-methoxybenzyl derivatives
in reasonable yield.55

Phenolic Cyclization and Coupling Reactions. The ox-
idation of phenolic compounds which either do not possess
benzylic hydrogen atoms, or which have an alternative reaction
pathway, can result in a variety of interesting products. Cyclode-
hydrogenation reactions leading to oxygen heterocycles represent
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a particular application of phenolic oxidation by DDQ, and is com-
mon when intramolecular quenching of the intermediate phenoxyl
radical is possible (eqs 18–20).56−59 These reactions necessarily
take place in nonpolar solvents and have given such products as
coumarins,56 chromenes (eq 18),57 benzofurans (eq 19),58 and
spiro derivatives (eq 20).59

DDQ, ether
2 h

OH O

(18)
90%

OH

Ph

(19)
O

Ph

DDQ, PhH
80 °C, 1 h

63%

OHMeO

OHO

OH

OMeO

O

O

(20)

O
DDQ, PhH

16 h

84%

Phenols and enolizable ketones that cannot undergo α,β-dehy-
drogenation may afford intermolecular products arising from ei-
ther C–C or C–O coupling on treatment with DDQ in methanol.60

2,6-Dimethoxyphenol, for example, results predominantly in ox-
idative dimerization (eq 21), while the hindered 2,4,6-tri-t-butyl-
phenol generates the product of quinone coupling (eq 22).60 Vari-
ous other unusual products have been observed on DDQ oxidation
of phenols and enolic compounds, their structure being dependent
on that of the parent compound.41,60,61

MeO

OH

OMe
OMe

O

OMe

MeO

MeO

O (21)

DDQ, MeOH
20 °C

62%

t-Bu

OH

t-Bu

t-Bu

t-Bu

O

t-Bu

O

t-Bu

Cl (22)NC

NC

OH

Cl

DDQ, MeOH
20 °C

62–68%

Miscellaneous Reactions. In addition to the key reac-
tions above, DDQ has been used for the oxidative removal of
chromium,62 iron,63 and manganese64 from their complexes with
arenes and for the oxidative formation of imidazoles and thiadia-
zoles from acyclic precursors.65 Catalytic amounts of DDQ also
offer a mild method for the oxidative regeneration of carbonyl
compounds from acetals,66 which contrasts with their formation
from diazo compounds on treatment with DDQ and methanol in
nonpolar solvents.67 DDQ also provides effective catalysis for the
tetrahydropyranylation of alcohols.68 Furthermore, the oxidation
of chiral esters or amides of arylacetic acid by DDQ in acetic acid
provides a mild procedure for the synthesis of chiral α-acetoxy
derivatives, although the diastereoselectivity achieved so far is
only 65–67%.69

While quinones in general are well known dienophiles in Diels–
Alder reactions, DDQ itself only rarely forms such adducts.70 It

has, however, been shown to form 1:1 adducts with electron-rich
heterocycles such as benzofurans and indoles where it forms C–O
and C–C adducts, respectively.71

First Update

Steven J. Collier & Mark D. McLaws
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Dehydrogenation of Hydrocarbons. DDQ is often the oxi-
dant of choice for the dehydrogenation of sensitive compounds.
For example, acenes, known for being prone to photooxidation and
photodimerization reactions, were produced in situ for cycloaddi-
tion with [60]fullerene by DDQ dehydrogenation (eq 23).72

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

PhPh

Ph

DDQ (9 equiv)
PhH, 20 h

20%

C60 (5 equiv)

(23)

The mild conditions under which DDQ effects dehydrogena-
tion of dihydroquinoline compounds has proved useful for acti-
vating a resin bound safety-catch linker for cleavage by aminol-
ysis (eq 24).73 The excess DDQ and DDQH are easily removed
by filtration after the activation step, effectively purging the sys-
tem of these potential impurities. Conversely, removal of DDQ
and DDQH with polymer-bound scavenger resins has also proven
valuable in solution phase applications.74,75

The aromatization of pyrrolidines to 2H-pyrroles occurs in good
yields without sigmatropic rearrangement to give 1H-pyrroles,
which can occur under conditions employing other oxidants such
as MnO2 and chloranil (eq 25).76

Oxidation of phenylalkylacetylenes gives rise to (Z)-enynes (eq
26).77 Successful dehydrogenation is highly substrate dependant,
requiring an α-substituent capable of stabilizing the charged tran-
sition state. Thus, 1-phenyl and 1-phenylthio substituted alkynes
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undergo oxidation while 1-unsubstituted or 1-alkyl substituted
alkynes fail to react. Although the oxidation appears to proceed
nonstereoselectively, the (Z)-olefin geometry is obtained due to
selective removal of the (E)-enyne by DDQ through an unknown
mechanism. As a result, product yields around 45–50% are gen-
erally observed.

N
H

R1

R2

R4

R3

NR1

R2

R4

R3

DDQ (2.2 equiv)
dioxane, rt
12−24 h (25)
55−81%

Ph
R

Ph

RDDQ
PhF, reflux, 2 h

(26)
27−45%

Dehydrogenation of Carbonyl Compounds. Oxidation
of thioflavanones gave thioflavones in excellent yield whereas
dehydrogenation with o-chloranil under like conditions failed
(eq 27).78 Inductive effects play an important role in such de-
hydrogenations. For example, the sulfone analog resisted dehy-
drogenation whereas the sulfoxide derivative gave the thioaurone
product in low yield.

X

O

Ph

X

O

Ph X

O

Ph

DDQ
PhH, reflux

X = S
X = SO2

X = SO

+ (27)

X=S  85% X=SO  38%

In some cases substrates with subtle structural features have
allowed for alternative reaction pathways yielding compounds
that are quite different than the expected dehydrogenation
product.79−81 For example, an unusual skeletal rearrangement
took place when certain methanonaphthalene derivatives were
dehydrogenated with DDQ (eq 28).79 While the expected an-
nulene was obtained when compounds with a mono-substituted
bridging methyl group underwent dehydrogenation, similar sub-
strates, with di-substituted bridging methyl groups, gave vinyl-
naphthalenes through a 1,5-sigmatropic carbon shift (Berson-
Willcott rearrangement).

CH3R

CH3R
R

R = H
R = cyclopropyl
       methyl
       phenyl

or

R = H R = cyclopropyl, 75%
       methyl, 26%
       phenyl, 24%

DDQ (3.3 equiv)
dioxane, reflux

(28)

The dehydrogenation of eudesma-4-en-3-ones, like the related
3-keto steroids,1b are also strongly influenced by both steric and
electronic factors. Although 9-hydro-eudesmaenones underwent
dehydrogenation to give the corresponding dieneone in good yield,
its 9-keto counterpart failed to react under comparable reaction
conditions (eq 29).81 Interestingly, dehydrogenation of similar 9-
keto substrates without the 4-methyl substituent gave a rearranged
aromatic product in good yield. The steric factors defined by the
orientation of the angular 10-methyl group also played a major
role in the success of the oxidation, with the β-epimer generally
giving higher yields of dehydrogenated products.

X

R

O

X

R

O

XOH

X = H2, R = CH3

X = O, R = CH3

X = O, R = H

R = CH3, X = H2 25−75% R = H, X = O 66−77%

DDQ
dioxane, reflux

+ (29)

Benzylic Oxidation. During the preparation of 4-ethyl or 4-
benzylpyridines via aromatization of dihydropyridine derivatives
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using DDQ, extended reactions lead to formation of hydroquinone
ethers (eq 30). This degradation was much less significant when
a Weinreb amide unit was in place of the ester function.82

R

N

OEt

O   DDQ
i-PrOAc

N

OEt

O
O R

NC CN

ClCl

HO

R = Me: 14%; R = Ph: 47%

(30)rt

DDQ has also been known to oxidize the unreactive methyl
groups of azulenes to formyl groups.46 A range of 3-substituted
Guaiazulene derivatives were oxidized using this technique, al-
though the reaction was poorer with more electron withdrawing
3-substituents (eq 31). However, use of a large excess of DDQ
gave rapid and essentially quantitative conversion to the formyl
derivative. 83

OHC

O
Cl3C

O
Cl3C

H2O - acetone

DDQ (7 equiv)

>99%
(31)

The oxidation of bisbenzyl ethers using DDQ has been studied
in some detail and the reaction is mild and highly selective for
the monoaldehyde products, even when excess oxidant is present
(eq 32).84 Conversion of para- and meta-bisbenzyl ethers was
found to be rapid whereas ortho-bisbenzyl ethers gave a slower
reaction. However, the rate could be increased when electron do-
nating groups were present, without compromising the selectivity
for the monoaldehyde. The reaction rate is retarded by aromatic
side chain hindrance (but not side chain steric hindrance), sug-
gesting that the reaction proceeds via the formation of an initial
π-stacked complex.

OMe

MeO
OMe

MeO
OMe

O

DDQ

98%

 CH2Cl2:H2O (10:1)
rt

(32)

The oxidation of 1-arylpropenes with DDQ in the presence of
water to give cinnamaldehydes is well known.85−88 The treat-
ment of 3-arylpropenes under similar conditions also affords cin-
namaldehydes (eq 33), although a large excess of DDQ and longer
reaction times are required.89,90 The reaction proceeds via forma-
tion of a quinol ether and is promoted by the presence of electron
releasing groups on the aryl ring. Oxidation in the presence of
MeOH gives esters and in the presence of acetic acid, acylals are
obtained (eq 33).

MeO

MeO

DDQ

DDQ

DDQ

MeO

MeO CO2Me

MeO

MeO
OAc

OAc

ORArCH=CHCH2O

NC CN

ClCl

MeO

MeO
O

80%

CH2Cl2/MeOH

55%

CH2Cl2/AcOH

75%

R = H, ArCH=CHCH2

(33)

CH2Cl2/H2O

Phenolic Cyclization and Coupling Reactions. DDQ has
recently been successfully employed in oxidative cycliza-
tions and coupling reactions to give naphthofuranquinones and
naphthopyranquinones,91 spirocoumaranones,92 cyclooctadiene
and spirodienone lignans,93,94 and various porphyrin deriv-
atives.95,96 The ratio of naphthofuranquinone and naphthopyran-
quinone produced upon oxidation of alkenylnaphthoquinones was
found to be temperature dependant (eq 34).91 At elevated temper-
atures, the furan derivative is the preferred product, whereas the
pyran derivative is favored at lower temperatures.

O

O

OH DDQ
PhH

O

O

O

O

O

O
+ (34)

78% at 8 °C 70% at 60 °C

The oxidative cyclization of substituted benzophenones using
DDQ can give sensitive spirocoumaranones (eq 35).92 This phe-
nolic cyclization is unusual in that it involves a highly constrained
tetra-ortho-substituted benzophenone arrangement which, under
other oxidative conditions, traditionally results in decomposition
or further reaction to give diphenyl ether products through cleav-
age of the benzylic ketone.97,98

Oxidative cyclization of 2,3-dibenzyl-2-hydroxybutanes gives
the expected lignans along with an unusual spirocyclization prod-
uct which is thought to be derived from the cyclooctadiene product
through oxidative formation of the bridging ether followed by a
1,2-aryl shift (eq 36).93

Oxidative coupling of triarylporphyrins was accomplished with
DDQ-Sc(OTf)3 (eq 37).95 Sc(OTf)3 is added to increase the ox-
idation potential of DDQ by interacting with the anion radical.
Another interesting aspect of this oxidative coupling reaction is
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the regiochemical bias exhibited by porphyrins with certain core
metals. While oxidative coupling of porphyrins with zinc cores
gave triply-linked diporphyrins, porphyrins with palladium cores
gave only the doubly-linked product. The influence exerted by the
core metal on the relative energies of the cation radical HOMO
orbital may account for the regioselectivity differences.

Deprotection Reactions. Several new alcohol protecting
groups which are cleaved by DDQ have been reported. For exam-
ple, p-phenylbenzyl ethers, which can be introduced to alcohols
under either acidic (via the corresponding trichloroacetimidate
and triflic acid) or basic conditions (via p-phenylbenzyl bromide
and base), exhibit enhanced acid stability over the well-known
PMB (p-methoxybenzyl) groups. The protecting group can be
cleaved through treatment with either DDQ, or using catalytic
DDQ with Mn(OAc)3 as a reoxidant for the hydroquinone.99 Sim-
ilarly, 2-naphthylmethyl ethers (prepared from the corresponding
bromide) are useful protecting groups for carbohydrates which
can be cleaved with DDQ.100 This protecting group is stable to
the acidic conditions required for acetal cleavage, and also other
conditions known to partially or completely cleave PMB groups.

OMeO2C

HO
OMe

HO

OH

Me

Cl

Cl

O

O

O

MeO2C

MeO

OH

Cl

Cl

Me

DDQ (3 equvi)
CH2Cl2/EtOH

(35)

57%
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MeO

CH2OMe

OH

CH2OMe

MeO

MeO

O

MeO

O CH2OMe

+

+

25% 40%

16%

(36)

Prenyl ethers can be cleaved under mild conditions (1.2 equiv
DDQ, 9:1 CH2Cl2:water) without cleaving other alcohol protect-

ing groups including acetals, acetates, allyl, benzyl, and TBDPS
ethers (eq 38).101 As mentioned above, the DDQ can be present
in catalytic amounts if Mn(III) salts are present as a reoxidant. O-
Allyl ethers are also cleaved using stoichiometric DDQ to give the
corresponding alcohol and acrolein.102 The reaction is selective
for allyl ether in the presence of acetonides, acetates, benzyl, and
TBDPS ethers.
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(37)
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DDQH
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H2O

DDQH2++
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(38)

Cyclic dithioketals can also be cleaved upon treatment with
DDQ in the presence of water, although the outcome of the re-
action can depend on the ring size of the dithioketal and upon
the substituents on the carbon backbone.103,104 For example,
many 2-substituted 1,3-dithianes convert to the parent aldehyde
compounds in good yield (eq 39), but competing thioester for-
mation is observed with dithianes derived from electron-rich
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benzaldehydes. 1,3-Dithiolanes derived from aromatic aldehydes
were converted to thioesters, whereas those derived from aliphatic
and aromatic ketones were stable. Diphenyldithioacetals were also
generally stable unless they were derived from electron-rich ben-
zaldehydes. Selective cleavage of 1,3-dithianes in the presence
of 1,3-dithiolanes, and diphenylthioacetals was reported.103 1,3-
Dithianes, 1,3-dithiolanes, and diphenylthioacetals derived from
cinnamaldehydes gave benzaldehydes in up to 50% yield upon
treatment with DDQ in aqueous solvents (eq 40).104 Other prod-
ucts were also obtained depending upon the nature of the aryl
ring.

S

S

R1

R2
n

O

R2R1 S

O

SR1
n

n = 1,2

2

+ (39)

n = 1 1−21% 0−75%

n = 2 23−97% 8−74%

ArCHO

SR1

Ar SR2

DDQ

R1 = R2 = Ph, -(CH2)2-, -(CH2)3-

(40)
0−50%

Cycloaddition Reactions. There are a small number of ex-
amples in which DDQ participates in cycloaddition reactions. A
substituted pentacene undergoes [4 + 2] cycloaddition with DDQ
(eq 41), with reaction occurring exclusively at the least hindered
diene function, due to steric constraints.105 An analogous reaction
was observed with a related naphthacene derivative. DDQ also
undergoes a reversible cycloaddition with N-carboxyphenyldihy-
dropyridine derivatives (eq 42).82 The 2-, 4-, and 6-ethyldihydro-
pyridine derivatives were prepared as an isomeric mixture. How-
ever, only the 6-ethyl derivative underwent cycloaddition with
DDQ, whereas the 4-ethyl derivative aromatized with elimi-
nation of the N-acyl function, and the 2-ethyl derivative did
not react at all. Furthermore, heating of the Diels-Alder adduct
resulted in quantitative regeneration of the 6-ethyl derivative and
DDQ. Aromatization the 6-ethyl derivative could be achieved by
using higher reaction temperatures or through a slow retro-Diels
Alder/aromatization sequence of the cycloadduct.82 [3 + 2] Cy-
cloadditions between 4-carboxyethyl-5-alkoxyoxazoles and one
of the C=O functions of DDQ have also been reported (eq 43), but
the reactions only occur under high pressure conditions.106 The
absence of the ester function results in complex mixtures under a
variety of conditions, including thermal, high pressure, and Lewis
acid catalysis.

Mitsunobu-type Reactions. The combination of triph-
enylphosphine and DDQ can be used to activate alcohols and
related substrates to nucleophilic displacement in a reaction
which is related to the widely used Mitsunobu reaction (using
triphenylphosphine and an azodicarboxylate) (eq 44). For
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example, alcohols (including primary, secondary, allylic, benzylic
alcohols), thiols, and selenols are converted in good yields to alkyl
halides (chloride, bromide, iodide) when treated with tetraalky-
lammonium halides in the presence of the DDQ/PPh3 system.107

The method is highly selective for primary alcohols in the presence
of secondary alcohols and also for primary and secondary alcohols
over tertiary alcohols, thiols, and many other functional groups.
Tetrabutylammonium cyanides108 or azides109 react with alcohols
(including tertiary alcohols), thiols, and TMS ethers under similar
conditions to give the corresponding alkyl cyanides or azides in
high yields and the reaction exhibits selectivity between differ-
ent alcohols and between alcohols, thiols, and TMS ethers. In the
latter case, this method represents a safer and milder method of in-
troducing azide groups into organic molecules when compared to
many existing methods. Use of a higher amount of DDQ than PPh3

prevents competitive formation of iminophosphoranes from the
alkyl azide products.109 Diethyl α-thiocyanatophosphonates have
been prepared from the corresponding α-hydroxyphosphonates
using ammonium thiocyanate and the DDQ/PPh3 system, giv-
ing greatly improved performance over the classical Mitsunobu
conditions (using DEAD).110 The DDQ/PPh3 approach was also
successful for the preparation of diethyl α-bromo, iodo, and azido
phosphonates from the corresponding α-hydroxy compounds and
n-Bu4NBr, n-Bu4NI, and NaN3.111

DDQ, PPh3
RXH + R′4NY RY (44)

X = OH (1o, 2o, 3o), SH, OTMS; Y = CN, N3: 40−97%

X = OH (1o, 2o), SH, SeH; Y = Cl, Br, I: 35−99%

X = OH ; Y = SCN: 60−90%

Nucleophilic Addition and Substitution Reactions. Aside
from oxidation reactions, DDQ can undergo nucleophilic addition
and substitution reactions to give adducts with interesting physical
and chemical properties. The electron deficient quinone can un-
dergo Michael-type additions with expulsion of either chloride112

or cyano113,114 ring substituents or both,115 depending on the nu-
cleophile and reaction conditions. Reaction of DDQ with ylides
represents an interesting case where nucleophilic attack on the
quinone can occur in both 1,2- and 1,4-fashion,116 as well as at the
cyano carbon,116−118 depending on the nature of the ylide. An in-
teresting cycloadduct of DDQ and bis(enamines) was formed pre-
sumably through a sequence of conjugate addition of the enamine
to DDQ followed by either Diels-Alder reaction with the resulting
quinone enolate or conjugate addition to the enamine and internal
aldol-like cyclization (eq 45).119

Miscellaneous Reactions. DDQ promotes the ferrocenium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate catalyzed iodina-
tion of substituted benzenes with ICl, although it does not itself
act as a catalyst.120 With toluene, a 47:53 mixture of ortho:para
iodotoluene is obtained in a yield of 82% with 13% chlorotoluene
(67:33 ortho:para) also observed. The role of the DDQ has
not yet been elucidated, but it is assumed to effectively inhibit
unfavorable radical iodination of toluene to form benzyl iodide.
Other monoiodinated aromatic species were also prepared from
the corresponding arenes under these conditions, including 4-

iodo-m-xylene (62%), iodo-p-xylene (56%), 4-iodoanisole (70%,
99:1 para:ortho) and 4-iodoaniline (54%, 99:1 para:ortho).
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(45)

96%

DDQ is also an effective reagent for the preparation of the
highly electrophilic phenylselenium cation via oxidation of
diphenyldiselenide.121 The reaction occurs under mild conditions
and is carried out in the presence of an alkene and suitable
nucleophile (e.g., MeOH, water), to give the corresponding
alkoxy- or hydroxy-phenylselenylation product (eq 46). The
reaction tolerates functional groups including alkynes, carbonyls,
nitriles, or acetoxy groups. When internal nucleophiles are
present in the substrate, ring closure reactions can occur (eq 47).
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PhSe R2
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BnO OBn
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SePh

8:2 mix of diastereomers

(47)

58%

3-Alkoxy-2,5-diphenylfurans and 2,3,5-triphenylfuran can be
oxidatively cleaved with DDQ in CH2Cl2 or CH2Cl2/DMSO to
give cis-2-alkoxy (or 2-phenyl)-but-2-ene-1,4-diones eq (48).122

With 2-methyl-5-pentylfuran, the trans-enedione was obtained,
but the reaction was unsuccessful with 2,5-diphenylfuran, 2-
methoxyfuran, and some other furans.

O

R

PhPh

DDQ
R

O
PhPh

O

DCM or 
DCM/DMSO

R = OMe, OEt, OPr, Oi-Pr, OBu, Oi-Bu, Ph  80−98%

(48)
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As mentioned previously, the oxidation potential of DDQ can
be enhanced by the addition of proton or Lewis acids. Activa-
tion by a super acid such as triflic acid can enable oxidation of
adamantanes despite the extremely high oxidation potential of
these systems.123 Thus treatment of adamantanes with DDQ in
triflic acid results in hydride abstraction to give the corresponding
cation. Trapping of the cation with TfOH gives the alkyl triflates,
which give adamantan-1-ols in good yields after an SN1-type hy-
drolysis (eq 49).123 This method gives superior results to other
oxidation methods, which give mixtures of regioisomeric alco-
hols, plus ketones and 1,3-diols.

TfOH

R1

R3

R2 OTf

H2O

R1

R3

R2 OH

R1

R3

R2

DDQ
TfOH

R1

R3

R2

R1 = R2 = R3 = H

R1 = Me, R2 = R3 = H

R1 = Et, R2 = R3 = H

R1 = R2 = Me, R3 = H

R1 = R2 = R3 = Me

85−89%

(49)

A novel and interesting reaction mediated by DDQ involves the
nucleophilic substitution of thiophene substituted trityl-type alco-
hols via gas-solid contact.124 Co-grinding 9-thienothienylfluoren-
9-ol derivatives with DDQ gives a highly colored radical cation
(as suggested by ESR studies) via a charge transfer interaction
(eq 50). The reaction remains in the solid state throughout the
process. Collapse of the radical cation generates a proton which
acts as a catalyst for the formation of a carbocation from the
parent fluorenol. Upon exposure to MeOH vapor this gives the
corresponding methyl ether and regenerates the proton catalyst.
The reaction propagates in the solid state giving low to moderate
yields of product. Methoxylation of a cephalosporin derivative
was achieved using DDQ in MeOH, giving methoxylation of the
β-lactam ring α to the carbonyl unit (eq 51).125
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(51)

Treatment of an allylic alcohol with Pd(OAc)2 and DDQ
resulted in a novel rearrangement-oxidation product through an
intermediate conjugate addition adduct (eq 52).126 Subsequent
dehydration and delivery of hydroxide to quench the resulting
conjugated iminium ion gave a terminal allylic alcohol which un-
derwent DDQ oxidation to the aldehyde.
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Diisobutylaluminum Hydride1

i-Bu2AIH

[1191-15-7] C8H19Al (MW 142.22)
InChI = 1/2C4H9.Al.H/c2*1-4(2)3;;/h2*4H,1H2,2-3H3;;/

rC8H19Al/c1-7(2)5-9-6-8(3)4/h7-9H,5-6H2,1-4H3
InChIKey = AZWXAPCAJCYGIA-DFAADSFOAF

(reducing agent for many functional groups; opens epoxides;
hydroaluminates alkynes and alkenes)

Alternative Name: DIBAL; DIBAL-H; DIBAH.
Physical Data: mp −80 to −70 ◦C; bp 116–118 ◦C/1 mmHg;

d 0.798 g cm−3; fp −18 ◦C.
Solubility: sol pentane, hexane, heptane, cyclohexane, benzene,

toluene, xylenes, ether, dichloromethane, THF.
Form Supplied in: can be purchased as a neat liquid or as 1.0

and 1.5 M solutions in cyclohexane, CH2Cl2, heptane, hexanes,
THF, and toluene.

Handling, Storage, and Precautions: neat liquid is pyrophoric;
solutions react very vigorously with air and with H2O, and re-
lated compounds, giving rise to fire hazards; use in a fume hood,
in the absence of oxygen and moisture (see Lithium Aluminum
Hydride for additional precautions); THF solutions should only
be used below 70 ◦C, as above that temperature ether cleavage
is problematic.

Original Commentary
Paul Galatsis
University of Guelph, Guelph, Ontario, Canada

Reduction of Functional Groups.2 Diisobutylaluminum
hydride has several acronyms: DIBAH, DIBAL-H, and DIBAL.
For the purpose of this article, DIBAL will be used.

In general, aldehydes, ketones, acids, esters, and acid chlorides
are all reduced to the corresponding alcohols by this reagent.
Alkyl halides are unreactive towards DIBAL. Amides are
reduced to amines, while nitriles afford aldehydes upon hydro-
lysis of an intermediate imine. Isocyanates are also reduced to the
corresponding imines. Nitro compounds are reduced to hydroxy-
lamines. Disulfides are reduced to thiols, while sulfides, sulfones,
and sulfonic acids are unreactive in toluene at 0 ◦C. Tosylates
are converted quantitatively to the corresponding alkanes. Cyclic
imides can be reduced to carbinol lactams.

Comparable stereochemistry.2 is observed in the reduction
of ketones with DIBAL, Aluminum Hydride, and Lithium
Aluminum Hydride. Excellent 1,3-asymmetric induction is pos-
sible with DIBAL (eq 1); however, this is strongly solvent
dependent.3a

Ph

OOH

Ph

OHOH

Ph

OHOH
DIBAL

+ (1)

93:7

87%

In addition to the hydroxy directing group, amines and amides
also showed excellent 1,3-asymmetric induction.3b In conjunction

with chiral additives, DIBAL can reduce ketones with moderate to
good enantioselectivity (eq 2).4 The use of the Lewis
acid Methylaluminum Bis(2,6-di-tert-butyl-4-methylphenoxide)
(MAD) along with DIBAL allows discrimination between car-
bonyl groups (eq 3).5,6

O

R1 R2

N
NMe

OH

R1 R2

DIBAL, SnCl2
(2)

67–91%

56–78% ee

O

t-Bu

O

OH

t-Bu

OH

+

+

(3)

(1)

DIBAL (99% yield)
DIBAL  +  MAD (85% yield)

(1):(2) = 2.6:1
(1):(2) = 1:16

(2)

Reduction of α-halo ketones to the carbonyl compounds can
be accomplished with DIBAL in the presence of Tin(II) Chlo-
ride and N,N,N′,N′-Tetramethylethylenediamine (eqs 4 and 5).7

Under these conditions, vicinal dibromides are converted to the
corresponding alkenes.

R1 R2
O

Br

R1 R2
O

DIBAL, SnCl4

TMEDA
81–90%

(4)

R1 R2
Br

Br

R1 R2DIBAL, SnCl4

TMEDA
26–91%

(5)

DIBAL is the reagent of choice (see also Aluminum Hydride)
for the reduction of α,β-unsaturated ketones to the corresponding
allylic alcohols (eq 6).8a A reagent derived from DIBAL and
Methylcopper in HMPA alters the regiochemistry such that 1,4-
reduction results (eq 7).8b Reductions of chiral β-keto sulfoxides
occur with high diastereoselectivity.9 The choice of reduction con-
ditions makes it possible to obtain both epimers at the carbinol
carbon (eqs 8 and 9).

O OH

DIBAL
AlH3

98%
86%

(6)

O O
H

MeCu, DIBAL

HMPA
77%

(7)

p-Tol
S

R

O O

p-Tol
S

R

O OHDIBAL

91–96%
(8)

86–90% de
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p-Tol
S

R

O O

p-Tol
S

R

O OHDIBAL

ZnCl2
90–97%

(9)

>90% de

In conjuction with Triethylaluminum, DIBAL has been used to
mediate a reductive pinacol rearrangement.10 with enantiocontrol,
as shown in eq 10.22

Bu

O

(10)

TMSOMs

Bu
OH

TMS
1. DIBAL

2. Et3Al
    77%

>95% ee

DIBAL is an excellent reagent for the reduction of
α,β-unsaturated esters to allylic alcohols without complications
from 1,4-addition (eq 11).11

Cl
CO2Et

THPO

H

H H

Cl

THPO

H

H H

OH

DIBAL

80%
(11)

Due to its Lewis acidity, DIBAL can be used in the reductive
cleavage of acetals (see also Aluminum Hydride). Chiral acetates
are reduced with enantioselectivity (eq 12).12 Oxidation of the
intermediate alcohol followed by β-elimination gives an optically
active alcohol, resulting in a net enantioselective reduction of the
corresponding ketone.

O O

R1 R2

O OH

R2

R1
DIBAL

58–88%
(12)

55–93% ee

At low temperatures DIBAL converts esters to the correspond-
ing aldehydes (eq 13)13 and lactones to lactols (eq 14).14 DIBAL
reduction of α,β-unsaturated γ-lactones followed by an acidic
work-up transforms the intermediate lactol to the furan (eq 15).15

The reduction of nitriles can lead to aldehydes after hydrolysis of
an intermediate imine (eq 16).16 However, cyclic imines can be
produced if a Sodium Fluoride work-up follows the reduction of
halonitriles (eq 17).17 Furthermore, imines can be reduced with
excellent stereocontrol (eq 18).18

N

MeO

MeO
H

CO2Me

N

MeO

MeO
H

CHO

DIBAL

83%
(13)

(14)

O O
H

OH

H

O OH
H

OH

H

DIBAL

92%

(15)

O
O

HO

CO2Me

O

HO

CO2Me

1. DIBAL

2. H3O+

74%

CN

H

H
CHO

H

H
DIBAL

96%
(16)

DIBAL

NaF
85%

(17)
CN

Cl

N

NR N
H

R N
H

R

+

99:1
67:33

DIBAL
LiAlH4

(18)

DIBAL can also be used for the reductive cleavage of cyclic
aminals and amidines (eq 19).19 Oximes can be reduced to
amines. Due to the Lewis acidity of DIBAL, however, rearranged
products are obtained (eq 20).20 This chemistry was used to
prepare the alkaloid pumiliotoxin C via the Beckmann rearrange-
ment/alkylation sequence shown in eq 21.21

N N NH HN
DIBAL

97%
(19)

(20)

N
OH

N
H

DIBAL

92%

H

H N OTs

H

H

1. n-Pr3Al

2. DIBAL N
H60%

(21)

While sulfones are unreactive with DIBAL at 0 ◦C in toluene,2

reduction to the corresponding sulfide has been accomplished at
higher temperatures.22 This reaction can be accomplished with
Lithium Aluminum Hydride, but fewer equivalents are required
and yields are better using DIBAL (eq 22).

O2
S

R1 R2
S

R1 R2
DIBAL

12–77%
(22)

The reagent combination of DIBAL and Butyllithium, which
is most likely lithium diisobutylbutylaluminum hydride, has also
been used as a reducing agent.23

Epoxide Ring Opening. As a result of its Lewis acidity,
several reaction pathways are followed in the reductive ring open-
ing of epoxides by DIBAL. Attack at the more hindered carbon via
carbenium ion-like intermediates (see also Aluminum Hydride)
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or SN2′ type reactions, are both known with vinyl epoxides. These
modes stand in contrast to results with LiAlH4 (eqs 23–25).24

O OH
(23)

LiAlH4

Et2O

O
OH

DIBAL

THF
59%

OH (24)+

84:16

O
OH

DIBAL

hexane
68%

OH (25)+

95:5

Hydroalumination Reactions. DIBAL reacts with alkynes
and alkenes to give hydroalumination products. Syn additions are
usually observed; however, under appropriate conditions, equili-
bration to give a net anti addition is possible.25 If the substrate has
both an alkene and an alkyne group, then chemoselectivity for the
alkyne is observed (eq 26).26

Al(i-Bu)2
DIBAL

(26)

The intermediate alkenylalane can be used in several ways. If a
protiolytic work-up is used, then formation of the corresponding
(Z)-alkene is observed (eq 27).27 Treatment of the alkenylalane
with Methyllithium affords an ate complex which is nucleophilic
and reacts with a variety of electrophiles, e.g. alkyl halides, CO2,
MeI, epoxides, tosylates, aldehydes, and ketones (eq 28).1c,1h,26

Me(CH2)n (CH2)mCl

Me(CH2)nC≡CCH2C≡C(CH2)mCl
DIBAL

(27)

n
5
3
2

m
6
8
9

82%
94%
87%

1. DIBAL
2. MeLi

3. ethylene oxide

(28)
OH

81%

Hydroalumination of a terminal alkene followed by treatment
of the intermediate alane with oxygen gives a primary alcohol
(eq 29).28

H

OH

1. DIBAL

2. O2

(29)

Alkenylalanes can dimerize to afford 1,3-butadienes (eq 30),29

and can be cyclopropanated under Simmons–Smith conditions to
give cyclopropylalanes (eq 31),30 which can be used for further
chemistry.

Ph Ph
Ph

DIBAL
(30)

Bu
Al(i-Bu)2

Bu

Al(i-Bu)2

(31)
CH2Br2

Zn(Cu)

Alkenylalanes can also be transmetalated (eq 32),31 or coupled
with vinyl halides via palladium catalysis (eq 33).32

R
Al(i-Bu)2

H

H

R
M

H

H
MXn

(32)

M = B, Zr, Hg

Pd

75%

Bu
Al(i-Bu)2

MeO2C
Br

Bu
CO2Me

+

(33)

Addition of DIBAL to allenes has been observed to occur at the
more highly substituted double bond (eq 34).33

R1

R1 = C7H15; R2 = H (88%), TMS (74%)

R2
(34)

DIBALR1

•
R2

The conversion of unconjugated enynes to cyclic compounds
has also been accomplished using DIBAL (eq 35).34

DIBAL

79%
(35)

Related hydroalumination reactions have been reported using
Lithium Aluminum Hydride.

First Update
Matthieu Sollogoub
Ecole Normale Supérieure, Paris, France

Pierre Sinaÿ
Université Pierre et Marie Curie, Paris, France

Reduction Reaction. DIBAL has been shown to be a practical
reagent to reduce secondary phosphine oxides (eq 36).35 In most
cases, this reaction is carried out in hydrocarbon solvent at room
temperature and was demonstrated to be a convenient large scale
synthesis.

R1
P

R2

H

P
R2

O

H

R1
DIBAL (36)

72–92%
R1, R2 = aryl, 1°, 2°, 3° alkyl

Oxidation Reactions. DIBAL is commonly known as a
reducing agent, but it has also been used in oxidation reactions.
Indeed, when a catalytic amount of DIBAL is introduced in pres-
ence of an aldehyde in pentane, the Tischenko reaction occurs to
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give the corresponding esters (eq 37).36 Alternatively, in the case
of α-hydroxy aldehydes, protected by a TBS group, the Oppe-
nauer oxidation takes place together with a silyl migration (eq 38).
Both reactions start with the reduction of the aldehyde to form an
aluminum alkoxide, which is the actual substrate for those two
oxidation reactions.

R

O

H R

O

O R

DIBAL (10%)

pentane

53–95%

(37)

R

O

TBSO
R

OTBS
O

DIBAL (10%)

pentane

29–78%

(38)

R = 1°, 2°, 3° alkyl

When used in combination with TBHP, DIBAL can promote
the oxidation of alcohols into the corresponding ketones via an
Oppenauer type reaction with the TBHP being reduced by the
aluminum alkoxide (eq 39). In the case of allylic alcohols, this
combination affords the epoxidation products (eq 40).37

R1 R2

O

TBHPR1 R2

OH
DIBAL

28–82%

(39)

R1, R2 = Ph, alkyl

R1 OH

R2 R3

R1 OH

R2 R3
O

TBHP

DIBAL

59–85%

(40)

R1 = alkyl
R2 = H, Me
R3 = H, C5H11

Alumination-addition. While DIBAL usually reacts with
alkynes to give hydroalumination products, the addition of a small
quantity of triethylamine leads to the alumination of the termi-
nal alkyne.38 The resulting alkynylorganoaluminum reagent has
then been used for diastereoselective alkynylation of oxazolidines
(eq 41). Similar reactivity was observed with AlMe3.

H

R

Al

R

iBu iBu

Et3N

N
O

Ph

Fc

Ph

N

Ph

Fc

Ph

OH R

DIBAL

80–95%
>97 de

(41)

R = pent, Ph, (CH2)3Cl, (CH2)6CCH

DIBAL has also been used to form aluminum-2-vinyloxy ethox-
ides that undergo an alkoxymetallation to form organometalic
acetals, which are then added to an aldehyde.39 The reaction yields
an alcohol and a ketone (eq 42). The later is probably the product
of the Oppenauer oxidation of the former due to the presence of
an excess of benzaldehyde.

O

O

Ph
OH

R1 R2

O

O

Ph
O

R1 R2

R1

R2

O

OH

25–31% 12–50%

1. DIBAL

2. PhCHO
(42)

R1, R2 = H, Me

Regioselective Reactions. An important attribute of DIBAL
is its capacity to react regioselectively. Acetal cleavage is a
classical example of this property, which finds its source in elec-
tronic, steric, and/or chelation effects. The reduction of aryl-1,2-
ethanediol benzylidene acetals is controlled mainly by electronic
effects: a change in electron donating capacity of the aryl moiety
changes the regioselectivity of the reaction (eq 43).40

R OH

OBn

O
O

Ph

R

OH

OBn

R

DIBAL

R : perfluoro
R : 4-OMe

62%
21%

8%
63%

(43)

Steric control can be illustrated by the reaction of DIBAL with
acetal protected spirocyclic diols (eq 44). The conformation of
this system directs the outcome.41

O O

Ph

OBn OH

98%

DIBAL
(44)

The regioselectivity of acetal cleavage is also highly dependant
on neighboring groups. A chelating group like an ether will direct
the aluminum approach (eq 45), whereas a silyloxy group will
orient the reagent towards the less hindered position (eq 46).42

O HOBnO

MeO

HO

O OO

O

MeO

Ph

O HOO

O

MeO

Ph

DIBAL 32%

34%

(45)
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O HOHO

BnO

TBSO

O

O

TBSO

Ph

O O

O HOO

O

TBSO

Ph

DIBAL
79%

8%

(46)

Another neighboring group assisted cleavage is spectacularly
illustrated by the efficient selective ablation of two diametrically
opposed benzyl groups on the primary face of perbenzylated
cyclodextrins (eq 47).43 This reaction proceeds with high depen-
dence on steric effects, a feature exploited to duplicate deben-
zylation in a totally regiocontrolled manner: on a properly
protected diol, only one of the two possible diols is obtained
(eq 48).44 Methyl groups can be cleaved selectively over benzyls
under these conditions.45 Triisobutylaluminum is also a good
reagent for regioselective debenzylation reactions.43

O
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O
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O

BnOO
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O

O
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O
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O
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O

O

BnO

BnO
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O
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O
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O
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O
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O
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BnO
BnO

O

OHO
BnO

BnO

O

O

BnO

BnO

OBn

BnO

DIBAL

85%

(47)

O
HO

O
BnO

OBn

O

ROO
OBn

OBn

O

O

OBn

BnO
O

OH
O

BnO
BnO

O

ORO
BnO

BnO

O

O

BnO

BnO

OBn

BnO
2. DIBAL

1. protection
(48)

70%

Both acetal cleavage and regioselective debenzylation reactions
can be successively induced by DIBAL by reaction of a mesylated
spiroketal carbohydrate derivative to form a monodebenzylated
bicyclic system (eq 49).46,47

O

BnO

OBn

BnO

O

O
O

OMsBnO

OBn

BnO

O

BnO

OH

BnO

O

DIBALDIBAL

58%

(49)

A particularly surprising neighboring group assisted reaction
was discovered in the course of derivatization of myxothiazol
A. In this case, DIBAL in dichloromethane was expected to
reduce an ester, but preferential thiazole-ring cleavage was
observed (eq 50).48

N

N

S

S MeO
CONH2

OMe

N S

N

MeO
CONH2

OMe

DIBAL

75%

(50)

Rearrangements. The Lewis acidity of DIBAL (1.5 equiv)
can be used to induce Claisen rearrangement, giving ortho prod-
ucts (eq 51).49

OH

OMe

O

OMe

DIBAL

81%
(51)

An equimolar mixture of DIBAL and THF efficiently promotes
iodine transfer cyclization of hex-5-ynyl iodides to form five mem-
bered rings (eq 52).50 The reaction proceeds via a radical pathway
to afford the E and Z isomers in a 1:1 ratio, with no trace of β-
fragmentation.

R1

X R3

I R2

X R3

R2

R1

I
DIBAL

60–90%

X = CH2, O
R1 = H, Me, Et
R2 = H, OBu
R3 = H
R2= OCH2CH2CH2=R3

(52)
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4-Dimethylaminopyridine1

N

NMe2

[1122-58-3] C7H10N2 (MW 122.19)
InChI = 1S/C7H10N2/c1-9(2)7-3-5-8-6-4-7/h3-6H,1-2H3
InChIKey = VHYFNPMBLIVWCW-UHFFFAOYSA-N

(catalyst for acylation of alcohols or amines,1–11 especially for
acylations of tertiary or hindered alcohols or phenols12 and for
macrolactonizations;13–15 catalyst for direct esterification of car-
boxylic acids and alcohols in the presence of dicyclohexylcarbodi-
imide (Steglich–Hassner esterification);5 catalyst for silylation or

tritylation of alcohols,9,10 and for the Dakin–West reaction20)

Alternate Name: DMAP.
Physical Data: colorless solid; mp 108–110 ◦C; pKa 9.7.
Solubility: sol MeOH, CHCl3, CH2Cl2, acetone, THF, pyridine,

HOAc, EtOAc; partly sol cold hexane or water.
Form Supplied in: colorless solid; commercially available.
Preparative Method: prepared by heating 4-pyridone with HMPA

at 220 ◦C, or from a number of 4-substituted (Cl, OPh, SO3H,
OSiMe3) pyridines by heating with DMA.2 Prepared commer-
cially from the 4-pyridylpyridinium salt (obtained from pyri-
dine and SOCl2) by heating with DMF at 155 ◦C.1,2

Purification: can be recrystallized from EtOAc.
Handling, Storage, and Precautions: skin irritant; corrosive,

toxic solid.

Original Commentary

Alfred Hassner
Bar-Ilan University, Ramat Gan, Israel

Acylation of Alcohols. Several 4-aminopyridines speed up es-
terification of hindered alcohols with acid anhydrides by as much
as 10 000 fold; of these, DMAP is the most commonly used but
4-pyrrolidinopyridine (PPY) and 4-tetramethylguanidinopyridine
are somewhat more effective.11 DMAP is usually employed in
0.05–0.2 mol equiv amounts.

DMAP catalyzes the acetylation of hindered 11β- or 12α-
hydroxy steroids. The alkynic tertiary alcohol acetal in eq 1 is
acetylated at rt within 20 min in the presence of excess DMAP.3

HO
OMe

OMe
AcO

OMe

OMeAc2O, DMAP
(1)

rt
93%

Esterifications mediated by 2-Chloro-1-methylpyridinium
Iodide also benefit from the presence of DMAP.22

DMAP acts as an efficient acyl transfer agent, so that alcohols
resistant to acetylation by Acetic Anhydride–Pyridine usually re-
act well in the presence of DMAP.4a Sterically hindered phenols
can be converted into salicylaldehydes via a benzofurandione pre-
pared by DMAP catalysis (eq 2).4b

t-Bu

t-Bu

OH
O

t-Bu

t-Bu

O

t-Bu

t-Bu

OH

1. (ClCO)2, DMAP

OHC
(2)

O
2. AlCl3

Direct Esterification of Alcohols and Carboxylic Acids. In-
stead of using acid anhydrides for the esterification of alcohols, it
is possible to carry out the reaction in one pot at rt by employing
a carboxylic acid, an alcohol, 1,3-Dicyclohexylcarbodiimide, and
DMAP.5,6 In this manner, N-protected amino acids and even hin-
dered carboxylic acids can be directly esterified at rt using DCC
and DMAP or 4-pyrrolidinopyridine (eq 3).5

DCC, rt

CO2H

O2N

OH

O

O
NO2

+

(3)

PPY, 12 h
90%

DCC–DMAP has been used in the synthesis of depsipeptides.6b

Macrocyclic lactones have been prepared by cyclization of hy-
droxy carboxylic acids with DCC–DMAP. The presence of
salts of DMAP,13a such as its trifluoroacetate, is beneficial
in such cyclizations, as shown for the synthesis of a (9S)-
dihydroerythronolide.13b Other macrolactonizations have been
achieved using 2,4,6-Trichlorobenzoyl Chloride1 and DMAP in
Triethylamine at rt14 or Di-2-pyridyl Carbonate (6 equiv) with 2
equiv of DMAP at 73 ◦C.15

Acylation of Amines. Acylation of amines is also faster in the
presence of DMAP,7 as is acylation of indoles,8a phosphorylation
of amines or hydrazines,2,8 and conversion of carboxylic acids into
anilides by means of Phenyl Isocyanate.1 β-Lactam formation
from β-amino acids has been carried out with DCC–DMAP, but
epimerization occurs.8b

Silylation, Tritylation, and Sulfinylation of Alcohols. Trity-
lation, including selective tritylation of a primary alcohol in the
presence of a secondary one,9 silylation of tertiary alcohols, selec-
tive silylation to t-butyldimethylsilyl ethers,6 and sulfonylation or
sulfinylation10 of alcohols proceed more readily in the presence of
DMAP. Silylation of β-hydroxy ketones with Chlorodiisopropy-
lsilane in the presence of DMAP followed by treatment with a
Lewis acid gives diols (eq 4).16

OHO OSiH(i-Pr)2O OH OH
(4)

i-Pr2SiHCl SnCl4

DMAP
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Miscellaneous Reactions. Alcohols, including tertiary ones,
can be converted to their acetoacetates by reaction with Diketene
in the presence of DMAP at rt.17 Decarboxylation of β-keto esters
has been carried out at pH 5–7 using 1 equiv of DMAP in refluxing
wet toluene (eq 5).18

O

CO2Me

ODMAP
toluene, H2O

(5)reflux
60%

Elimination of water from a t-alcohol in a β-hydroxy alde-
hyde was carried out using an excess of Methanesulfonyl
Chloride–DMAP–H2O at 25 ◦C.23

Glycosidic or allylic alcohols (even when s-) can be converted in
a 80–95% yield to alkyl chlorides by means of p-Toluenesulfonyl
Chloride–DMAP. Simply primary alcohols react slower and sec-
ondary ones are converted to tosylates.24

Aldehydes and some ketones can be converted to enol acetates
by heating in the presence of TEA, Ac2O, and DMAP.2 DMAP
catalyzes condensation of malonic acid monoesters with unsatu-
rated aldehydes at 60 ◦C to afford dienoic esters (eq 6).19

O

H

HO2C CO2Me
CO2Me

+
DMAP

(6)
py, 60 °C

86%

The conversion of α-amino acids into α-amino ketones by
means of acid anhydrides (Dakin–West reaction)20 also proceeds
faster in the presence of DMAP (eq 7).

MeS CO2H

NH2
N O

OMeS Cl

O

MeS

NHCOR

O

(7)

1.

    DMAP
2. AcOH

Ketoximes can be converted to nitrimines which react with
Ac2O–DMAP to provide alkynes (eq 8).21

(8)NNO2 +  isomeric
allene

Ac2O

DMAP

For the catalysis by DMAP of the t-butoxylcarbonylation of
alcohols, amides, carbamates, NH-pyrroles, etc., see Di-t-butyl
Dicarbonate.

First Update

Alison Hart and Julie A. Pigza
University of Southern Mississippi, Hattiesburg, MS, USA

Since the original article, DMAP has had further investigation
into its thermal and magnetic properties,25 as well as a ther-
mal analysis and calorimetric study.26 An in-depth review of
the factors affecting the basicity and nucleophilicity of common
nitrogen-containing catalysts, including DMAP and its deriva-
tives, has also been presented.27

Esterification Reactions. While esterification of carboxylic
acids and alcohols via a coupling reaction utilizing DCC and
DMAP has already been covered, some new aspects will be
discussed here. A DCC/DMAP esterification has been shown
between heteroaromatic carboxylic acids and phenols to form
functionalized (E)-2-arylvinyl bromides in excellent yields.28

Other coupling agents such as diisopropylcarbodiimide (DIC)
have been used with DMAP to form tyrosine esters bound
to a solid support (Marshall resin).29 The resulting amino es-
ters were then subjected to a Pictet–Spengler reaction to form
the tetrahydroisoquinoline ring. Another reagent, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), can also be used in
tangent with DMAP to perform a coupling reaction between a caf-
feic acid derivative and an alcohol as a precursor to the synthesis of
zanamivir analogs, which display anti-inflammatory activity and
are potent influenza virus neuraminidase inhibitors.30 The combi-
nation of EDC and DMAP has also been shown to be effective for
the synthesis of amino esters.31 The benefit of EDC is that the by-
product urea is water soluble and can be removed in the aqueous
workup, resulting in an easier purification by chromatography.

Other methods of esterification that do not utilize a carbodi-
imide coupling method have also been explored. For example, the
stereoselective esterification of 20-(S)-camptothecin, a hindered
3◦ alcohol, with amino acid derivatives was accomplished with the
use of scandium triflate (Sc(OTf)3) in high yields while retaining
the integrity of the amino acid stereocenter (eq 9).32

Sc(OTf)3, DMAP

CH2Cl2, _10 °C

(9)

N
N

O

O

OOH

t-Boc-(S)-alanine N-hydroxy

succinimide ester

94%

N
N

O

O

OOO

(t-Boc)HN

Another acylating system utilizing Et3N, DMAP, and acetic
anhydride was used in the formation of mixed acetals from an
in situ-generated hemiacetal in good yields (eq 10).33 Similar
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acetate-protected acetals have also been formed from the reduc-
tive acetylation of esters, using DIBAL to reduce the ester and
form the hemiacetal which is then treated with acetic anhydride
in the presence of DMAP, Et3N, and pyridine.34

HO

O
Cl

Cl

AcO

O
Cl (10)

O

HO
Cl

Cl

Cl

_13 °C to 0 °C

78%

Ac2O, Et3N

DMAP (10 mol %)

Amidation Reactions. Formation of an amide bond is also
possible with the same coupling reagents as used for esterifica-
tion reactions. Jeffamines ED

©R
, diamines containing a polyether

chain, were coupled with two molecules of chelidamic acid, a
heteroaromatic acid, using a DCC/DMAP catalyst system to form
oligo(ether-amide)s.35 These were used as a water-soluble chelat-
ing agent with the ability to complex with many metal ions, in-
cluding Fe3+. DCC and DMAP were also used in the formation
of phenylethynyl-terminated bis(amide) derivatives in an effort to
form heat-resistant polymers.36 Additionally, DCC/DMAP was
used in the formation of a thiazolidinethione amide as part of the
synthesis of iron(III)-specific fluorescent probes (eq 11).37

O OMeO

COOH

O OMeO

DCC, DMAP (4 mol %)

2-mercaptothiazoline

24 h, 25 °C

60%

O

N

(11)

S

S

O OMeO

O

N
H

O

O
HO

Trifluoroacetylation of primary anilines with ethyl trifluoroac-
etate can be accomplished in the presence of DMAP to afford good
overall yields (49–98%).38 In addition, a selectivity was observed
for trifluoroacetylation of primary anilines in the presence of sec-
ondary anilines and even in the presence of hindered secondary
amines.

The reaction between acid chlorides and a urea nitrogen has
also been demonstrated. Hydrocinnamoyl chloride and an imi-
dazolidinone were reacted in the presence of DMAP, leading to
the formation of an imidazolidinone analog, which has attracted
attention for its applicability as an HIV protease inhibitor and a

5-HT3 receptor antagonist (eq 12).39 In addition, this compound
can also serve as a useful chiral auxiliary.

HN

NO
H
COOMe

O O Ph

+ Ph Cl

O

N

NO
H
COOMe

O O Ph

Ph O

DMAP (10 mol %)

pyr, CH2Cl2

(12)

98%

Acylation Reactions. Acylation reactions can also be accom-
plished using coupling reagents such as DCC/DMAP. For exam-
ple, C-acylation of 1,3-diones with unactivated carboxylic acids
can be accomplished with an excess of DMAP using a variety of
carboxylic acids and cyclic 1,3-diones.40 In a different example
involving tetramic acids, either C- or O-acylation can be observed
by changing the amount of DMAP. Substoichiometric amounts of
DMAP lead to O-acylation of the ketone oxygen, while a slight
excess of DMAP leads to the C-acylation product (eq 13).41

N

O

O
+

N

O

O

R

(13)
R2

O

OH

O

R2

N

O

O

OH
R2

DCC (1.1 equiv)

DMAP (0.1 equiv)
DCC (1.1 equiv)

DMAP (1.3 equiv)

O-acylation

R

R
C-acylation

DCM, rtDCM, rt

DMAP Catalysis to Form Key Substructures. DMAP has
been used as a catalyst in the Morita–Baylis–Hillman (MBH) reac-
tion. Conjugated nitroalkenes can be reacted with an amine base to
form a zwitterionic species that can add to many types of ketones
and aldehydes.42 Remarkably, only DMAP and imidazole were
able to effectively catalyze this reaction, likely due to their small
size and ability to stabilize the intermediate. In another example,
a unique catalyst system involving 1:1:1 DMAP:TMEDA:MgI2

(each in 10 mol %) allowed the MBH reaction to proceed in fairly
high yields between aldehydes and α,β-unsaturated ketones, es-
ters, or a thioester.43

The catalyzed generation of a chiral enolate equivalent, formed
from an enal and a triazolium-derived chiral N-heterocyclic car-
bene, can undergo a hetero-Diels–Alder reaction with enones with
excellent enantioselectivity and diastereoselectivity (eq 14, left
side).44 Alternatively, the authors have previously shown that
stronger bases, such as DBU, instead result in a homoenolate
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addition to the unsaturated ester, resulting in a cyclopentene ring
(eq 14, right side).45

R1 H

O
+ EtO2C R2

O

DMAP

(15_20 mol %)

DBU

(0.2_1.0 equiv)

10 mol % cat.

0.1 M CH2Cl2
24 h, 40 °C

R1

OH

N
N

N

Mes

R1

OH

N
N

N

Mes

enolate equivalent homoenolate equivalent

OR1

EtO2C

O

(14)

R2
EtO2C

R1

R2

50_98% yield
99% ee, >20:1 dr

50_98% yield
99% ee, 5:1 dr

_

N

O

N
N

MesCl
cat.

+
–

DMAP is also key in the formation of hindered, enantioenriched
Michael adducts between α-branched aldehydes and nitroalka-
nes in conjunction with an l-threonine derivative and sulfamide
(eq 15).46 A transition state is proposed involving extensive hy-
drogen bonding between the chiral enamine, formed from threo-
nine and the aldehyde, the nitroalkene, sulfamide, and protonated
DMAP in which the sulfur atom acquires a distorted tetrahedral
geometry. This allows one of the oxygen atoms of sulfamide to
always be in a position to take part in an electrostatic interaction
with the protonated nitrogen atom of DMAP, resulting in a cyclic
coordination of the four components and providing 96–98% ee in
all of the examples.

H

O

+ R
NO2

OtBu-L-threonine (5 mol %)

DMAP (5 mol %)

sulfamide (5 mol %)

H

O

NO2

R

(15)
R = aryl, vinyl, or alkyl

70–98% yield, 96–98% ee

DMAP acts as a catalyst in the sulfinylation of diacetone glu-
cose (DAG) with tert-butanesulfinyl chloride in the presence of
DIPEA or Et3N, resulting in the formation of the (R)-sulfinate
esters in high yields (∼90%, still bound to glucose).47 Interest-
ingly, the selectivity can be reversed to (S) by using Et3N alone.
The enantiopure DAG-sulfinate esters can then serve as important
precursors to chiral sulfoxides, sulfinamides, or sulfinylimines via
a displacement reaction with Grignards, amines, or LiHMDS, re-
spectively.

Polysubstituted homoallylic alcohols with a trifluoromethyl
group are highly sought after for their use in pharmaceutical
and agrochemical applications. They can be synthesized from
the allylation of trifluoropyruvate with alkenes activated by two
electron-withdrawing groups in the presence of bases such as N-
methylmorpholine, quinine, diethylamine, and DMAP, of which
DMAP has the highest yields, using only 0.2 equiv (52–88%).48

In a final example, α-chloro-β-hydroxyalkanones are reacted
with acetic anhydride and pyridine in the presence of catalytic
DMAP to afford selectively (Z)-α-chloroenones in good yield via
an elimination reaction.49

Cycloadditions Involving DMAP Catalysis. Bicyclic lac-
tones containing a spirooxindole can be formed through a DMAP-
catalyzed [4 + 2] Diels–Alder cycloaddition of pyrones and indole
derivatives, resulting in both endo and exo products in approxi-
mately 2:1, 1:1, or 1:2 ratios in good yields. DMAP is proposed
to abstract the proton on the pyrone, causing the initial cyclization
to occur (eq 16).50

O

O
OH

N
O

R2

Boc

+

DMAP

(20 mol %)

ClCH2CH2Cl

rt, 10_144 h

65_99%

O OO

R2 N

O

Boc

R2

NO
HO

O

Boc

+ (16)

exo endo

R2 = aryl 
or ester

HO

DMAP can be used to facilitate the formal [2 + 2] annulation
reaction of alkynyl ketones with N-tosylimines for complete stere-
oselectivity of highly functionalized trans-substituted azetines.51

DMAP initially adds to the ynone via a Michael-type addition,
generating an anion at the 4-position via proton transfer and reso-
nance, which then adds to the imine and can undergo a cyclization
via the nitrogen. Interestingly, if Bu3P is used as the catalyst in-
stead, pyrrolidine products result (five-membered ring) from a for-
mal [3 + 2] annulation due to an anion formation at the 2-position
of the ynone. Other [3 + 2] and [4 + 2] cycloadditions incorporat-
ing C60 fullerenes and Morita–Baylis–Hillman adducts have also
been catalyzed by DMAP. When reacted in the presence of Ac2O,
either cyclopentene- or cyclohexene-fused C60 fullerenes can be
formed just by changing the temperature (room temperature vs.
120 ◦C) and conditions (DMAP/Bu3P vs. DMAP alone).52

Multicomponent Coupling Reactions Catalyzed by DMAP.
Multicomponent coupling reactions can also be facilitated with the
use of a catalytic amount of DMAP. A one-pot, three-component
domino coupling of β-ketodithioesters, aldehydes, and nitriles
yielded 4H-thiopyrans in high yields via a cascading Knoeve-
nagel condensation/Michael addition/cyclization sequence, form-
ing three new bonds with high atom economy.53 A similar strategy
utilized β-diketones instead of the β-ketodithioesters resulting in
pyran-annulated heterocycles.54 Moderate to good yields are ob-
served in these reactions as well.
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DMAP-Initiated Protecting Group Strategies. DMAP has
also been utilized as a key component in several protecting group
strategies. The formation of cyclic acetals from 1,2-diols and alkyl
propynoates in the presence of DMAP has been demonstrated.55

These acetals are stable to acid-catalyzed hydrolysis, unlike other
acetals, and methanolysis. These acetals can be deprotected by
heating in neat pyrrolidine.

Demethylation of acid-sensitive aryl methyl ethers, such as 2,4-
dimethoxyquinolines, can be accomplished using a trimethylsilyl
iodide/DMAP reagent system, where DMAP is used as a Lewis
base to prevent protonation of the alkene from the HI by-product.56

This reaction was utilized to form the quinoline-containing alka-
loid natural product, atanine, from the Rutaceae family.

DMAP can also be used in the removal of the thiazolidinethione
moiety from N-acylthiazolidinethiones to the corresponding ben-
zyl esters.57 DMAP was found to be superior to other bases in-
cluding imidazole, 2,6-lutidine, and DBU (eq 17).

NS

S

Bn

O OH

4
BnO

O OH

4

BnOH

DMAP

13 h, 5 °C

93%

(17)

Miscellaneous Non-catalytic DMAP Reactions.
Iodoacetylenes, which are useful intermediates in organic
synthesis and in medicinal and pharmaceutical research, can be
prepared in high yields through the reaction of terminal acetylenic
ketones or aryl-substituted acetylenes with molecular iodine in
the presence of DMAP as a mild base.58

Nucleophile-promoted aldol-lactonization of ketoacids using
tosyl chloride, DIPEA, and K2CO3 in the presence of DMAP as a
Lewis base creates constrained bicyclic β-lactones with high di-
astereoselectivity (eq 18).59 Theβ-lactone substructure is found in
a numerous bioactive natural products and pharmaceutical agents.

CO2H

O

TsCl

DMAP (1.5 equiv)

DIPEA, K2CO3

CH2Cl2, rt
O

MeO2C H O
(18)

N

O
O

N

(substituent sits equatorial)

MeO2C

MeO2C

_

+

The allylic alcohol products from Morita–Baylis–Hillman reac-
tions were shown to participate in a DMAP-mediated Tsuji–Trost-
type reaction with β-diketones or β-ketoesters, forming the
C-allylation product without requiring the use of palladium. Pre-
viously, it was shown that allylic alcohols combined with β-
ketoesters and DMAP afforded the transesterification products,
in which the allylic alcohol displaced the ester substituent.60 The
difference between these diverging reaction pathways is likely
due to the electron-withdrawing group on the allylic alcohol in
the MBH adducts vs. just alkyl substituents in the latter case.

The reaction of pressurized CO2 with substituted epoxides to
yield cyclic carbonates has been demonstrated in the presence of
cobalt(II) tetraphenylporphyrin chloride (CoTTP(Cl)) and DMAP

as a cocatalyst (eq 19).61 The same author has shown that this re-
action can also be carried out in the presence of chromium(III)
salen complexes.62 DMAP gave superior activity to other Lewis
bases tested and resulted in high turnover numbers and short re-
action times for terminal monosubstituted epoxides containing
alkyl, vinyl, aryl, and even α-halo substituents. Stereochemistry
on 1,2-disubstituted epoxides was retained in the product and one
example of a 1,1-disubstituted epoxide was also shown.

O

R

CO2+

CoTTPCl (0.4 mol %)

DMAP (2 equiv)
O O

O

R

(19)
CO2 (300 psi)

CH2Cl2, 120 °C

R = alkyl, aryl, α-halo
conversions >92% by NMR

CoTTPCl = cobalt(II) tetraphenylporphyrin

DMAP has also been applied to the regioselective ring open-
ing of epoxides and oxetanes with POCl3 or PCl3, providing
α-chloroalcohols.63 DMAP attacks the phosphorus atom and re-
leases a chloride ion, which can then undergo a nucleophilic attack
to open the ring.

Thionation or selenation of amides can be accomplished
through the use of elemental sulfur or selenium, respectively, along
with a hydrochlorosilane and an amine base, where DMAP gave
the highest yields.64

Nitrilium ions are highly reactive intermediates that serve as
imine synthons and are used in a multitude of synthetic named re-
actions; however, their lack of stability hampers their use. DMAP
has been shown to stabilize nitrilium ions in the presence of
trimethylsilyl triflate to create the base-stabilized triflate salts,
which are stable in air with only 3% decomposition over a pe-
riod of 1 month (eq 20).65

R1
N R2

Cl

1. DMAP

2. TMSOTf
R1

N R2

N

N

OTf
DCM, 2 h, rt

(81_100%)

(20)

R1 R2

Mes tBu
Ph tBu
iPr Ph
Cy Ph

_

DMAP and alkyl bromides are used to make homologs of
1-alkyl-(N,N-dimethylamino)pyridinium bromide salts by under-
going a simple nucleophilic substitution.66 These compounds
were tested for antifungal and antibacterial capacities and show
promising activity against bacterial strains such as Mycobac-
terium, E. coli, Staphylococcus, and Salmonella.

DMAP has been incorporated into dispirooxindole-
fused heterocycles via a domino 1,4-dipolar addition and
Diels–Alder reaction of DMAP, acetylenedicarboxylates, and
3-phenacylideneoxindoles.67 The reactive intermediate is an in
situ generated Huisgen 1,4-dipole.

DMAP has also proved useful in releasing an imine-bound
borane complex formed after an alkene hydroboration reaction,
thereby providing higher yields than the usual workup (56% vs.
35%).68
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Dimethyldioxirane1

O

O

[74087-85-7] C3H6O2 (MW 74.09)
InChI = 1/C3H6O2/c1-3(2)4-5-3/h1-2H3
InChIKey = FFHWGQQFANVOHV-UHFFFAOYAF

(selective, reactive oxidizing agent capable of epoxidation of
alkenes and arenes,11 oxyfunctionalization of alkanes,19 and oxid-

ation of alcohols,23 ethers,21 amines, imines,32 and sulfides35)

Alternate Name: DDO.
Physical Data: known only in the form of a dilute solution.
Solubility: soluble in acetone and CH2Cl2; soluble in most other

organic solvents, but reacts slowly with many of them.
Form Supplied in: dilute solutions of the reagent in acetone are

prepared from Oxone and acetone, as described below.
Analysis of Reagent Purity: the concentrations of the reagent can

be determined by classical iodometric titration or by reaction
with an excess of an organosulfide and determination of the
amount of sulfoxide formed by NMR or gas chromatography.

Preparative Methods: the discovery of a convenient method for
the preparation of dimethyldioxirane has stimulated important
advances in oxidation technology.1 The observation2 that ke-
tones enhance the decomposition of the monoperoxysulfate
anion prompted mechanistic studies that implicated dioxiranes
as intermediates.3 Ultimately, these investigations led to the
isolation of dilute solutions of several dioxiranes.4 DDO is by
far the most convenient of the dioxiranes to prepare and use
(eq 1). Several experimental set-ups for the preparation of DDO
have been described,4−6 but reproducible generation of high
concentration solutions of DDO (ca 0.1M) is aided by a well-
formulated protocol.6 The procedure involves the portionwise
addition of solid Oxone (Potassium Monoperoxysulfate) to a
vigorously stirred solution of NaHCO3 in a mixture of reagent
grade Acetone and distilled water at 5–10 ◦C. The appearance
of a yellow color signals the formation of DDO, at which point
the cooling bath is removed and the DDO–acetone solution is
distilled into a cooled (−78 ◦C) receiving flask under reduced
pressure (80–100 Torr). After preliminary drying over reagent
grade anhydrous MgSO4 in the cold, solutions of DDO are
stored over molecular sieves in the freezer of a refrigerator at
−10 to −20 ◦C. In instances where the concentration of DDO
is crucial, analysis is typically based on reaction with an excess
of an organosulfide monitored by NMR.4,7,8

O
O

O
Oxone

H2O, NaHCO3
(1)

5–10 °C

Concentrated solutions of DDO in chlorinated solvents may be
obtained by a simple extraction technique.

A fresh solution (50 mL) of isolated DDO (0.06–0.08 M in
acetone), prepared as reported, is diluted with an equal volume
of cold water (0–5 ◦C) and extracted in a chilled separatory fun-
nel with four 10 mL portions of cold CH2Cl2, CHCl3, or CCl4

to yield a total volume of ca. 35 mL of extract (pale yellow DDO
solution). In order to concentrate this DDO solution, the com-
bined extracts in chlorinated solvent are washed three times in
a separatory funnel at 0–5 ◦C with an equal volume of cold 0.01
M phosphate buffer (pH 7). The resulting solution is 0.19–0.36
M in DDO. Its concentration can be estimated by iodometry;
the recovery of dioxirane from the initial acetone solution is
35–45% in most cases. 1H NMR spectroscopy analysis reveals
that initial solvent acetone is not completely eliminated.

Handling, Storage, and Precaution: solutions of the reagent can
be kept in the freezer of a refrigerator (−10 to −20 ◦C) for
as long as a week. The concentration of the reagent decreases
relatively slowly, provided solutions are kept from light and
traces of heavy metals. These dilute solutions are not known
to decompose violently, but the usual precautions for handling
peroxides should be applied, including the use of a shield. All
reactions should be performed in a fume hood to avoid exposure
to the volatile oxidant.

Original Commentary
Jack K. Crandall
Indiana University, Bloomington, IN, USA

Introduction. Reactions with DDO are typically performed
by adding the cold reagent solution to a cold solution of a re-
actant in acetone or some other solvent. CH2Cl2 is a convenient
solvent which facilitates reaction in a number of cases. After the
reactant has been consumed, as monitored by TLC, etc., the sol-
vent and excess reagent are simply removed to provide a nearly
pure product. An excess of DDO is often used to facilitate con-
version, provided further oxidation is not a problem. Where the
product is especially sensitive to acid, the reaction can be run in
the presence of solid Potassium Carbonate as an acid scavenger
and drying agent. When it is important to minimize water content,
the use of powdered molecular sieves in the reaction mixture is
recommended. Reactions can be run from ambient temperatures
down to −78 ◦C.

Dimethyldioxirane is a powerful oxidant, but shows substantial
selectivity in its reactions. It has been particularly valuable for the
preparation of highly reactive products, since DDO can be em-
ployed under neutral, nonnucleophilic conditions which facilitate
the isolation of such species. Whereas DDO performs the general
conversions of more classic reagents like m-Chloroperbenzoic
Acid, it generates only an innocuous molecule of acetone as a
byproduct. This is to be contrasted with peracids whose acidic
side-products can induce rearrangements and nucleophilic attack
on products. Although several other dioxiranes have been pre-
pared, these usually offer no advantage over DDO. An important
exception is Methyl(trifluoromethyl)dioxirane, whose greater re-
activity is advantageous in situations where DDO reacts slug-
gishly, as in the oxyfunctionalization of alkanes.

The need to prepare DDO solutions beforehand, the low yield
of the reagent based on Potassium Monoperoxysulfate (Oxone)
(ca. 5%),6 and the inconvenience of making DDO for large-scale
reactions are drawbacks that can be avoided when the product
has good stability. In these instances, an in situ method for DDO
oxidations is recommended.
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Oxidation of Alkenes and Other Unsaturated Hydrocar-
bons. The epoxidation of double bonds has been the major
area for the application of DDO methodology and a wide range
of alkenes are effectively converted to epoxides by solutions of
DDO.4,7 Epoxidation is stereospecific with retention of alkene
stereochemistry, as shown by the reactions of geometrical isomers;
for example, (Z)-1-phenylpropene gives the cis-epoxide cleanly
(eq 2), whereas the (E) isomer yields the corresponding trans-
epoxide. Rate studies indicate that this reagent is electrophilic
in nature and that alkyl substitution on the double bond enhances
reactivity.7 Interestingly, cis-disubstituted alkenes react 7–9 times
faster than the trans isomers, an observation that has been inter-
preted in terms of a ‘spiro’ transition state.9

Ph Ph1.1 equiv DDO O (2)
in acetone

>95%

From a preparative viewpoint, the use of DDO solutions, while
efficient and easy to perform, are generally not needed for simple
alkenes that give stable epoxides. Rather, in situ methodology is
suggested. However, the extraordinary value of isolated DDO has
been amply demonstrated for the generation of unstable epoxides
that would not survive most epoxidation conditions.1 A good ex-
ample of this sort of application is the epoxidation of precocenes,
as exemplified in eq 3.10 A number of impressive epoxidations
have been reported for oxygen-substituted alkenes, including enol
ethers, silyl enol ethers, enol carboxylates, etc.1 Examples include
a number of 1,2-anhydro derivatives of monosaccharides.11 Steric
features often result in significant stereoselection in the epoxida-
tion, as illustrated in eq 4.11 Conversions of alkenes with two
alkoxy substituents have also been achieved (eq 5), even when the
epoxides are not stable at rt.12

O OMe O OMe

1.2 equiv DDO
in acetone

O

(3)
MeCN, –40 °C

ca 100%

1.2 equiv DDO
in acetone

(4)
O

TBSO

TBSO

TBSO
O

TBSO

TBSO

TBSO

OCH2Cl2, 0 °C, 1 h
96%

excess DDO
in acetone

(5)

O

O

O

O

O
CH2Cl2, –70 °C, 1 h

ca 100%

Although reactions are much slower with conjugated carbonyl
compounds, DDO is still effective for the epoxidation of these
electron-deficient double bonds (eq 6).13 Alkoxy-substitution on
such conjugated alkenes can also be tolerated (eq 7).14

excess DDO
in acetone

(6)
CO2H CO2H

O
CH2Cl2, 23 h

93%

1.5 equiv DDO
in acetone

(7)

O

OEt

O

OEt

O
CH2Cl2, –20 °C, 26 h

98%

Allenes react with DDO by sequential epoxidation of the two
double bonds to give the previously inaccessible, highly reactive
allene diepoxides.15 In the case of the t-butyl-substituted allene
shown in eq 8, a single diastereomer of the diepoxide is generated,
owing to steric control of the t-butyl group on reagent attack.

O

O
t-Bu

H

t-Bu
•

4 equiv DDO
in acetone

H

(8)
10 min
84%

Certain polycyclic aromatic hydrocarbons can be converted to
their epoxides, as typified by the reaction of phenanthrene with
DDO (eq 9).4 Aromatic heterocycles like furans and benzofurans
also give epoxides, although these products are quite suscepti-
ble to rearrangement, even at subambient temperatures (eq 10).16

The oxidation of heavily substituted phenols by DDO leads to
quinones, as shown in eq 11, which illustrates the formation of
an orthoquinone.17 The corresponding hydroquinones are inter-
mediates in these reactions, but undergo ready oxidation to the
quinones.

4.3 equiv DDO
in acetone

O

(9)
MeCN, 25 °C, 45 min

83%

O O

1.7 equiv DDO
in acetone O

(10)
CH2Cl2, –40 °C, 12 h

ca 100%

(11)
t-Bu

t-Bu

OH

t-Bu

t-Bu

O

O1.7 equiv DDO
in acetone

53%

Finally, preformed lithium enolates are converted to α-hydroxy
ketones by addition to a cold solution of DDO (eq 12).18

OLi

Ph

O

Ph

addn to
1.7 equiv DDO

in acetone
OH (12)

THF, pentane
–78 °C, 30 min

77%

Oxidation of Saturated Hydrocarbons, Ethers, and Alco-
hols. Surely the most striking reaction of dioxiranes is their abil-
ity to functionalize unactivated C–H bonds by the insertion of an
oxygen atom into this σ-bond. This has opened up an important
new area of oxidation chemistry.1 While DDO has been used in



178 DIMETHYLDIOXIRANE

a number of useful transformations outlined below, the more re-
active Methyl(trifluoromethyl)dioxirane is often a better reagent
for this type of conversion, despite its greater cost and difficulty
of preparation.

The discrimination of DDO for tertiary > secondary > primary
C–H bonds of alkanes is more pronounced than that of the
t-butoxide radical.19 Good yields of tertiary alcohols can be se-
cured in favorable cases, as in the DDO oxidation of adaman-
tane to 1-adamantanol, which occurs with only minor reaction at
C-2 (eq 13). Of major significance is the observation that these
reactions are stereospecific with high retention of configuration,
as illustrated by the oxidation of cis-dimethylcyclohexane shown
in (eq 14); the trans isomer gives exclusively the diastereomeric
alcohol. This and other data have been interpreted in terms of an
‘oxenoid’ mechanism for the insertion into the C–H bond. Sev-
eral interesting applications in the steroid field involve significant
site selectivity as well.20 The slower reactions of DDO with hy-
drocarbons without tertiary hydrogens are less useful and lead to
ketones owing to a rapid further oxidation of the initially formed
secondary alcohol. For example, cyclododecane is converted to
cyclododecanone.

0.6 equiv DDO
in acetone

(13)
OH22 °C, 18 h

87%

DDO in acetone
(14)OH22 °C, 18 h

ca 100%

Ethers and acetals are slowly converted by DDO to carbonyl
compounds. This serves as a nontraditional method for depro-
tection of these derivatives, an example of which is shown in
(eq 15).21,22 Hemiacetals are presumed intermediates in these
transformations.

2 equiv DDO
in acetone

(15)

MeO O
rt, 36 h

87%

While DDO has been little used for the oxidation of simple alco-
hols, it has found application in useful conversions of vicinal diols.
The oxidation of tertiary–secondary diols to α-hydroxy ketones
occurs without the usual problem of oxidative cleavage between
the two functions (eq 16).23 DDO has also been used to convert ap-
propriate optically active diols selectively into α-hydroxy ketones
of high optical purity; for example, see (eq 17).24

1.2 equiv DDO
in acetone

(16)
OH

OH
O

OH

0 °C, 4 h
98%

1.2 equiv DDO
in acetone

(17)

OH

O

OH

OH
>98% ee >98% ee

CH2Cl2, 0 °C, 4 h
96%

Finally, the Si–H bond of silanes suffers analogous oxidation to
silanols upon reaction with DDO. This reaction takes place with
retention of configuration and is, as expected, more facile than
C–H oxidations.25

Oxidation of Nitrogen Functional Groups. Selective oxi-
dations of nitrogen compounds are often difficult to achieve, but
DDO methodology has been shown to be very useful in a num-
ber of instances. For example, one of the first applications of this
reagent was in the conversion of primary amines to the correspond-
ing nitro compounds (eq 18).26 This process probably proceeds by
successive oxidation steps via hydroxylamine and nitroso inter-
mediates. Complications arise with unhindered primary aliphatic
amines, owing to dimerization of the intermediate nitrosoalka-
nes and their tautomerization to oximes.27 In oxidations of amino
sugar and amino acid derivatives, it is possible to isolate the ini-
tially formed hydroxylamines (eq 19).28

5 equiv DDO
in acetone

(18)

CO2H

NO2

CO2H

NH2

22 °C, 30 min
95%

0.8 equiv DDO
in acetone

(19)

OHONH
BzO

BzO
OMe

OH2N
BzO

BzO
OMe –45 °C, 15 min

75%

The oxidation of secondary amines to hydroxylamines is readily
achieved with 1 equiv of DDO (eq 20).29 The use of 2 equiv of
DDO results in further oxidation, the nature of which depends on
the structure of the amine. Thus cyclic secondary amines which
do not possess α-hydrogens are converted to nitroxides,30 as illus-
trated in (eq 21). Secondary benzylamines give nitrones (eq 22).31

1 equiv DDO
in acetone

(20)(PhCH2)2NH (PhCH2)2NOH
0 °C, 15 min

98%

N
H

CONH2

N

CONH22 equiv DDO
in acetone

O•

(21)
0 °C, 30 min

98%

2 equiv DDO
in acetone

(22)PhCH=N(O)-t-BuPhCH2NH-t-Bu
0 °C, 10 min

96%

A related transformation is the oxidation of imines to nitrones
by DDO (eq 23).32 It is interesting that the isomeric oxaziridines
are not produced here, given that peracids favor these heterocycles.

1.1 equiv DDO
in acetone

(23)C6Me5CH=NMe C6Me5CH=N(O)Me
CH2Cl2, 0 °C, 2 h

71%
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Reaction of α-diazo ketones with DDO leads to α-keto aldehyde
hydrates (eq 24).33 Oximes are converted to the free ketones by
DDO.34

1 equiv DDO
in acetone

(24)

N

COCH(OH)2

N

COCHN2

100%

Oxidation of Sulfur Functional Groups. Dimethyldioxirane
rapidly oxidizes sulfides to sulfoxides and converts sulfoxides to
sulfones (eq 25).4,35 The partial oxidation of sulfides to sulfoxides
can be controlled by limiting the quantity of DDO. Since Oxone is
one of the many reagents that can perform these reactions, the extra
effort involved in preparing DDO solutions is often not warranted.
An exception involves the transformation of thiophenes to the
corresponding sulfones (eq 26).36 A similar procedure gives α-
oxo sulfones by DDO oxidation of thiol esters (eq 27).37

(25)PhSMe
DDO

PhSOMe
DDO

PhSO2Me

S S
O O

>2 equiv DDO
in acetone

(26)
CH2Cl2

93%

O

ArS Ar

O

S Ar

Ar

O
O

>2 equiv DDO
in acetone

(27)
CH2Cl2, –30 °C, 2–4 h

Alkanethiols are selectively oxidized to alkanesulfinic acids by
DDO (eq 28).38 Air oxidation of an intermediate species appears
to be important in this transformation.

(28)

DDO
in acetone

Me(CH2)4SH
O2

Me(CH2)4SO2H

First Update

Ruggero Curci, Lucia D’Accolti & Caterina Fusco
Università di Bari, Bari, Italy

Direct Functionalization of C–H Bonds by Dimethyl-
dioxirane.1,39 The efficient oxyfunctionalization of simple, “un-
activated” C–H bonds of alkanes under extremely mild conditions
undoubtedly is one of the major highlights of dioxirane
chemistry.1,39

Although less effective than methyl(trifluoromethyl)dioxirane
(TFDO), oxyfunctionalization of unactivated methine C–Hs with
dimethyldioxirane (DDO) is feasible for various substituted
steroids related to the 5β-cholane and 5α-cholestane series to
give novel mono- and dihydroxylated steroids.40 The reactivity
and site selectivity of oxyfunctionalization is affected conspic-
uously by the structural and steric environments of the target
methine carbon atoms. This nonenzymatic procedure may be
advantageously applied to selective and short-course syntheses
of bioactive steroids. Thus, the major reaction product of methyl

3α-acetoxy-5α-cholan-24-oate with DDO in 36 h was the cor-
responding 5β-hydroxylated compound in 48% yield, while con-
current double oxyfunctionalization at the C-5 and C-17 produced
the corresponding dihydroxylated derivative in comparable yield
(36%) (eq 29).40

Both the 5β- and 17α-hydroxylation proceeded stereoselec-
tively and the configuration of the resulting C–OH was the same
as that of the original methine C–H bond. In order to acceler-
ate the reaction of O-insertion (otherwise rather sluggish), instead
of the usual DDO solution (up to 0.11 M) in acetone, the afor-
mentioned concentrated DDO solutions (0.33–0.35 M) in CHCl3
were employed.40 These are obtained by following a procedure
of extraction (outlined above) of the dioxirane into the chlori-
nated solvent,41 similar to that devised to obtain ketone-free TFDO
solutions.42

CH3

CH3

CO2Me

H

CH3

H

AcO

H

CH3

CH3
CO2Me

H

CH3

OH

AcO

H

CH3

CH3
CO2Me

H

CH3

OH

AcO

OH

 yield  93%
36 h, conv.90%

CH2Cl2,  rt

2 equiv DDO

5

17

(48%)

(36%)

(29)

14

7

12

3

In another study where DDO was employed for tert-C–H hy-
droxylation of several di- and triacetates of (5β)-bile acid methyl
esters, it was reported that derivatives bearing a 7-acetoxy group
give 17α- or 14α-hydroxylated products in addition to the 5β-
hydroxylated ones.43

For bile acid esters, the DDO oxidation of sec-CHOH groups
of hydroxy cholate methyl esters to the corresponding carbonyls
(via gem-diols) occurs readily; the positional order of reactivity
C3 =∼ C7 > C6 > C12 was established.44

In line with the effective oxyfunctionalizations recorded for
steroids, the DDO hydroxylation of cephalostatin derivatives pro-
vide another interesting example. In fact, the DDO oxidation heco-
genin acetate β-hydroxyketone in (eq 30) results in O-insertion
into C16–H to yield the corresponding hemiketal with amazing
site-selectivity.45a This key transformation paves the road for syn-
thesis of the cephalostatin North 1 hemisphere.45
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AcO

O

O

O

OH
H

AcO

O

O

O

OH
OH

(30)

in acetone
2.2 equiv DDO

CH2Cl2, 25 °C
7 d, 82%

16

14

3

12

Remarkable site-selectivity is often observed in the hydrox-
ylation of protected N-Boc derivatives of α-amino acid esters
bearing an alkyl side chain (Boc-Gly-OMe, Boc-Ala-OMe, Boc-
Val-OMe, Boc-Ile-OMe, Boc-Phe-OMe); this results in different
products depending on the structure.46 Although these reactions
are rather sluggish, requiring long reaction times for sizable sub-
strate conversion, they offer a novel entry to side-chain modified
α-amino acids and peptides that avoids multi-step synthetic ap-
proaches. The reactivity and site-selectivity depends on the steric
environments and electron density of the target C–H bonds in
the side chain; high regioselectivity for the O-insertion into the
γ-C–H bond of leucine (Leu) residues with respect to the weaker
α-C–H bonds is observed. Thus, Boc-Leu-OMe was found to yield
the corresponding 4,4-dimethyl-4-butanolide derivative; the latter
is formed by selective O-insertion into the tertiary γ-C–H bond
of Leu followed by cyclization (eq 31).

Boc
N

OCH3

H O

H3C CH3

H

Boc
N

OCH3

H O

H3C CH3

OH
O

N
Boc

CH3
CH3

OH

CH2Cl2, 25 °C
3 d, conv 45% 

yield 93%

6 equiv DDO
in acetone

(31)

γ

A position selectivity in the oxidation of peptides containing
more than one Leu residue was also reported.46 However, it should
be noted that the same transformation in eq 31 gave a markedly
lower yield in γ-butanolide using a lower DDO excess.47 The re-
action occurs more rapidly (6 h, 91% conv) using the powerful
TFDO (6 equiv); it gives the N-hydroxy derivative of the butano-
lide in 21% yield, along with the uncyclized N-hydroxy derivative
of the starting Boc-Leu-OMe as the major product (57%).47

In general, benzhydrylic C–H bonds (only slightly more re-
active than tert-C–Hs) are distinctly more reactive than benzylic
C–H bonds toward dioxirane O-insertion.39,48,49 However, special
situations arise in the selective hydroxylation of complex poly-

cyclic indan hydrocarbons, i.e., the centropolyindans.50 For in-
stance, the rigidity of the polycyclic framework and steric factors
in the angular centrotriindan 1,1′-(o-phenylene)-2,2′-spirobiindan
moderate the otherwise distinct selectivity for benzhydrylic vs.
benzylic C–H O-insertion by DDO; so then, spirobiindanone is
formed along with the tertiary 4bα-alcohol (eq 32).50

O
HO

(28%)

in acetone

comb. isol. yield  >44%
4 d, conv >63%

acetone, 4°C

5 equiv DDO

(16%)

(32)

Triptindane, another propellane-type centropolyindan, was
found to react with excess DDO yielding triptindan-9-one as the
major product (37% yield) at the conditions given in (eq 33).50

H H O

yield  37%
5 d, conv 70%
acetone, 4 °C

12 equiv DDO

in acetone (33)9

10 11

The monoketone thus obtained was fully characterized. The
formation of sizeable amounts of more highly oxidized prod-
ucts (triptindan-9,10-dione and triptindan-9,10,11-trione) was de-
tected by mass spectrometry.

Turning to polycyclic saturated hydrocarbons, the shown
(eq 13) selective oxyfunctionalization of adamantane (requiring 6
equiv of the powerful TFDO for exhaustive bridgehead hydroxyl-
ation)11 serves well to illustrate the high tertiary vs. secondary
selectivities that are customarily observed. The ratio of tertiary to
secondary carbons and the different reactivity towards oxidation
for each type of C–H bond in Binor S renders it an attractive probe
for the study of regioselectivity of oxyfunctionalization. In fact,
this saturated heptacyclic hydrocarbon (the head-to-head dimer of
norbornadiene) consists of two nortricyclane units, each contain-
ing one three-membered ring and three five-membered rings; it
presents two symmetric methylene groups and 12 tertiary carbons
ordered in four different geometries.

Treatment of Binor S in CH2Cl2 with aqueous (pH 7) monoper-
oxosulfate (caroate)/acetone (DDO in situ) afforded Binor S 1-ol
in 98% yield.51 Further oxidation of this material with isolated
DDO gives the symmetrical 1,9-diol as the major product
(eq 34).51

(34)

OH

OH

H

OH

isol. yield  75%

in acetone

14 h, conv 50%
rt

1.4 equiv DDO
1 1

9
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The examples above further demonstrate that dioxirane reac-
tions are characterized by high selectivity and that tert-C–H bonds
are considerably more reactive towards dioxirane O-insertion than
their sec-C–H complements.39 However, the cyclopropane moi-
ety, if suitably oriented,52,53 can have a marked influence in acti-
vating proximal α-C–H bonds towards dioxirane oxyfunctional-
ization.52

This is illustrated by the application of dioxiranes to polycyclic
alkanes possessing a sufficiently rigid framework, such as the 2,4-
didehydroadamantane case. For this substrate the reaction with
DDO proceeds with 82% conversion during 12 h, yielding the ex-
pected 2,4-didehydroadamantan-7-ol, but also the precious 2,4-
didehydroadamantan-10-one in comparable yield (eq 35).54 The
ketone derives from competitive dioxirane attack at the methylene
positions α to the cyclopropyl moiety; the latter is encompassed in
the rigid 2,4-didehydroadamantane framework to lay constrained
into a “bisected”52 orientation relative to the neighboring methy-
lene C–H bonds.

(35)

H
H

H

O

OH

(29%) (21%)

+
in acetone

2.2 equiv DDO

50%

12 h, rt
conv 82%

10

1

5 7

Hydroxylation at the bridgehead C1 and C5 does not take place
because the bridgehead tert-C–H bonds are deactivated by the
proximal cyclopropyl moiety lying perpendicularly. It is worth of
note that, at variance with what is observed with other oxidants
(e.g., dry ozone), no rearranged products are observed in the reac-
tion of DDO with this target compound.54

It was mentioned that oxidation by DDO allows the clean
conversion of secondary alcohols into carbonyls under mild con-
ditions. In this transformation the dioxiranes rank high with
respect to transition-metal oxidants because of their efficiency,
superior versatility, and ease of operations. Based on kinetic data
and the application of reaction probes,55 the oxidation proceeds
via a substantially concerted O-insertion by the dioxirane into the
C–H bond “alpha” to the OH functionality generating a gem-diol
C(OH)2, hence the carbonyl. As shown by the example in eq 36,
remarkable chemoselectivity is achieved in the oxidation of epoxy
alcohols in that the corresponding epoxy ketones are formed in
high yield, while the epoxy functionality remains untouched.56

The epoxy ketone in eq 36 is a key intermediate in the convergent
synthesis of active 1α,25-dihydroxyvitamin D3 analogs.57

HO

OH

HO

O

yield  98%

in acetone

2.5 h, conv 97%
 acetone, 25 °C

1.5 equiv DDO

(36)

Both open chain and cyclic epoxy alcohols can be neatly trans-
formed into the corresponding epoxy ketones with high conver-
sions and yields using just 1.1–1.5 equiv of DDO oxidant. Also, the
conversion of optically active epoxy alcohols into epoxy ketones
occurs selectively leaving the configuration at the chiral center(s)
at the oxirane ring unaffected.56

Related Reagents. Potassium Monoperoxosulfate (Oxone);
Potassium Monoperoxosulfate (Oxone)/Acetone (DDO in situ);
Methyl(trifluoromethyl)Dioxirane.
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1-Ethyl-3-(3′-dimethylaminopropyl)
carbodiimide Hydrochloride1

Me
N N

Me

• N

•HCl

[25952-53-8] C8H18ClN3 (MW 191.74)
InChI = 1/C8H17N3.ClH/c1-4-9-8-10-6-5-7-11(2)3;/h4-7H2,

1-3H3;1H/fC8H18N3.Cl/h11H;1h/q+1;-1
InChIKey = FPQQSJJWHUJYPU-CZVSVQNTCV
(base)
[1892-57-5]
InChI = 1/C8H17N3/c1-4-9-8-10-6-5-7-11(2)3/h4-7H2,1-3H3
InChIKey = LMDZBCPBFSXMTL-UHFFFAOYAH
(.MeI)
[22572-40-3]
InChI = 1/C9H20N3.HI/c1-5-10-9-11-7-6-8-12(2,3)4;/h5-8H2,

1-4H3;1H/q+1;/p-1/fC9H20N3.I/h;1h/qm;-1
InChIKey = AGSKWMRPXWHSPF-NFBLBWBOCN

(peptide coupling reagent;1b,2 amide formation;3 ester
formation;4 protein modification;5 mild oxidations of pri-

mary alcohols6)

Alternate Name: 1-(3-dimethylaminopropyl)-3-ethylcarbodi-
imide; water-soluble carbodiimide; EDC; EDCI.

Physical Data: free base is an oil, bp 47–48 ◦C/0.27 mmHg; HCl
salt is a white powder, mp 111–113 ◦C; MeI salt mp 97–99 ◦C.

Solubility: sol H2O, CH2Cl2, DMF, THF.
Form Supplied in: commercially available as HCl salt and as me-

thiodide salt that are white solids. Reagents are >98% pure;
main impurity is the urea that can form upon exposure to mois-
ture.

Analysis of Reagent Purity: IR: 2150 cm−1 (N=C=N stretch);
urea has C=O stretch near 1600–1700 cm−1.

Purification: recrystallization from CH2Cl2/ether.
Handling, Storage, and Precautions: EDC is moisture-sensitive;

store under N2 in a cool dry place. It is incompatible with strong
oxidizers and strong acids. EDC is a skin irritant and a contact
allergen; therefore avoid exposure to skin and eyes.

Peptide Coupling Reagent. This carbodiimide (EDC) reacts
very similarly to 1,3-Dicyclohexylcarbodiimide and other car-
bodiimides. The advantage EDC has over DCC is that the urea
produced is water soluble and, therefore, is easily extracted. Di-
cyclohexylurea is only sparingly soluble in many solvents and is
removed by filtration which may not be as effective as extrac-
tion. A typical example of EDC for peptide coupling is shown
in (eq 1).2

The problems associated with carbodiimide couplings are
mainly from the O-acylisourea intermediate (1) having poor selec-
tivity for specific nucleophiles. This intermediate can rearrange to
an N-acylurea (2), resulting in contamination of the product and
low yields. Additionally it can rearrange to 5(4H)-oxazolones (3)
that tautomerize readily, resulting in racemization. Using low di-
electric solvents like CH2Cl2 or additives to trap (1) minimizes

these side reactions by favoring intermolecular nucleophilic attack
on (1).1b

N
H

Cbz

OH

OH

O

H2N
O-t-Bu

O

N
H

Cbz

OH
H
N

O

O-t-Bu

O

(1)

EDC, DCM
+

0 °C, 1 h to rt 16 h
78%

O

O R1

N N
H

R R

O

O R1
N

R
N
H

O

R

O
N

O

R3

H
R2

(1) (2) (3)

R = carbodiimide chain; R1 = amino acid; R2 = amino acid side chain; 
R3 = NH protecting group

When low dielectric constant solvents are used, the carboxylic
acid tends to dimerize, thus promoting symmetrical anhydride for-
mation. This intermediate is stable enough to give good yields of
the desired product. High dielectric solvents such as DMF re-
tard acylation of amino acids, and N-acylurea can be a major
byproduct.1b Unfortunately, many starting materials require polar
solvents for dissolution.

Addition of trapping agents such as N-Hydroxysuccinimide7

and 1-Hydroxybenzotriazole (HOBt)8 reduce the extent of many
side reactions, especially N-acylurea formation. Also, racemiza-
tion is suppressed when these additives are present. The latter
reagent eliminates the intramolecular dehydration of ω-amides
of asparagine and glutamine that occurs with carbodiimides (eq
2).8,9

Cbz

H
N

O

O

NH2

O

NHR

NR

O

NH

ONCbz

Cbz

H
N

O

N

OH (2)
R = carbodiimide chain

H

With EDC the addition of Copper(II) Chloride suppresses
racemization to <0.1% compared to 0.4% with HOBt under
ideal conditions.10 Combinations of HOBt and CuCl2 are also
useful.10b The suggested stoichiometry for the highest optical pu-
rity and yield is 2 equiv of HOBt and 0.25–0.5 equiv of CuCl2 in
DMF.

A practical example of EDC’s utility is the solution synthe-
sis of human epidermal growth factor, a 53-residue protein.11

This included several couplings of fragments ranging from three
to six residues in length. All couplings were performed with
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EDC/HOBt in DMF or NMP. At the completion of the synthe-
sis, no racemized material could be detected by HPLC.

Amide Formation. Formylated amino acids and peptides are
prepared in high yields by forming the acid anhydride (eq 3).3

These products are pure without requiring chromatography or re-
crystallization.

NO Me

H N
H

OMe

O

O

(3)89% aq HCO2H

1. 0.5 equiv EDC
    DCM, 0 °C

2. Leu–OMe•HCl

       
         85%

Another method for formylation of amines is with p-nitrophenyl
formate, which usually gives products in high yield. However,
removing the last traces of the p-nitrophenol is difficult.12

Treating carbon dioxide and amines with EDC gives symmet-
rical ureas (eq 4).13 DCC with CO2 at ambient pressure works
equally well.

Ph NH2

Ph

Ph N
H

Ph

N
H

O

Ph

Ph

(4)
EDC, CO2 (60 atm)

py, rt, 1 h
85%

EDC facilitates the synthesis of xanthine analogs by condensing
a diamine with water-soluble acids (eq 5).14 The use of water as
the solvent precludes the use of DCC in this case.

HN

NO

O

NH2

NH2

Pr

HO2C SO3
– K+

SO3
– K+

H
N

N

HN

N

O

O

Pr

(5)

+
EDC, H2O

rt, overnight
74%

Ester Formation. Esters of N-protected amino acids are pre-
pared in high yield with EDC and 4-Dimethylaminopyridine
(eq6).4 DMAP causes extensive racemization if not used in a
catalytic amount.15 However, when esterifying the α-carboxyl of
β- and γ-benzyl esters of aspartyl and glutamyl derivatives,
extensive racemization was observed even with DMAP present
in catalytic amounts. It is postulated that the side-chain esters
contribute in some fashion to the lability of the α-H.

Cbz
N
H

OH

O

Cbz
N
H

OR1

O

(6)

R1 = t-Bu, 76%; Me, 96%; CH2CCl3, 87%

+  1.1 equiv R1OH
EDC, 0.1 equiv DMAP

DCM, 0 °C, 2 h
rt, overnight

Carbodiimides including EDC are also useful in preparing
active esters such as the p-nitrophenyl, pentafluorophenyl, and N-
hydroxysuccinimide esters.1b Numerous additional methods have
been reported.16

Protein Modification. Carboxyl groups in proteins react with
EDC, resulting in an activated group that can be trapped with a
nucleophile such as glycine methyl ester.5 The nucleophile can
also be amino groups in the protein, causing cross-linking. Appli-
cations for carboxylate modification include determining which
groups are buried versus exposed, and mechanistic studies for de-
termining which carboxyl groups are essential for an enzyme’s
activity.

EDC is used extensively in cross-linking proteins to solid sup-
ports for affinity chromatography.17

Oxidation of Primary Alcohols. One example of EDC sub-
stituting for DCC in the Pfitzner–Moffatt oxidation is shown in
(eq 7).6 The use of DCC in this example resulted in a difficult
purification of the product and lower yields.

O
OO

O

CH2OHO
TBDMS

O
OO

O

CHOO
TBDMS

(7)
DMSO, 4 equiv EDC

py, TFA, toluene
rt, overnight

87%

Miscellaneous Reactions. EDC is a useful water scavenger as
well. An example of this utility is given in (eq 8).18 The carbodi-
imide is required in this reaction, but DCC does not work well in
this transformation.

N
CO2Et

Bn N

O
I O

Bn

(8)
I2, AgBF4

(E):(Z) > 9:1

EDC, CH2Cl2
rt, overnight

75%

Another example of EDC having a marked improvement over
DCC is the formation of cyanoguanidines (eq 9).19 This was
originally attempted with DCC, which gives poor yields even
after extended reaction times. It is thought the positively charged
nitrogen in EDC facilitates the C–S bond cleavage and since DCC
lacks this atom the reaction goes slowly.

Ph
N
H

N
H

CN

S

Ph
N
H

N
H

NCN

t-Bu

t-Bu NH2

(9)

EDC
+

DMF, rt, 30 min
78%

Pyrroles are formed when acetylenes undergo cycloadditions
with N-acylamino acids in the presence of EDC.20 An N-alkenyl-
munchnone azomethine ylide is generated in situ and is trapped
by the dipolaraphile. Loss of CO2 yields the pyrrole (eq 10).
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O

N+R1

O

R1

R

N

E

R1

R

R1

E

E E

R1

HO2C N

R

R1

O

(10)

EDC

N-alkenylmunchnone
azomethine ylide

–CO2–H2O

Related Reagents. Benzotriazol-1-yloxytris(dimethyl-
amino)phosphonium Hexafluorophosphate; N,N′-Carbonyldi-
imidazole; 1-Cyclohexyl-3-(2-morpholinoethyl)carbodiimide;
1,3-Dicyclohexylcarbodiimide; Diphenyl Phosphorazidate;
Di-p-tolylcarbodiimide; N-Ethyl-5-phenylisoxazolium-3′-sul-
fonate; 1-Hydroxybenzotriazole; Isobutene; Isobutyl Chlorofor-
mate; 1,1′-Thionylimidazole.
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NNN-Iodosuccinimide

NO O

I

[516-12-1] C4H4INO2 (MW 224.99)
InChI = 1/C4H4INO2/c5-6-3(7)1-2-4(6)8/h1-2H2
InChIKey = LQZMLBORDGWNPD-UHFFFAOYAG

(electrophilic iodination of arenes, alkenes, and alkynes;
activation of glycosyl donors)

Alternate Name: NIS; 1-iodo-2,5-pyrrolidinedione.
Physical Data: mp 193–199 ◦C (dec).
Solubility: soluble in dioxane, THF, MeCN; insoluble in ether,

CCl4.
Form Supplied in: white powder; widely available, but quite

expensive.
Preparative Methods: reaction of N-silversuccinimide with I2 in

anhydrous dioxane, removal of AgI by fitration, and addition
of CCl4 to promote crystallization.1

Purification: recrystallization from dioxane–CCl4 at −20 ◦C.
Handling, Storage, and Precautions: stored at 0 ◦C under nitro-

gen, and protected from light and moisture to avoid decomposi-
tion; an irritating solid and precautions should be taken to avoid
inhalation of the powder.

Original Commentary
Scott C. Virgil
Massachusetts Institute of Technology, Cambridge, MA, USA

Introduction. N-Iodosuccinimide is an efficient reagent for
the electrophilic iodination of organic compounds for which
the reactivity of I2 is often insufficient. A variety of functional
groups are electrophilically iodinated using NIS with similar
effectiveness to the corresponding brominations using
N-Bromosuccinimide (NBS).2 Electrophilic attack on soft
nucleophiles (e.g. as in dithiane deprotection) is achieved in
the presence of other sensitive groups with optimum selectiv-
ity by iodination using NIS under mild conditions (see also
1,3-Diiodo-5,5-dimethyl- hydantoin).3 For other iodinations a
more powerful source of iodonium ion can be generated by the
combination of NIS with protic acids including AcOH, TsOH,
and TfOH.4

Reaction with Organometallic Derivatives. Similarly, the
lesser reactivity of NIS compared with NBS allows it to be used
for the synthesis of vinyl iodides by iodination of vinylaluminum
intermediates in the presence of reactive alkenic groups.5 NIS
has also been found to be an excellent reagent for the oxidative
cyclization of dipeptide dianions to β-lactams (eq 1).6

Iodination of Alkenic Compounds. Iodolactonization and
related reactions with alkenes can be achieved using NIS in apro-
tic solvents. In addition, iodoesters may also be prepared by
the reaction of alkenes with NIS in the presence of carboxylic

acids (eq 2),7 and allylic trichloroacetimidates may be cyclized to
5-iododihydro-1,3-oxazines (eq 3).8

N
O

Ph

Bn2N CO2-t-Bu

N
O

Ph

Bn2N CO2-t-Bu 4 equiv n-BuLi
TMEDA, THF

then 3 equiv NIS
58%

90% de

(1)

(2)
O

I
O

TMS

NIS, TMSC≡CCO2H

CHCl3, 20 °C
82%

(3)
O NH

CCl3

O N

CCl3

I

NIS

CHCl3, rt
90%

In combination with protic acid, NIS has been used for the
preparation of α-iodo enones and β,β-dihalo enones (eqs 4 and
5; HTIB = [Hydroxy(tosyloxy)iodo]benzene).9 More reactive
alkenes such as enol acetates react with NIS to afford α-iodo
ketones.10 The reaction of enol ethers with NIS in the presence of
an alcohol, affording iodoacetals, allows the synthesis of acetals
by dehalogenation or mixed ketene acetals by elimination.11

(4)

O

O

O

O

O

O

INIS

AcOH
80%

(5)

PhHO

Br

Ph

O

I Br

NIS, TsOH

94% Z

HTIB, MeCN
93%

Activation of Glycosyl Donors.12 NIS is a useful reagent
for the coupling of glycals to alcohols (eq 6)13 or other
carbohydrates,14 affording 2-iodoglycosides which are readily
dehalogenated to 2-deoxysugars, or can serve as precursors to
2-aminosugars via the epoxide intermediate.15 Selective activa-
tion of glycosyl thioethers for coupling with carboxylic acids
and heterocyclic compounds is achieved under mild conditions by
reaction with NIS and Trifluoromethanesulfonic Acid (eq 7).16

In addition, the combination of NIS and TfOH is also the reagent
of choice for the activation of 4-pentenylglycosides.17

OAcO
TBSO

TsO I

TMSCH2CH2O

OAcO
TBSO

TsO

α-manno:β-gluco = 5.4:1

NIS
HOCH2CH2TMS

(6)
MeCN
90%
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OAcO
AcO

AcO

OAc

N

NN

N

PhCONH

OAcO
AcO

AcO

OAc

SMe
NIS, TfOH

(7)
CH2Cl2

79%

Oxidation Reactions. Hypoiodite intermediates may be gen-
erated from the reaction of simple alcohols with NIS. When
conducted under photochemical irradiation, the products of
Barton-type or fragmentation reactions of alkoxyl radical inter-
mediates may be obtained.18 Aldehydes are oxidized to methyl
esters via hemiacetal intermediates by reaction with NIS in
methanol at rt.19 However, such conditions are not effective for
the oxidation of simple alcohols. The combination of NIS and
Tetrabutylammonium Iodide in dichloromethane has been
developed for the oxidation of a variety of alcohols to the corres-
ponding carbonyl compounds (eq 8).20 This reagent system is
most widely used for the oxidation of lactols to lactones, in
which near-quantitative yields are generally obtained under mild
conditions (eq 9).21

HO

H

C8H17

H

H H

O

H

C8H17

H

H H

NIS
Bu4NI

CH2Cl2
92%

(8)

(9)
O

NH-t-Boc

H

OBn

t-BuOCO OH O

NH-t-Boc

H

OBn

t-BuOCO O

NIS
Bu4NI

CH2Cl2
100%

First Update
Ying Zeng & Fanzuo Kong
Research Center for Eco-Environmental Sciences, Beijing, China

Reaction with Thiols. In combination with triphenylphos-
phine (PPh3), NIS is used as an iodide donor to convert alkyl
thiols to alkyl iodides under mild conditions (eq 10),22 analogous
to the conversion of alcohols to alkyl iodides.

CH3(CH2)11SH
CH2Cl2

CH3(CH2)11I
PPh3/NIS

(10)

70%

Reaction with Carborane Compounds. Reaction of Na2

[B9H9] with NIS gives the monoiodinated anion [1-IB9H8]2−,
while treatment of [Me3NH][nido-7,8-C2B9H12] with NIS affords
the corresponding [Me3NH][nido-9,11-I2-7,8-C2B9H10].23,24

Reaction of sandwich type carborane CpCl2Ta(2,3-Et2C2B4H4)
with NIS generates B(5)-monoiodo, B(4,5)-diiodo, and in some
cases B(4,5,6)-triiodo complexes.25,26 These compounds, in turn,
react with Grignard reagents to give the B-alkyl and B-aryl deriva-
tives.

Application in Glycosylations. NIS is employed to achieve
both tethering and thioglycoside activation allowing the stereo-
selective synthesis of 1,2-cis-glycosides either in a one- or
two-step procedure. Thus, treatment of 2-O-alkenyl protected
thioglycosides with NIS and a variety of alcohols in THF pro-
duces ketal intermediates, which allow the synthesis of 1,2-cis-
glycosidic linkages (eq 11).27 1,2-cis-Glycosidic linkages are
similarly obtained from 2-O-alkenyl protected glycosyl fluoride
donors.28

BnO O

BnO

O

SPh

BnO I
RO

BnO O

BnO

O

SPh

BnO

BnO O

BnO

HO

OR
BnO

CH2Cl2

NIS/THF

NIS/DTBMP
(11)

A new method for the deprotection of benzyl ethers with NIS
through a hypoiodite intermediate has been developed (eq 12).29

HO O
RO

RO OMe

RO
NIS

R=Bn

HO O
HO

RO OMe

RO
(12)

75%

Applications in Fluorination. Iodofluorinated compounds
are obtained using the so-called ‘three-component reaction’
[a substrate, an electrophile (NIS), and a nucleophile (fluorination
agent)] from alkenes or alkynes in a regio- and stereoselective way
(eq 13).30–32

Ph
Ph

F
I

NIS/KH4F5

(13)
60 °C

80%

A reagent consisting of NIS and 70% HF-pyridine converts
xanthates R-OCS2Me (R=alkyl) to R-OCF3 (R = primary) or R-F
(R = benzylic, secondary, tertiary) by an oxidative desulfurization-
fluorination reaction.33 The C-S bonds of the dithiocarbamates are
directly replaced by C-F bonds using NIS and tetrabutylammo-
nium dihydrogentrifluoride (TBAH2F3) (eq 14).34

N
Ph

Ph

SMe

S
NIS/TBAH2F3

N
Ph

Ph

CF3

CH2Cl2 (14)

60%

Reactions with Alkyne and Alkene Compounds. NIS is
an excellent iodinating reagent that can smoothly convert vinyl
silanes and vinyl stannanes to the corresponding vinyl iodides
(eqs 15 and 16). 35,36 It also enables the mild conversion of
several types of alkenyl boronic acids to geometrically pure
alkenyl iodides (eq 17).37

SnBu3

H

H NIS

THFPhCH2H2C PhCH2H2C

I

(15)

trans:cis = 13:1   (83%)
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Ph TMS Ph I
NIS

(16)
90%

Ph B
OH

OH

Ph INIS (17)
86%

Alkenyl carboxylic acids and propiolic acids are converted to
the corresponding iodoalkenes and iodoalkynes in excellent yields
with NIS (eq 18).38,39

COOH

MeO

NIS

I

MeO

TBATFA

(18)

74%

NIS reacts with carbonyl-conjugated alkynes in the presence of
protic acid to give diiodo ketoesters, diiodo diketones (eq 19), or
diiodo acetals.40

O

Me
Ph

NIS

H+

O

Me

I

O

I
Ph

(19)

95%

H2O/DMF

Applications in Retro-Mannich Reactions. Treatment of
unprotected gramine with NIS results in smooth conversion to
3-iodoindole (eq 20). 3,4-Disubstituted indoles are obtained by
combination of the retro-Mannich process with the directed or-
tho metalation reaction (DoM) or the Negishi cross-coupling
protocol.41

N

H

NMe

N

SO2Ph

I

1. NIS/MeOH

2. PhSO2Cl/NaOH
    PhMe/Bu4NBr

78%

(20)

Reaction with Stabilized Phosphoranes. Iodo enol lactones
are obtained from reaction of the corresponding ω-carboxy keto
phosphoranes with NIS (eq 21).42

O

O

COOBut

OH

PPh3

O

O

I COOBut

O

O

ButOOC I

NIS

+

95:5
88%

(21)

Other Reactions. Treatment of 4-halogenocyclohexa-2,5-
dienones with 4-hydroperoxycyclohexa-2,5-dienones in the pres-
ence of NIS gives substituted bis(4-oxocyclohexa-2,5-dienyl)

peroxides (eq 22), some of which have not been prepared by the
classical method.43

O
Cl

Me
But

But

O
OOH

Me
But

But

NIS

O
Me

But

O
Me

O

But

O
But

But

+

(22)

74%

NIS is used as a selective N-demethylating agent under mild
conditions. These conditions have been successfully applied to
the synthesis of metabolites of potent antibacterial agents within
the macrolide and ketolide classes (eq 23).44

O

O

N
OBz CH3

CH3 O

O

N
OBz CH3

H
NIS/CH3CN (23)

Second Update
Julie A. Pigza
Vanderbilt University, Nashville, TN, USA

Deprotection of Amines and Ethers. Catalytic NIS in MeOH
has been shown to be a chemoselective catalyst for the depro-
tection of alkyl TBDMS ethers selectively over phenyl TBDMS
ethers.45 A method for the deprotection of dibenzylamino groups
selectively to either the monobenzylamine or directly to the amine
has also been developed.46 In the case of carbohydrates contain-
ing multiple protecting groups, as in eq 24, NIS in the presence of
TEMPO provided the monobenzylamine in excellent yield. Ex-
cess NIS under slightly modified conditions could be used to af-
ford the amine in modest yield. The process is not restricted to
carbohydrates but does require the presence of a nearby alcohol
or alkoxy substituent to work, as for the amine in eq 25. It should
also be noted that the benzyloxy group in this example remained
intact.

OO
O

OMeBn2N
HO

Ph

3 equiv NIS, TEMPO

OO
O

OMeRHN
HO

Ph

R = Bn, 98%

(24)

10 equiv NIS
TESOTf, lutidine

R = H, 64%
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Ph R

NBn2

Ph R

NHBn

2 equiv NIS

R = OBn, 78%
R = CH3, 0%

(25)

ααα-Iodination of Carbonyl Compounds. Recent advances in
the α-iodination of carbonyl compounds has led to selectivity in
formation of the monoiodinated products with little or no diiodi-
nated material. For example, NIS in the presence of Amberlyst-15
provided the monoiodination products of β-keto esters in good
yields (eq 26).47 Cyclic ketones are selectively halogenated at the
more substituted position. Iodination of aryl ketones using NIS in
the presence of PTSA occurs under solvent-free microwave irradi-
ation in high yields.48 Both of these are an improvement over pre-
vious conditions using NIS and NaH in which diiodination can be
a problem unless suitable α-substituted precursors were utilized in
which only one acidic hydrogen is available for deprotonation.49

Ph OEt

O O
NIS

Ph OEt

O O

I

Amberlyst-15

EtOAc, rt
(26)

90%

The first asymmetric direct α-iodination of aldehydes has also
been described to provide products in moderate to good enan-
tioselectivities using an organocatalyst.50 3-Methyl-1-butanal was
reacted with NIS in the presence of a chiral pyrrolidine catalyst to
provide the halogenated product in 78% yield with 89% ee (eq 27).

H

O

iPr
N
H

Ph Ph

H

O

iPr

I
NIS, PhCO2H (cat.)

H2O, CH2Cl2/pentane

(20 mol %)

78%, 89% ee

(27)

Halogenation of Aromatic Compounds. Multiple methods
have been developed utilizing NIS along with Lewis or Brøn-
sted acids to halogenate aromatic compounds. Several involve
halogenation of more electron-rich aromatic derivatives. In the
presence of ZrCl4 (5 mol %) and NIS, the iodination of acti-
vated phenyl rings was accomplished in good to excellent yields.51

Even unprotected aniline derivatives were iodinated under the con-
ditions. Selectivity for para- over ortho-iodination was almost
exclusive. Similar conditions employing catalytic FeCl3 (10
mol %) have been disseminated, but with lower yields and compet-
itive ortho-iodination.52 Electron-rich aromatic compounds have
also been converted to their halogenated derivatives in the pres-
ence of NIS and catalytic trifluoroacetic acid (30 mol %) in high
yields and with para-selectivity.53 The active species for iodina-
tion is thought to be a protonated iodine trifluoroacetate, similar
to that previously proposed while using trifluoromethanesulfonic
acid to activate NIS.4 Iodination of electron deficient aromatics has
been described using NIS and boron trifluoride monohydrate.54

This system has a similar acidity (−H0 ∼ 12) to that of trifluo-
romethanesulfonic acid (−H0 ∼ 14) and effects the iodination of
pentafluorobenzene in 90% yield.

Synthesis of Heterocycles via Addition to Alkenes and
Alkynes. The regioselective synthesis of heterocycles has been
demonstrated using both cyclohexenyl phenols55a and anilines55b

in which the products differ in both cases by either a 5-exo-trig
or 6-endo-trig cyclization. For the phenolic substrate, the 6-endo
cyclization product was formed exclusively, while under almost
identical conditions, the aniline gave only the 5-exo cyclization
(eqs 28 and 29). Similarly, hydroxycoumarin derivatives also
cyclize in a 6-endo fashion similar to the cyclohexenylphenols.55c

OH O
I (28)

NIS, CH3CN

0 °C
85%

NHMe Me
N

I

NIS, CH3CN

–10 °C
55%

(29)

Addition of other nucleophiles across alkenes activated by NIS
have also been described for oximes56 via attack of the nitro-
gen, and for intramolecular cyclization of the carbonyl oxygen of
alkylidene cyclopropyl esters.57 Aromatic rings have also been
used as nucleophiles when nearby alkenes are activated by NIS.
Using NIS and Sm(OTf)3 (10 mol %), new six-membered ring het-
erocycles were produced, including chromans and chromanones,
as well as their nitrogen analogues in moderate yields (eq 30).58

O

Me

O

Me

I

NIS, Sm(OTf)3

CH3CN, rt
(30)

56%

Trisubstituted pyridines have been synthesized from appropri-
ate precursors via halogenation/heteroannulation in good yield
with an accompanying deiodination (eq 31).59

O

Me

Me NH2

tBuO2C
N

tBuO2C

Me Me

NIS, EtOH

0 °C
>98%

(31)

Addition of heteroatoms across alkynes activated by NIS has
also been described. Aryl ketones cyclize under mild conditions in
a 5-endo-dig fashion to afford 3-iodofuran derivatives (eq 32).60

Normally, electrophiles such as ‘I+’ add to the 2- and 5-positions
of a furan ring, rather than the 3- or 4-positions.

Ph
O

Me

NIS
OPh p-CH3C6H4

I
acetone

rt
84%

(32)

Addition of a phenolic oxygen across an alkyne has been shown
using a one-pot deprotection/cyclization with BCl3 and NIS to
furnish the benzofurans in good yield, providing the vinyl iodide
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aptly suited for further coupling chemistry or functionalization
(eq 33).61

OMe

C6H13

O

I

C6H13

NIS, BCl3

CH2Cl2, rt
78%

(33)

Use with Ionic Liquids. Ionic liquids are recyclable alterna-
tives to using organic solvents and are promoted in the context of
green chemistry. The ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim]BF4) was successfully used to convert
a series of olefins to their vic-iodohydrins using an NIS and
water system (eq 34).62 Straightforward ether extraction provided
the products in good yields and with moderate regioselectivities
(usually 70:20 for NIS, unless the alkene is activated towards
one regioisomer as in α,β-unsaturated systems and styrene). Fur-
thermore, the ionic liquid may be recycled by extraction with
ethyl acetate; the succinimide byproduct remains in the aqueous
phase. The ionic liquid [bmim]PF6 has been used with NIS for the
α-halogenation of β-ketoesters, β-diketones, and cyclic ketones in
high yields.63

Me NIS, rt

C6H13

I

OH
[bmim]BF4-H2O (34)

76%, ~20% regioisomer

Miscellaneous. Iodomethoxylation of chiral α,β-unsaturated
amides has been described to afford a highly regioselective addi-
tion of NIS and methanol across an alkene in moderate diastereos-
electivity using both Oppolzer’s chiral sultam (eq 35) and Evans
chiral oxazolidinone.64 Subsequent cleavage of the chiral auxil-
iary, conversion of the iodide to the azide, and reduction to the
amine results in synthetically useful α-amino acids.

N

O

Ar
S

O O

N

O

Ar
S

O O
I

OMe
Yb(OTf)3

NIS

Ar = 3,4-MeOC6H3

MeOH, rt
97%, 3.8:1 dr

Ar = 3,4-MeOC6H3

(35)

An interesting electrophilic cleavage of a silicon–carbon bond
in the presence of NIS was demonstrated with assistance by a
neighboring ketone oxygen (eq 36).65 The resulting silalactones
provide interesting products and the process of selective cleavage
of C(sp3)–Si bond remains a challenging problem.

Bn

CO2HMe

SiMe3

NIS

Si
O

O
Me

Bn
Me Me

CH2Cl2, rt

96%

(36)

Radical mediated ring opening reactions of alcohols by CuI
has been previously described to occur through a hypoiodite
intermediate.18 More recently, this process has been used to form
medium-sized rings via cleavage of the C–C bond at the ring
fusion. Thus, seven-membered ring formation can occur in high
yield (eq 37).

OH

H

OTBDPS

O

OTBDPS

I

NIS, CuI (cat)

toluene, 95 °C
88%, 1:1 dr

(37)

Access to (Z)-trisubstituted olefins has been realized via the
1,2-metalate rearrangement66 of α-lithiofuran derivatives using
an appropriate copper source and trapping of the vinylcuprate
intermediate with NIS to provide exclusively the (Z)-isomer of
the vinyl iodostannane (eq 38).67 Using (TMS)2CuCNLi2 instead
afforded the vinyl iodosilane.

X = SnBu3, 75%
X = SiMe3, 76%

O Li
HO

I

X1. X2CuCNLi2

2. NIS
(38)

NIS has been utilized minimally in the allylic iodination in the
presence of catalytic TMSCl and Yb(OTf)3 in which selectivity
of allylic over benzylic positions was demonstrated.68
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Iodotrimethylsilane1

I(Me)3Si

[16029-98-4] C3H9ISi (MW 200.11)

(a versatile reagent for the mild dealkylation of ethers, carboxylic
esters, lactones, carbamates, acetals, phosphonate and phosphate
esters; cleavage of epoxides, cyclopropyl ketones; conversion of
vinyl phosphates to vinyl iodides; neutral nucleophilic reagent
for halogen exchange reactions, carbonyl and conjugate addi-
tion reactions; use as a trimethylsilylating agent for formation of
enol ethers, silyl imino esters, and N-silylenamines, alkyl, alkenyl
and alkynyl silanes; Lewis acid catalyst for acetal formation, α-
alkoxymethylation of ketones, for reactions of acetals with silyl
enol ethers and allylsilanes; reducing agent for epoxides, ene-
diones, α-ketols, sulfoxides, and sulfonyl halides; dehydrating

agent for oximes)

Alternate Name: TMS-I; TMSI; trimethylsilyl iodide.
Physical Data: bp 106–109 ◦C; d 1.406 g cm−3; n20

D 1.4710; fp
−31 ◦C.

Solubility: sol in CCl4, CHCl3, CH2Cl2, ClCH2CH2Cl, MeCN,
PhMe, hexanes; reactive with THF (ethers), alcohols, and
EtOAc (esters).

Form Supplied in: clear colorless liquid, packaged in ampules,
stabilized with copper; widely available.

Analysis of Reagent Purity: easily characterized by 1H, 13C, or
29Si NMR spectroscopy.

Preparative Methods: although more than 20 methods have been
reported1 for the preparation of TMS-I, only a few are summa-
rized here. Chlorotrimethylsilane undergoes halogen exchange
with either Lithium Iodide2 in CHCl3 or Sodium Iodide3 in
MeCN, which allows in situ reagent formation (eq 1). Alterna-
tively, Hexamethyldisilane reacts with Iodine at 25–61 ◦C to
afford TMS-I with no byproducts (eq 2).4

(1)
LiI, CHCl3

TMSI     +      LiCl or NaClTMSCl or
NaI, MeCN

(2)TMS–TMS  +  I2
25–61 °C

TMSI

Several other methods for in situ generation of the reagent have
been described.5,6 It should be noted, however, that the reactivity
of in situ generated reagent appears to depend upon the method
of preparation.

Purity: by distillation from copper powder.
Handling, Storage, and Precautions: extremely sensitive to light,

air, and moisture, it fumes in air due to hydrolysis (HI), and
becomes discolored upon prolonged storage due to generation
of I2. It is flammable and should be stored under N2 with a small
piece of copper wire. It should be handled in a well ventilated
fume hood and contact with eyes and skin should be avoided.

Original Commentary

Michael E. Jung
University of California, Los Angeles, CA, USA

Michael J. Martinelli
Lilly Research Laboratories, Indianapolis, IN, USA

Use as a Nucleophilic Reagent in Bond Cleavage Reactions.

Ether Cleavage.5,7 The first broad use of TMS-I was for
dealkylation reactions of a wide variety of compounds con-
taining oxygen–carbon bonds, as developed independently by
the groups of Jung and Olah. Simple ethers initially afford
the trimethylsilyl ether and the alkyl iodide, with further re-
action giving the two iodides (eq 3).7,8 This process occurs
under neutral conditions, and is generally very efficient as
long as precautions to avoid hydrolysis by adventitious wa-
ter are taken. Since the silyl ether can be quantitatively hy-
drolyzed to the alcohol, this reagent permits the use of sim-
ple ethers, e.g. methyl ethers, as protective groups in synthesis.
The rate of cleavage of alkyl groups is: tertiary ≈ benzylic ≈
allylic methyl > secondary > primary. Benzyl and t-butyl ethers
are cleaved nearly instantaneously at low temperature with TMS-
I. Cyclic ethers afford the iodo silyl ethers and then the diiodide,
e.g. THF gives 4-iodobutyl silyl ether and then 1,4-diiodobutane
in excellent yield.7,8 Alcohols and silyl ethers are rapidly con-
verted into the iodides as well.8a,9 Alkynic ethers produce the
trimethylsilylketene via dealkylative rearrangement.4b Phenolic
ethers afford the phenols after workup.5,7,10 In general, ethers
are cleaved faster than esters. Selective cleavage of methyl aryl
ethers in the presence of other oxygenated functionality has also
been accomplished in quinoline.11 γ-Alkoxyl enones undergo
deoxygenation with excess TMS-I (2 equiv), with the first step
being conjugate addition of TMS-I.12

(3)
TMSI

R1–O–R2 R2I  +  R1OTMS
TMSI

R1I

H2O

R1OH

TMSI

Cleavage of Epoxides. Reaction of epoxides with 1 equiv of
TMS-I gives the vicinal silyloxy iodide.8e With 2 equiv of TMS-I,
however, epoxides are deoxygenated to afford the corresponding
alkene (eq 4).13a,b However, allylic alcohols are efficiently pre-
pared by reaction of the intermediate iodosilane with base.13c,d

Furthermore, acyclic 2-ene-1,4-diols react with TMS-I to undergo
dehydration, affording the corresponding diene.13e

(4)

O

R1

R2
I

R2

R1

OTMS

R2

R1

R1

R2
HO

TMSI

base
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Ester Dealkylation.14 Among the widest uses for TMS-I in-
volves the mild cleavage of carboxylic esters under neutral con-
ditions. The ester is treated with TMS-I to form an initial ox-
onium intermediate which suffers attack by iodide (eq 5). The
trimethylsilyl ester is cleaved with H2O during workup. Al-
though the reaction is general and efficient, it is possible to ac-
complish selective cleavage according to the reactivity trend:
benzyl, t-butyl > methyl, ethyl, i-propyl. Neutral transesterifica-
tion is also possible via the silyl ester intermediate.15 Aryl es-
ters are not cleaved by TMS-I, however, since the mechanism
involves displacement of R2 by I−. Upon prolonged exposure
(75 ◦C, 3 d) of simple esters to excess TMS-I (2.5 equiv),
the corresponding acid iodides are formed.14b,16 β-Keto esters
undergo decarboalkoxylation when treated with TMS-I.17 An
interesting rearrangement reaction provides α-methylene lac-
tones from 1-(dimethylaminomethyl)cyclopropanecarboxylates
(eq 6).18

(5)
TMSI

R1 OR2

O
O

O
R2

TMS

R1
R1 O

TMS

O
-R2I

+

(6)NMe2
CO2Me O

O
1. TMSI

2. heat
    64%

Lactone Cleavage.14,19 Analogous to esters, lactones are
also efficiently cleaved with TMS-I to provide ω-iodocarboxylic
acids, which may be further functionalized to afford bifunctional
building blocks for organic synthesis (eq 7). Diketene reacts with
TMS-I to provide a new reagent for acetoacylation.20

(7)
O

O

OTMSI

On

TMSI
n

Cleavage of Carbamates.21 Since strongly acidic conditions
are typically required for the deprotection of carbamates, use of
TMS-I provides a very mild alternative. Benzyl and t-butyl car-
bamates are readily cleaved at rt,22 whereas complete cleavage
of methyl or ethyl carbamates may require higher temperatures
(reflux). The intermediate silyl carbamate is decomposed by the
addition of methanol or water (eq 8). Since amides are stable to
TMS-I-promoted hydrolysis,7a this procedure can be used to de-
protect carbamates of amino acids and peptides.21d

(8)N CO2R2

R1

R1

N CO2TMS
R1

R1

N H
R1

R1
TMSI MeOH

or
H2O

A recent example used TMS-I to deprotect three different pro-
tecting groups (carbamate, ester, and orthoester) in the same
molecule in excellent yield (eq 9).23

O

O
t-BuO2C

FmocHN

OH

O HO2C
H2N

OH

CO2H
1. TMSI

2. OH–

      91%
(9)

Cleavage of Acetals.24 Acetals can be cleaved in analogy to
ethers, providing a newly functionalized product (eq 10), or simply
the parent ketone (eq 11). Glycals have also been converted to the
iodopyrans with TMS-I,25 and glycosidation reactions have been
conducted with this reagent.26

TMSI
(10)

O

O
R

TMS
O

O I

R

TMSI
(11)

R1 R1

OR2R2O

R1 R1

O

Orthoesters are converted into esters with TMS-I. The dimethyl
acetal of formaldehyde, methylal, affords iodomethyl methyl ether
in good yield (eq 12)27a (in the presence of alcohols, MOM ethers
are formed).27b α-Acyloxy ethers also furnish the iodo ethers,28

e.g. the protected β-acetyl ribofuranoside gave the α-iodide which
was used in the synthesis of various nucleosides in good yield
(eq 13).28b Aminals are similarly converted into immonium salts,
e.g. Eschenmoser’s reagent, Dimethyl(methylene)ammonium
Iodide, in good yield.29

MeO OMe
TMSI

MeO I (12)

O

OBzBzO

OAcBzO
O

OBzBzO

BzO

I

O

OBzBzO

UBzO

(TMS)2U

(13)

TMSI

89%

Cleavage of Phosphonate and Phosphate Esters.30 Phospho-
nate and phosphate esters are cleaved even more readily with
TMS-I than carboxylic esters. The reaction of phosphonate es-
ters proceeds via the silyl ester, which is subsequently hydrolyzed
with MeOH or H2O (eq 14).

R1
P OR2

O

OR2
R1

P OTMS

O

OTMS
R1

P OH

O

OH

TMSI

(14)

MeOH
or

H2O

Conversion of Vinyl Phosphates to Vinyl Iodides.31 Ketones
can be converted to the corresponding vinyl phosphates which
react with TMS-I (3 equiv) at rt to afford vinyl iodides (eq 15).

3 equiv TMSI
(15)

O P(OEt)2

O

I
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Cleavage of Cyclopropyl Ketones.32 Cyclopropyl ketones un-
dergo ring opening with TMS-I, via the silyl enol ether (eq 16).
Cyclobutanones react analogously under these conditions.33

(16)

R

O

I
R

OTMS

I
R

OH2OTMSI

Halogen Exchange Reactions.34 Halogen exchange can be
accomplished with reactive alkyl halides, such as Benzyl Chloride
or Benzyl Bromide, and even with certain alkyl fluorides, by using
TMS-I in the presence of (n-Bu)4NCl as catalyst (eq 17).

(17)
IX TMSI

Bu4NCl

X = Br, Cl

Use of TMS-I in Nucleophilic Addition Reactions.

Carbonyl Addition Reactions.35 α-Iodo trimethylsilyl ethers
are produced in the reaction of aldehydes and TMS-I (eq 18).
These compounds may react further to provide the diiodo deriva-
tive or may be used in subsequent synthesis.

(18)
R OTMS

I

RCHO
TMSI

An example of a reaction of an iodohydrin silyl ether with a
cuprate reagent is summarized in eq 19.36 An interesting reaction
of TMS-I with phenylacetaldehydes gives a quantitative yield of
the oxygen-bridged dibenzocyclooctadiene, which was then con-
verted in a few steps to the natural product isopavine (eq 20).35,37

(19)
Ph CHO Ph

Bu

OH

Ph
Bu

OH

TMSI

Bu2Cu(CN)Li2
+

7:1

CHO
MeO

MeO

OMe

OMe

MeO

MeO

O

OMe

OMe

MeO

MeO

TMSI

CHCl3
100%

NH (20)
several

steps

β-Iodo ketones have been produced from reactions of TMS-I
and ketones with α-hydrogens.38 This reaction presumably in-
volves a TMS-I catalyzed aldol reaction followed by 1,4-addition
of iodide.

Conjugate Addition Reactions.39 α,β-Unsaturated ketones
undergo conjugate addition with TMS-I to afford the β-iodo

adducts in high yield (eq 21). The reaction also works well with
the corresponding alkynic substrate.40

(21)
R1 R2

O

R1 R2

I O
1. TMSI

2. H2O

TMS-I has also been extensively utilized in conjunction with
organocopper reagents to effect highly stereoselective conjugate
additions of alkyl nucleophiles.41

Use of TMS-I as a Silylating Agent.

Formation of Silyl Enol Ethers.42 TMS-I in combination with
Triethylamine is a reactive silylating reagent for the formation
of silyl enol ethers from ketones (eq 22). TMS-I with Hexam-
ethyldisilazane has also been used as an effective silylation agent,
affording the thermodynamic silyl enol ethers. For example, 2-
methylcyclohexanone gives a 90:10 mixture in favor of the tetra-
substituted enol ether product.42a The reaction of TMS-I with
1,3-diketones is a convenient route to 1,3-bis(trimethylsiloxy)-
1,3-dienes.42c

(22)
TMSI

Et3N

O

R1 R2

OTMS

R1 R2

In an analogous process, TMS-I reacts with lactams in the pres-
ence of Et3N to yield silyl imino ethers (eq 23).43a

(23)
TMSINCOCF3

O

NCOCF3

OTMS

n n

Halogenation of Lactams.43b Selective and high yielding
iodination and bromination of lactams occurs with Iodine or
Bromine, respectively, in the presence of TMS-I and a tertiary
amine base (eq 24). The proposed reaction mechanism involves
intermediacy of the silyl imino ether.

X = I, Br

N
H

O N
H

O

X

H H

TMSI

X2, R3N
(24)

Reaction with Carbanions.44 TMS-I has seen limited use in
the silylation of carbanions, with different regioselectivity com-
pared to other silylating reagents in the example provided in eq 25.

TMSI

85:15

OTMS

M

OTMS

TMS

TMS

OTMS

(25)+
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Silylation of Alkynes and Alkenes.45 A Heck-type reaction
of TMS-I with alkenes in the presence of Pd0 and Et3N affords
alkenyltrimethylsilanes (eq 26).

(26)
TMSI

Pd0

Et3N

Ar–CH=CH2 Ar–CH=CH–TMS

Oxidative addition of TMS-I to alkynes can also be accom-
plished with a three-component coupling reaction to provide the
enyne product (eq 27).

R1 SnBu3R2
TMS

R2

R1

TMSI

Pd0
(27)+

Use of TMS-I as a Lewis Acid.

Acetalization Catalyst.46 TMS-I used in conjunction with
(MeO)4Si is an effective catalyst for acetal formation (eq 28).

TMSI

(MeO)4Si
(28)PhCHO PhCH(OMe)2

Catalyst for α-Alkoxymethylation of Ketones. Silyl enol
ethers react with α-chloro ethers in the presence of TMS-I to afford
α-alkoxymethyl ketones (eq 29).47

R1 R2

O

EtO
R1 R2

OTMS
(29)

TMSI

MeCN
ClCH2OEt

Catalyst for Reactions of Acetals with Silyl Enol Ethers and
Allylsilanes. TMS-I catalyzes the condensation of silyl enol
ethers with various acetals (eq 30)48 and imines,49 and of allylsi-
lanes with acetals.50

R3

OTMS

R2

R1 R3

OOMe

R2

R1 R3

OOMe

R2

(30)

R1CH(OMe)2  +
TMSI

+

70:30 to 99:1

Use of TMS-I as a Reducing Agent. TMS-I reduces ene-
diones to 1,4-diketones,51 while both epoxides and 1,2-diols are
reduced to the alkenes.13a,b,52 The Diels–Alder products of ben-
zynes and furans are converted in high yield to the corresponding
naphthalene (or higher aromatic derivative) with TMS-I (eq 31).53

TMSI
(31)R1 R2O R1 R2

Styrenes and benzylic alcohols are reduced to the alkanes with
TMS-I (presumably via formation of HI).54 Ketones produce the
symmetrical ethers when treated with trimethylsilane as a reducing
agent in the presence of catalytic TMS-I.55

Reduction of α-Ketols.56,57 Carbonyl compounds containing
α-hydroxy, α-acetoxy, or α-halo groups react with excess TMS-I
to give the parent ketone. α-Hydroxy ketone reductions proceed
via the iodide, which is then reduced with iodide ion to form the
parent ketone (eq 32).

HO

R1 R2

O

I

R1 R2

O

R1 R2

O
TMSI

HI

TMSI
(32)

Sulfoxide Deoxygenation.58 The reduction of sulfoxides oc-
curs under very mild conditions with TMS-I to afford the corre-
sponding sulfide and iodine (eq 33). Addition of I2 to the reaction
mixture accelerates the second step. The deoxygenation occurs
faster in pyridine solution than the reactions with a methyl ester
or alcohol.59

R1
S

R2

O

R1 S R2

OTMS

I
R1

S
R2

TMSI
(33)

Pummerer reactions of sulfoxides can be accomplished in
the presence of TMS-I and an amine base, leading to vinyl
sulfides.60 An efficient synthesis of dithioles was accom-
plished with TMS-I and Hünig’s base (Diisopropylethylamine)
(eq 34).61

S

S

R1

R2

O

S

S

R1

R2

TMSI

DIPEA
(34)

Reaction with Sulfonyl Halides.62 Arylsulfonyl halides un-
dergo reductive dimerization to form the corresponding disulfides
(eq 35). Alkylsulfonyl halides, however, undergo this process un-
der somewhat more vigorous conditions. Although sulfones gen-
erally do not react with TMS-I, certain cyclic sulfones are cleaved
in a manner analogous to lactones.63

TMSI
(35)Ar S X

O

O
Ar S I

O
Ar–S–S–Ar

Other Reactions of TMS-I.

Reaction with Phosphine Oxides.64 Phosphine oxides react
with TMS-I to form stable adducts (eq 36). These O-silylated
products can undergo further thermolytic reactions such as alkyl
group cleavage.

TMSI
(36)R3P=O R3P–O–TMS  I–

+
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Chlorophosphines undergo halogen exchange reactions with
TMS-I.65

Reaction with Imines. Imines react with TMS-I to form N-
silylenamines, in a process analogous to the formation of silyl
enol ethers from ketones.66

Reaction with Oximes.67 Oximes are activated for dehydra-
tion (aldoximes, with hexamethylsilazane) or Beckmann rear-
rangement (ketoximes) with TMS-I (eq 37).

(37)

N
R2

R1 OH

R1N
H

R2

O

R1CN    (for R2 = H)TMS2NH

TMSI

TMSI

Reactions with Nitro and Nitroso Compounds.68 Primary ni-
tro derivatives react with TMS-I to form the oximino interme-
diate via deoxygenation, which then undergoes dehydration as
discussed for the oximes (eq 38). Secondary nitro compounds af-
ford the silyl oxime ethers, and tertiary nitro compounds afford the
corresponding iodide. Nitroalkenes, however, react with TMS-I at
0 ◦C to afford the ketone as the major product (eq 39).69

(38)Ar N
O–

O
Ar N

OH
+

ArCNTMSITMSI

(39)

NO2

R

O

R
H

TMSI

An interesting analogy to this dehydration process is found in
the reductive fragmentation of a bromoisoxazoline with TMS-I,
which yields the nitrile (eq 40).70

O

O

NO
Br

Ar

CO2Bn

O

O

Ar

CN

O

O

H

H

(40)

1.8 equiv TMSI
CHCl3

0–25 °C
22.5 h, 62%

Rearrangement Reactions. An interesting rearrange-
ment occurs on treatment of a β-alkoxy ketone with
TMS-I which effects dealkylation and retro-aldol reac-
tion to give the eight-membered diketone after reductive
dehalogenation (eq 41).71 Tertiary allylic silyl ethers α to
epoxides undergo a stereocontrolled rearrangement to give the
β-hydroxy ketones on treatment with catalytic TMS-I (eq 42).72

O

O

TMSO

O I

O

O

H H

H

H

H

H

H

TMS-I Bu3SnH

98%

(41)

BnO
C8H17

O

TMSO
TMS

BnO
C8H17

TMS

OH O

5% TMSI

CH2Cl2, –78 °C
100%

(42)

First Update
George A. Olah, G. K. Surya Prakash, Jinbo Hu
University of Southern California, Los Angeles, CA, USA

Selective Bond Cleavage Reactions.

Ether Cleavage. Iodotrimethylsilane (TMSI) continues to be
a versatile ether-cleaving agent in the past decade, and it has
been widely applied to complex molecules with high chemoselec-
tivity. Demethylation of 8-methoxy-[2,2]metacyclophanes with
TMSI can be accomplished in excellent yields.73 Treatment of
isosorbide and isomannide with TMSI [in situ generated from
chlorotrimethylsilane (TMSCl) and sodium iodide] in acetoni-
trile in the presence of acetone induces the cleavage of only one
of the two rings and provides chiral trisubstituted tetrahydrofu-
rans (eq 43).74 The formation of cyclic sulfonium ions by TMSI-
mediated intramolecular displacement of hydroxide or methoxide
by sulfide has led to ring contraction reactions from thiepanes to
thiolanes (eq 44).75 The cyclization is especially favored with sec-
ondary and tertiary alcohols or ethers, and with an aliphatic more
than an aromatic sulfide function.75

Me2CO (2 equiv), 12 h, rt

TMSCl/NaI (2 equiv)
(43)
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(44)
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Ester and Lactone Cleavage. TMSI has been combined with
triphenylphosphine (TPP) (in dichloromethane solution) as a more
stable, milder, and more selective ester-cleaving agent compared
with TMSI itself.76 TPP increases the stability of TMSI as well as
the selectivity by decreasing its reactivity and plays a significant
role in preventing side reaction by scavenging the reactive alkyl io-
dides, generated from the cleavage of ester compounds, to give the
corresponding phosphonium iodide salts that are inactive under
the reaction conditions.76 p-Methoxybenzyl and diphenylmethyl
esters can be easily converted into the corresponding carboxylic
acids using TMSI/TPP in dichloromethane at room temperature
in good yields (eq 45).76
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80%
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An unusual sugar lactone cleavage reaction, followed by an
intramolecular rearrangement, leads to the formation of primary
iodides with the same configuration. The lactone is proposed to be
opened by an iodide anion, with inversion of configuration at C-
5. The formation of acetoxonium ion then occurs from secondary

iodide, with a second inversion at C-5. The acetoxonium ion is then
opened regioselectively by an iodide ion, leading to the primary
iodide (eq 46).77

Cleavage of Carbamates. TMSI has been used as a de-
blocking agent for the benzyloxycarbonyl group (Cbz) in the
synthesis of the nicotinic receptor tracer 5-IA-85380 precursor
(eq 47).78 The TMSI-mediated selective carbamate cleavage can
be achieved to afford amino-tin compounds without removing the
stannyl moiety, which becomes the key step in the multiple-step
synthesis.78 TMSI has also been applied to the selective cleav-
age in chiral N-substituted 4-phenyl-2-oxazolidinones, and this
method allows a more versatile use of 4-phenyl-2-oxazolidinone
as a chiral auxiliary and N-protective group in the synthesis of
carbacephems.79

CH3CN, −5 °C, 1.5 h

92%N
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O
N

SnMe3

H

TMSI (4 equiv)

(47)

Cleavage of Acetals. The action of TMSI on 7-phenyl-
6-alkynal dimethylacetals gives the oxonium ion interme-
diates, which undergo an intramolecular electrophilic reac-
tion with the carbon-carbon triple bond to afford 2-(1-
iodobenzylidene)cyclohexyl methyl ether (eq 48).80 TMSI has
also been used in a one-pot conversion of tetraacetal tetraoxa-
cages to aza-cages in alkyl nitriles at room temperature via the
ring expansion intermediates, which was interpreted to involve a
Ritter-type of reaction mechanism (eq 49).81 Interestingly, the re-
action of tetraacetal tetraoxa-cages with TMSCl and NaI in nitriles
at room temperature gives the amido-cages.81
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+

(Z/E = 82:18)

ether 
cleavage

 (48)

toluene, −50 °C ~ 10 °C
84%
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Cleavage of Phosphorous(III) Esters Leading to a Michaelis–
Arbuzov Rearrangement. A new and catalytic version of
the Michaelis-Arbuzov rearrangement has been reported by
directly forming an alkyl halide through the action of
trimethylsilyl halide (TMSX, X = I, Br) on phosphorous(III)
esters (eq 50).82 This rearrangement occurs at tempera-
tures from 20 to 80 ◦C, and only a catalytic amount
(5 mol%) of TMSI (or TMSBr) is needed. Unlike the usual Arbu-
zov rearrangement, alkyl halides are not required for this type of
direct and easy-to-handle TMSX-catalyzed Michaelis-Arbuzov-
like rearrangement.82
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P OR3
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R3 I

R1

P O

R2

SiMe3

Δ

TMSI

P

O

R1

R2 R3

TMSI (5%)
+

+ (50)

Use of TMSI as a Lewis-acidic Activation Agent.

For Biginelli Reaction. TMSI (in situ generated from TM-
SCl and NaI) is an excellent promoter for the one-pot synthesis
of dihydropyrimidinones via the Biginelli reaction (eq 51), which
involves the condensation of an aldehyde, a β-ketoester and urea
(or thiourea).83 The traditional Biginelli reaction commonly pro-
ceeds under strongly acidic conditions, and this protocol often

suffers from low yields particularly in case of substituted aro-
matic or aliphatic aldehydes. However, when TMSI is applied as
a promoter, the reaction usually affords excellent yields of dihy-
dropyrimidinones even at ambient temperature (eq 51).83
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(51)

TMSCl/NaI

        CH3CN, rt
+ +

For the Synthesis of Hantzsch 1,4-Dihydropyridines. TMSI
(in situ generated) has been used in the efficient synthesis of vari-
ous substituted Hantzsch 1,4-dihydropyridines using both the clas-
sical and modified Hantzsch procedures at room temperature in
acetonitrile (eq 52).84 The usage of TMSI enables the reaction to
proceed smoothly with good to excellent yields of products.84
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R1

O
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Me R1
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(52)

TMSCl / NaI, rt
        6~8 h

NH4OAc/CH3CN
+

For Aldol and Related Reactions. The TMSI/(TMS)2NH
combination can be used for the synthesis of polycyclic cy-
clobutane derivatives by tandem intramolecular Michael-aldol
reaction.85 TMSI-induced diastereoselective synthesis of tetrahy-
dropyranones by a tandem Knoevenagel-Michael reaction, has
also been developed.86 More recently, the facile synthesis of α,α′-
bis(substituted benzylidene)cycloalkanones has been reported, us-
ing TMSI (in situ generated) mediated cross-aldol condensations
(eq 53).87

O

Ph CHO

O

(53)

TMSCl/NaI

CH3CN, rt, 1 h
+

92%

For the Synthesis of N-Substituted Phthalimides/Naphthal-
imides. N-Substituted phthalimides and naphthalimides can be
synthesized in good to excellent yields, employing TMSI (in situ
generated) from corresponding azides and anhydrides under mild
conditions (eq 54).88
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CH3CN, rt

95%
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(54)

Use of TMSI as a Reducing Agent.

Selective Reduction of α,α-Diaryl Alcohols. TMSI has been
utilized as a reducing agent for the rapid and highly selective re-
duction of α,α-diaryl alcohols to the corresponding alkanes.89 The
reaction proceeds particularly well for electron-rich substrates,
which may be associated with the proposed intermediacy of an
aryl-stabilized benzylic carbocation at the reduction site.90 The
moderately electron-deficient benzylic alcohols can also be se-
lectively reduced to analogous toluenes, and the reaction condi-
tion tolerates other reduction-sensitive functional groups such as
ketone, aldehyde, nitrile, and nitro groups (eq 55).90 The prepa-
ration of biarylmethanes, involving benzylation via tandem Grig-
nard reaction-TMSI-mediated reduction, has also been reported.91

TMSCl/NaI

CH3CN, 55 °C, 18 h
99%

(55)
N

OH

F N F

Reduction of Azides to Amines. In situ generated TMSI has
been found to be a useful reducing agent for the reduction of
azides to amines (eq 56).92 The reaction is carried out under
extremely mild and neutral conditions, and a number of aryl,
alkyl, and aroyl azides are suitable for this tranformation. This
methodology has also been applied to the synthesis of pyrrolo[2,1-
c][1,4]benzodiazepines via reductive cyclization of ω-azido car-
bonyl compounds.93

R N3 R NH2
TMSCl/NaI

CH3CN, rt
90~98%

(56)

(R= alkyl, aryl, and aroyl)

Reductive Cleavage of Phthalides and Sulfonamides. 3-
Arylphthalides can be readily cleaved reductively by means of
TMSI (in situ generated) to give corresponding 2-benzylbenzoic
acids (eq 57) or 2-(2-thienylmethyl)benzoic acids.94

O

O

Ar

COOH

Ar

(57)
TMSCl/NaI

CH3CN, reflux

TMSI, in situ generated from TMSCl and NaI, is also a robust
reagent for the deprotection of sulfonamides (eq 58).95 The reduc-
tive desulfonylation usually proceeds in good yields with 1.5 equiv
of TMSI in acetonitrile under reflux for 3∼4 hours. The mild
reaction conditions employed in this deprotection method allow
the selective deprotection of sulfonamides in the presence of N-
alkyl and N-benzyl groups.95

R N R′

SO2Ph

R N R′

H

(58)
TMSCl/NaI

CH3CN, reflux, 3~4 h

Reductive Cleavage of Heteroaryl C-Halogen Bonds. Re-
gioselective reductive dehalogenation of heterocyclic antibiotic
compounds, such as pyrrolnitrins, halo-uridines and pyrimidines,
has been successfully accomplished (eq 59).96a A single-electron
transfer (SET) mechanism was proposed for this type of de-
halogenation (eq 59).96a TMSI-mediated reductive C-2 dechlori-
nation of some 5-allyl(allenyl)-2,5-dichloro-3-dialkylamino-4,4-
dimethoxy-2-cyclopentenones has also been successful.96b
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Use of TMSI in Conjunction with Organometallic
Reagents.

In Conjugate Monoorganocopper Addition to ααα,βββ-
Unsaturated Carbonyl Compounds. TMSI has been
demonstrated to efficiently promote the reaction of conju-
gate 1,4-additions of monoorganocopper compounds into a
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variety of α,β-unsaturated carbonyl compounds, such as cyclic
and acyclic enones, β-alkoxy enones, enoates, and lactones, often
at −78 ◦C (eq 60).97 The RCu(LiI)-TMSI reagent gives a good
economy of group transfer with good to excellent yields of con-
jugate adducts. Lithium iodide, present from preparation of the
organocopper compounds, increases the rate of the reaction and
is a favorable component.97 The mechanistic study of the role of
TMSI in the conjugate addition of butylcopper-TMSI to α-enones
shows that a direct silylation of an intermediate π-complex by
TMSI is most likely (eq 60).98The conjugate additions of MeCu,
PhCu, and n-BuCu to the chiral enoylimides in the presence of
TMSI and LiI in THF give the adducts in excellent yields and high
diastereoselectivity (80 ∼ 93% de).99 In the presence of TMSI and
LiI in THF, the otherwise unreactive copper acetylides can add
to enones present as s-trans conformers to provide good yields
of the silyl enol ethers of β-acetylido carbonyl compounds.100

Similaly, TMSI-promoted diastereoselective conjugate additions
of monoorganocuprates Li[RCuI] to different α,β-unsaturated
N-acyl oxazolidinones with high yields and diastereomeric ratios
have also been reported.101

O
RCuILi

O

RCuILi

TMSI

RCuILi

O
SiMe3

I

OSiMe3

R

(60)

−78 °C

fast

Pd-catalyzed Coupling Reactions. The reaction of terminal
acetylenes with TMSI and organozinc reagents (or organostan-
nanes) in the presence of Pd(PPh3)4 results in addition of the
trimethylsilyl group of TMSI and an alkyl group of the organoz-
inc reagent (or alkynyl group of organostannane) to the acetylenes
to give vinylsilanes (eq 61).102 This catalytic reaction involves
an oxidative addition of the Si-I bond in TMSI to Pd(0) leading
to a silylpalladium(II) species, and silylpalladation of an acety-
lene with the Si-Pd species followed by coupling with organozinc
reagents (or organostannanes).102

R
Pd(PPh3)4 R

R′

H

SiMe3

(61)

+   TMSI   + R′M

(R′M=ZnR′, SnBu3)

TMSI as Iodination Agent in Organometallic Complexes.
TMSI has been applied as an iodinating agent in organometal-
lic complexes.103–105 For example, reaction of the P,N-chelated
dimethylplatinum complexes with TMSI stereoselectively gives
the corresponding methyl iodo complexes in which only the

methyl group trans to the phosphorus atom is exchanged
(eq 62).103 TMSI was also used as a halogen-exchange reagent in
the thorium(IV) complex to form Th-I bond.104 The application of
TMSI as a Cl-I exchange reagent in transition metal coordination
chemistry, has also been studied.105
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(62)
60 °C, 12 h

Other Reactions of TMSI.

Reaction with ααα,βββ-Unsaturated Sulfoxides. The reaction of
TMSI with α,β-unsaturated sulfoxides in chloroform at ambient
temperature is a mild, efficient, and general method for the prepa-
ration of carbonyl compounds (eq 63).106 The proposed reaction
mechanism is shown in eq 63.106a Formation of a strong oxygen-
silicon bond is followed by reduction of the sulfur function and
oxidation of iodide to iodine, the latter precipitating in chloro-
form. The trimethylsiloxy anion attacks the unsaturated carbon
linked to the sulfur function, which leaves the substrate, allowing
the formation of the silyl enol ether species. Finally, hydrolysis
converts the silyl enol ether into the carbonyl compound.106a
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(63)

− I2

Iodination of βββ-Hydroxy Amino Acid Derivatives. TMSI has
been used as an iodinating agent to convert β-hydroxy amino
acid derivatives into corresponding β-iodo amino acid derivatives
(eq 64).107 The low yields for the reaction have been attributed
in part to the sensitivity of the β-iodo products to the reflux con-
ditions. Higher yields can be obtained when TMSCl and TMSBr
are used as chlorinating and brominating agents.107
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2-Iodoxybenzoic Acid1

O
I

O

OHO

[61717-82-6] C7H5IO4 (MW 280.01)
InChI = 1/C7H5IO4/c9-7-5-3-1-2-4-6(5)8(10,11)12-7/h1-4,10H
InChIKey = MEOMMSSYMAPFRJ-UHFFFAOYAV

(oxidizing agent, single-electron-transfer reagent)1

Alternate Name: o-iodoxybenzoic acid; 1-hydroxy-1,2-benziodo-
xol-3(1H)-one-1-oxide, IBX.

Physical Data: mp 232–233 ◦C.
Solubility: soluble in DMSO, DMSO/THF mixtures; insoluble in

H2O and most organic solvents.
Analysis of Reagent Purity: 1H-NMR (DMSO-d6) δ 8.15 (d, 1H),

8.01 (d, 1H), 7.98 (t, 1H), 7.84 (t, 1H). 13C-NMR (DMSO-d6)
δ167.49, 146.59, 133.39, 132.97, 131.36, 130.10, 124.99.2

Preparative Methods: not commercially available. IBX was first
synthesized in 1893,2 and is the penultimate precursor of the
Dess-Martin periodinane reagent.3,4 IBX is prepared by the
slow addition (0.5 h) of potassium bromate (76.0 g, 0.45 mol)
to a rapidly stirred sulfuric acid mixture (0.73 M, 730 mL)
containing 2-iodobenzoic acid (85.2 g, 0.34 mol). The reaction
temperature is maintained below 55 ◦C until addition is com-
plete. The reaction mixture is heated to 65 ◦C for 3.6 h. The flask
is cooled to 0 ◦C, and the solid is filtered and washed with water
(1000 mL) and ethanol (2 x 50 mL) to afford IBX in 93–98%
yield.3,4 An additional ether wash (3 x 50 mL) is beneficial.5

Other oxidants such as potassium permanganate,2 chlorine,6 or
oxone7 can also be employed.

Handling, Storage, and Precaution: moisture stable, explosive
under excessive heating (> 200 ◦C) or impact.8

Oxidation of Alcohols to Aldehydes and Ketones. Hyper-
valent iodine compounds have powerful oxidizing capabilities.
However, IBX possesses different properties than many simi-
lar oxidants, such as the related analogs iodoxybenzene and m-
iodoxybenzoic acid.6 Until recently, the major application of IBX
was its use in DMSO for the oxidation of primary alcohols to alde-
hydes at room temperature, without the danger of over-oxidation
to carboxylic acids. The related iodo-oxy reagents oxidize benzyl
alcohols to benzaldehydes at elevated temperatures in benzene
(80 ◦C, 5–10 h) or in acetic acid (rt, 24 h), while IBX oxidizes
the same compounds in 15 min (or less) at room temperature.9

IBX is equally effective for the oxidation of secondary alcohols
to ketones under analogous conditions. Even sterically hindered
alcohols are readily oxidized. Borneol undergoes smooth oxida-

OH

IBX (1.1 equiv)
 DMSO 
rt, 2.5 h

100%

O

(1)

tion to camphor upon treatment with a 1:1 molar ratio of IBX for
2.5 h in DMSO at room temperature (eq 1).9

Despite the fact that IBX is insoluble in almost all solvents ex-
cept DMSO, it oxidizes alcohols in other solvent combinations.
THF is the preferred cosolvent to facilitate the solubility of alco-
hols that are insoluble in DMSO, and allow oxidation with IBX.
In some cases, the oxidation occurs entirely in the absence of
DMSO. Benzoin is oxidized to benzil by treatment with IBX in
THF.10

The mild oxidizing properties of IBX enhance its utility for the
oxidation of compounds with sensitive functional groups such as
thioethers and amines. Oxidation with IBX occurs cleanly in the
presence of thioethers and 1,3-dithiolane protecting groups. For
example, oxidation of thiochroman-4-ol, even with 10 equiv of
IBX is achieved cleanly to give thiochroman-4-one with no detec-
tion of the analogous sulfoxide or sulfone by-products (eq 2).10

S

OH IBX (1.1 equiv)
 DMSO
rt, 24 h

92%
S

O

(2)

IBX is also tolerant of amine functionality, and therefore is used
for the successful oxidation of amino alcohols to amino carbonyls.
Frequently, this synthetic transformation requires the protection
of the amino group, as a nonbasic derivative, prior to oxidation.
IBX also provides an alternative method to oxidize alcohols se-
lectively in the presence of primary, secondary, or tertiary amines,
although the in situ protonation of the amine with acid is usually
required (e.g., trifluoroacetic acid, 1–1.5 equiv) to avoid reduced
yields.10 Oxidation of an aminocyclohexanol occurs selectively
upon treatment with both IBX and TFA (1:1 ratio), without degra-
dation of the amine functionality, to give cyclohexanone in 91%
yield (eq 3).10

NH2

OH

NH2

OIBX (1.1 equiv)
TFA (1.1 equiv), DMSO

rt, 5 h

91%

(3)

IBX displays good tolerance for other functionalities including
both isolated and conjugated double bonds,9 carboxylic acids,9

carboxylic esters and carboxamides,10 as well as oxidizable het-
eroaromatic rings such as furans, pyridines, and indoles.9 Phenols
and anilines, however, are not tolerated and in the presence of
IBX often generate side products.10 (Aniline amides are an excep-
tion, see below.) Upon exposure to IBX, phenols (substituted with
an electron-donating group) afford the corresponding o-quinone
derivative. These compounds are often quite reactive, but subse-
quent treatment under the reducing conditions in the presence of
acetic anhydride provides a useful route to catechols.11 For exam-
ple, when a tert-butyl substituted phenol is stirred in a suspension
of IBX in chloroform for 53 h at ambient temperature, the cor-
responding o-quinone is obtained in 99% yield. Treatment of the
crude sample of this quinone with potassium carbonate, acetic an-
hydride, and palladium on carbon, under a hydrogen atmosphere
for 24 h, gives the diacetate in 87% isolated yield (eq 4).12
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OH O

O

OAc

OAc

IBX (1 equiv)
CHCl3, rt

99%

H2 Pd/C
K2CO3, Ac2O

87%

(4)

Oxidation of Polyols. IBX, in common with other hypervalent
iodine compounds including the Dess-Martin periodinane (DMP)
and other iodoxy benzene derivatives, easily oxidizes 1,2-glycols.
Unlike these reagents, however, IBX is selective and does not re-
sult in cleavage of the glycol carbon-carbon bond. The oxidation
is terminated after the carbonyl is generated to afford the corre-
sponding α-ketol or α-diketone derivatives. In addition, IBX is
sufficiently mild for the selective oxidation of polyols. Primary
allylic alcohols are oxidized preferentially in the presence of sec-
ondary alcohols, including trans-1,2-diols.10 These results depend
in part on the features of the substrates and may not be due solely
to the use of IBX.

The significant bias that IBX displays towards the relative rates
of oxidation of primary and secondary alcohols may also be ex-
ploited in other ways. Despite the fact that in general, even mild
oxidizing agents readily oxidize secondary lactols to lactones, IBX
may be successfully employed in the previously unknown one-step
synthesis of γ-lactols from both 1,4-bis primary diols as well as
from 1,4-primary-secondary diols.12 Treatment of a 1,4-diol with
IBX in DMSO gives the desired γ-lactol in good yield with very
little over-oxidation to the corresponding lactone. Consequently
this is an excellent procedure for the synthesis of γ-lactols (eq 5).13

Me

OH

OH
H

Me

Me

O

OHH
Me

IBX (1.2 equiv) 
2 h, 23 °C, DMSO

81%
(5)

Synthesis of Related IBX-type Oxidants. The desirable prop-
erties of IBX have led to the development of new derivatives based
on the core structure. These derivatives display different and of-
ten advantageous properties that make them synthetically useful
in their own right.

IBX is the penultimate precursor to the periodinane 1,1,1-
triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one [Dess-Martin
periodinane (DMP)]. This is a remarkably successful reagent for
the selective oxidation of alcohols to carbonyl compounds.13 It
has an extended shelf life and superior solubility in most organic
solvents including chloroform, methylene chloride, acetonitrile,
and to a lesser extent hexane and ether.3,4

The synthesis of the Dess-Martin periodinane is achieved
through treatment of a stirred slurry of IBX with a solution of
acetic anhydride in glacial acetic acid (11.9 M). When the solu-
tion is heated to 100 ◦C over a period of 40 min, the solid IBX
dissolves. The solvent is removed at ambient temperature under

vacuum until a thick slurry remains. This slurry is filtered under
a inert atmosphere and washed with ether to give DMP in 94%
isolated yield (eq 6).3,4

O
I

O

OHO

IBX DMP

O
I

OAc
OAc

AcO

O

94%
(6)

AcOH
Ac2O, 100 °C

The desire for a more environmentally friendly oxidizing agent
prompted the synthesis of water-soluble derivatives of IBX.14

This water-soluble oxidant m-IBX (eq 7) contains a carboxylic
acid substituent. This reagent is useful for the oxidation of a vari-
ety of alcohols to the corresponding aldehydes in both water and
THF/water mixtures in fair-to-excellent yields.14

CO2H

O
I

O

O

HO

NO2

CO2H

CO2H

I

CO2H

CO2H

NO2

CO2Me

CO2Me

I

CO2Me

CO2Me

NH2

CO2Me

CO2Me

(a) (b)

(c)

(d)(e)

m-IBX

(7)

Conditions: 

(a) (i) SOCl2, heat (ii) CH3OH, heat, 100 %.

(b) H2 (55 psi), Pd/C, CH3OH, 100 %. 

(c) (i) NaNO2, HCl, 0−5 °C (ii) KI, 91%. 

(d) (i) NaOH, THF−H2O (3: 1 v/v) (ii) aq HCL, 93 %. 

(e) KBrO3, 0.73 M H2SO4, 55 °C, 3 h, 70 %.

The synthesis of m-IBX employs 3-nitrophthalic acid. Esterfi-
cation of the acid chloride, after treatment with methanol, gives
the nitrodiester. Catalytic hydrogenation affords the correspond-
ing aminodiester, and diazotization followed by iodination with KI
provides the dimethyl iodophthalate. Saponification of the diester
with NaOH, and acidic work-up give the m-IBX diacid precursor.
Oxidation of the diacid with KBrO3 in dilute acid, in a manner
analogous to the synthesis of IBX, affords m-IBX (eq 7).14

Polmer-supported IBX Reagents. Two different phenoxide
linked polymer-based IBX reagents have been developed. The sil-
ica supported reagent (Poly-IBX) is used in THF. The oxidation
rate increases relative to DMSO as solvent. The primary alcohol
in the cyclohexanol may be oxidized preferentially, and thus avoid
formation of the cyclohexanone expected from the secondary al-
cohol (eq 8).15 This selectively is retained even with a threefold
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excess of the oxidant. However, acylic ketones are generated in
low yield, and 3-methyl-2-butanone is produced in only 5% yield
in contrast to the conversion of 2-methylcyclohexanol to the cor-
responding cyclohexanone in 82% yield. This reagent is quite
resilient and negligible loss of activity was observed after four
cycles.

OO
CH2OH

OMe

OH

OO
CHO

OMe

OH

    Poly-IBX (1.2 equiv)
THF (5 mL/1 g Poly-IBX) (8)

     24 h, rt, 86%

A different IBX reagent attached to Merrifield resin worked
well with benzylic, allylic, primary, and secondary alcohols.16

Synthesis of Heterocycles. In appropriate structures IBX-
mediated transformations facilitate the construction of diverse
heterocyclic systems in an efficient manner.17–19 Many of these
synthetic sequences involve a single-electron-transfer (SET)
mechanism.20 For example, anilides with an appended alkene
substituent undergo intramolecular radical cyclization in a 5-exo
manner upon exposure to IBX to the corresponding heterocycles
(eq 9).20 The optimum conditions involve heating the substrate
with 2 equiv of IBX in a mixed solvent system (THF/DMSO,
10:1) in a pressure tube at 90 ◦C for 8–12 h. Yields increase when
2 additional equiv of IBX are added and the reaction heated for
a further 8 h. The best results arise when the concentration of
substrate is kept constant (0.025 M).18

H
N

O

N

O

Me

IBX, 90 °C
THF:DMSO (10:1)

(9)
86%

(pressure tube)

These cyclizations are quite versatile. The aryl group can tol-
erate a variety of functional groups, including electron-donating
or electron-withdrawing substituents (with the exception of nitro
groups), halides, or groups with a high degree of steric bulk at any
position on the aromatic ring. Practical limitations include the ne-
cessity of an N-aryl moiety for a successful reaction. Displacement
of the aryl group by a single carbon causes the reaction to fail. In
addition, the absence of a carbonyl group or replacement of the
alkene moiety with an alkyne also produces undesirable results.18

Amino sugars are generated in a direct sequence involving the
addition of the hemiacetal to p-methoxyphenylisocyanate, and
thermolysis with IBX in a sealed tube at 90 ◦C for 8 h. Subse-
quent exposure to CAN affords a 72% overall yield of the desired
heterocycle (eq 10).18,21

THF is essential for these reactions in its role as the hydro-
gen donor and supplies the requisite hydrogen atom. This feature
was established by deuterium labeling studies. However, these
radical-mediated reactions fail to add to conjugated esters and
cyclohexene acceptors and require an aniline substituent for suc-
cessful radical-mediated ring closure. A bridged ring example is
illustrated in eq 11.20

O OHAcO

AcO

OAcO

AcO

O

N

O

H
(10)

(a) − (c)

Conditions: 

(a) p-MeOPhNCO. DBU (0.1 equiv), CH2Cl2, 25 °C, 1 h , 95%.

(b) IBX (2 equiv), THF:DMSO (10:1), 90 °C (sealed tube), 8 h, 84%.

(c) CAN (5 equiv), CH3CN:H2O (3:1), 30 min, 90%.

CO2Me

N

Ph

OH

CO2Me
N

Ph O

IBX (4 equiv), 90 °C
THF:DMSO (10:1)

40%
(11)

Carbamates and open-chain ureas are also useful as substrates
for the synthesis of the corresponding oxazolidinones and cyclic
ureas. This reaction tolerates a variety of groups on the aryl ring,
and allows the formation of both quaternary centers and spiro-
cyclic compounds. Primary allylic amines are required for the
preparation of cyclic ureas, as the secondary allylic amines de-
compose upon heating.20 Aryl thionocarbamates, in contrast to
the other examples, do not undergo direct cyclization in the pres-
ence of IBX. Instead, a [3,3]-sigmatropic rearrangement occurs
initially, followed by an IBX induced cyclization to give a thiazo-
lidinone from the intermediate allylic thionocarbonate (eq 12).17

Oxidation of Carbon Skeletons with IBX. Allylic and ben-
zylic positions are also susceptible to oxidation by IBX. These
applications are not limited to the oxidation of compounds
containing a pre-existing oxygen functionality but oxidize the
hydrocarbon center directly to aldehydes or ketones. These ox-
idations also proceed via a single-electron-transfer pathway. The
oxidation of aryl methyl groups to aryl aldehydes is accomplished
with 3 equiv of IBX in DMSO or DMSO/fluorobenzene mix-
tures at 80–90 ◦C.21 The first two equivalents of IBX initiate the
single-electron-transfer to generate a benzylic carbocation. Sub-
sequently, the reaction with water affords the alcohol in situ and
the third equivalent of IBX completes the conversion to the desired
benzaldehyde (eq 13).21

O NHPh

S

S NHPh

O

IBX
S

PhN

O

[3,3]sigmatropic
rearrangement

(12)
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R
IBX

IBXH

O

R

R

R
OH H2O

IBX

R

R

(SET)

(13)

(SET)

  −H

These reactions proceed rapidly in good yield and tolerate o-
substituents and halogens, typical of the behavior of IBX with
related substrates. The corresponding hydrocarbons may be oxi-
dized directly to ketones and over-oxidation of an aldehyde to the
corresponding carboxylic acids is not observed. Thus α-tetralone
(1) and β-naphthaldehyde (2) are synthesized readily from the
corresponding substrates. This oxidation is retarded when an
electron-withdrawing group is present as illustrated by the lack
of reactivity of 4-methylacetophenone (3). Consequently, this
provides a method for the selective oxidation of polybenzylic com-
pounds to the monocarbonyl systems (eq 14).21

CHO

2
IBX (3 equiv)

DMSO, 20 h, 80 °C
90%

O

1
IBX (3 equiv)

DMSO, 12 h, 80 °C
70%

Me

Me

O

3
Unreactive

(14)

Preparation of Unsaturated Carbonyl Compounds. An at-
tractive synthesis of α,β-unsaturated carbonyl compounds from
saturated alcohol precursors and/or carbonyl compounds utilizes
IBX as the oxidant.22 Treatment of a saturated carbonyl com-
pound with 1.5 equiv of IBX in DMSO or DMSO:fluorobenzene
gives the conjugated ketone directly. This is a versatile, general
reaction that tolerates a variety of functional groups. In contrast
to chromium-based oxidants, this protocol is free of toxic wastes
and provides an efficient route to the oxidized products. Satu-
rated alcohols treated with an extra equivalent of IBX generate
the corresponding aldehyde or ketone which may be transformed
directly to the desired α,β-unsaturated carbonyl compound in a
single operation. The level of unsaturation in the final product can
be controlled by adjusting the amount of IBX used in the reaction
(eq 15).

For example, treatment of cyclooctanol with 2.2 equiv of IBX
provides cyclooctenone in 77% yield after chromatography. If the
oxidant is increased to 4 equiv the corresponding cross-conjugated
cyclooctadienone is generated in 80% yield (eq 15).23 This se-
quence to the cyclooctadienone can be repeated in the presence of
potassium carbonate and methylamine hydrochloride to provide
a one-pot synthesis of a tropinone (6-methyl-8-azabicyclo[3.2.1]
octan-3-one) by a double conjugate addition in 80% yield.25 A re-
lated application is illustrated by the sequential control available
in a steroid series in which the level of unsaturation in the A-ring

may be controlled with no interference from the cyclopentanone
present in ring D (eq 16).23

HO
IBX (2.2 equiv)

55 °C, 1 h

77%

IBX (4.0 equiv)
85 °C, 3 h

80%

(15)

O

O

O

O

O

O

O

O

IBX (1.5 equiv), 70 οC, 24 h
DMSO or C6F6:DMSO (2:1)

84%

IBX (4 equiv), 85 οC, 48 h
DMSO or C6F6:DMSO (2:1)

72%

(16)

The reactivity of IBX may be modulated by complexation with
various ligands which induce significant changes in its reactiv-
ity and increased control over competing pathways. For example,
ligand complexation with 4-methoxypyridine-N-oxide (MPO) af-
fords IBX–MPO in which the dehydrogenations are highly se-
lective and may be conducted at lower temperature (25 ◦C).24 If
the substrate is not soluble in DMSO, aliquots of methylene chlo-
ride may be added as a cosolvent untill dissolution occurs and
the oxidation rate is optimized. Thus the treatment of a saturated
aldehyde in which benzylic hydrogens are also present results in
the preparation of the unsaturated aldehyde exclusively in 88%
yield with no concomitant benzylic oxidation (eq 17).24

Ph
CO2Me

HN
CHO

O

O
I

O

O
HO

N OMe

O

Ph
CO2Me

HN

O

CHO
(17)

10

8

IBX−MPO (1.5 equiv)

DMSO, 25 °C, 15 h
  88%

Consistent with the expectation that the dehydrogenations in
eqs 15 and 16 involve IBX-mediated enolizations, silyl enol ethers
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also undergo a similar oxidation under mild conditions upon expo-
sure to IBX–MPO. Thus the trimethylsilyl ether of cyclooctanone
affords cyclooctenone in 96% yield after treatment with 1.1 equiv
of IBX–MPO in DMSO/CH2Cl2 for 20 min at 25 ◦C.25 This pro-
tocol is useful for challenging cyclopentenones such as indenone
which is prepared in 94% yield in a 40-min reaction. The silyl
enol ethers may also be generated in situ via conjugate addition
to an enone, quenching with TMSCl, isolation or in situ reaction
of the enol ether, and a subsequent oxidation. In this manner cy-
clopentenone affords 3-vinyl-2-cyclopentenone from 1,4-addition
of vinyl cuprate in 90% yield (eq 18).25

O OTMS

O

(18)
      
       90%

TMEDA (4 equiv) 
TMSCl (5 equiv) 

cyclopentenone (1 equiv) 
−78−25 °C, 30 min

CuBr-SMe2 (2 equiv) 
THF, −78 °C 

CH2=CHMgBr (4 equiv)

IBX−MPO
(1.5 equiv)

DMSO/CH2Cl2
25 °C, 1 h

1. Wirth, K. A., Angew. Chem. Int. Ed. 2001, 40, 2812.

2. Hartmann, C.; Meyer, V., Chem. Ber. 1893, 26, 1727.

3. Dess, D. B.; Martin, J. C., J. Org. Chem. 1983, 48, 4155.

4. Boekmann, R. K.; Shao, P.; Mullins, J. J., Org. Syn. 1999, 76, 194.

5. Ireland, R. E.; Liu, L., J. Org. Chem. 1993, 58, 2899.

6. Katritzky, A. R.; Duell, B. L.; Gallos, J. K., Org. Magn. Reson. 1989,
27, 1007.

7. Frigerio, M.; Santagostino, M.; Sputore, S., J. Org. Chem. 1999, 64,
4537.

8. Barton, D. H. R.; Godfrey, C. R. A.; Morzycki, J. W.; Motherwell,
W. B.; Stobie, A., Tetrahedron Lett. 1982, 23, 957.

9. Frigerio, M.; Santagostino, M., Tetrahedron Lett. 1994, 35, 8019.

10. Frigerio, M.; Santagostino, M.; Sputore, S.; Palmisano, G., J. Org. Chem,
1995, 60, 7272.

11. Pettus, T. R. R.; Magdziak, D.; Rodriguez, A. A.; Van De Water, R. W.,
Org. Lett. 2002, 4, 285.

12. Corey, E. J.; Palani, A., Tetrahedron Lett. 1995, 36, 3485.

13. Dess, D. B.; Martin, J. C., J. Am. Chem. Soc. 1991, 113, 7277.

14. Thottumkara, A. P.; Vinod, T. K., Tetrahedron Lett. 2002, 43, 569.

15. Mülbair, M.; Giannis, A., Angew. Chem., Int. Ed. 2001, 40, 4393.

16. Sorg, G.; Mengel, A.; Jung, G.; Radermann, J., Angew. Chem., Int. Ed.
2001, 40, 4395.

17. Nicolaou, K. C.; Baran, P. S.; Zhong, Y. -L.; Barluenga, S.; Hunt, K. W.;
Kranich, R.; Vega, J. A., J. Am. Chem. Soc. 2002, 124, 2232.

18. Nicolaou, K. C.; Baran, P. S.; Zhong, Y.-L.; Vega, J. A., Angew. Chem.,
Int. Ed. 2000, 39, 2525.

19. Nicolaou, K. C.; Zhong, Y.-L.; Baran, P. S., Angew. Chem., Int. Ed. 2000,
39, 625.

20. Nicolaou, K. C.; Baran, P. S.; Kranich, R.; Zhong, Y.-L.; Sugita, K.; Zou,
N., Angew. Chem., Int. Ed. 2001, 40, 202.

21. Nicolaou, K. C.; Baran, P. S.; Zhong, Y.-L., J. Am. Chem. Soc. 2001,
123, 3183.

22. Nicolaou, K. C.; Zhong, Y.-L.; Baran, P. S., J. Am. Chem. Soc. 2000,
122, 7596.

23. Nicolaou, K. C.; Montagon, T.; Baran, P. S.; Zhong, Y.-L., J. Am. Chem.
Soc. 2002, 124, 2245.

24. Nicolaou, K. C.; Montagon, T.; Baran, P. S., Angew. Chem., Int. Ed.
2002, 41, 993.

25. Nicolaou, K. C.; Gray, D. L. F.; Montagon, T.; Harrison, S. T., Angew.
Chem., Int. Ed. 2002, 41, 996.

Alex G.Fallis & Pierre E.Tessier
University of Ottawa, Ottawa, Ontario, Canada



L
Lithium Aluminum Hydride 212
Lithium Diisopropylamide 224
Lithium Naphthalenide 241

Essential Reagents for Organic Synthesis, Edited by Philip L. Fuchs, André B. Charette, Tomislav Rovis, and Jeffrey W. Bode.
©2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



212 LITHIUM ALUMINUM HYDRIDE

Essential Reactions for Organic Synthesis, First Edition. Edited by Philip L. Fuchs.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Lithium Aluminum Hydride1

LiAlH4

[16853-85-3] AlH4Li (MW 37.96)
InChI = 1/Al.Li.4H/q-1;+1;;;;/rAlH4.Li/h1H4;/q-1;+1
InChIKey = OCZDCIYGECBNKL-PDCCDREHAZ

(reducing agent for many functional groups;1 can hydroaluminate
double and triple bonds;2 can function as a base3)

Alternate Name: LAH.
Physical Data: mp 125 ◦C; d 0.917 g cm−3.
Solubility: soluble in ether (35 g/100 mL; conc of more dil

soln necessary); soluble in THF (13 g/100 mL); modestly
soluble in other ethers; reacts violently with H2O and protic
solvents.

Form Supplied in: colorless or gray solid; 0.5–1 M solution in
diglyme, 1,2-dimethoxyethane, ether, or tetrahydrofuran; the
LiAlH4·2THF complex is available as a 1 M solution in toluene.

Analysis of Reagent Purity: Metal Hydrides Technical Bulletin
No. 401 describes an apparatus and methodology for as-
say by means of hydrogen evolution. See also Rickborn and
Quartucci.39a

Handling, Storage, and Precaution: the dry solid and solutions are
highly flammable and must be stored in the absence of moisture.
Cans or bottles of LiAlH4 should be flushed with N2 and kept
tightly sealed to preclude contact with oxygen and moisture.
Lumps should be crushed only in a glove bag or dry box.

Original Commentary
Leo A. Paquette
The Ohio State University, Columbus, OH, USA

Functional Group Reductions. The powerful hydride trans-
fer properties of this reagent cause ready reaction to occur with
aldehydes, ketones, esters, lactones, carboxylic acids, anhydrides,
and epoxides to give alcohols, and with amides, iminium ions,
nitriles, and aliphatic nitro compounds to give amines. Several
methods of workup for these reductions are available. A strongly
recommended option4 involves careful successive dropwise addi-
tion to the mixture containing n grams of LiAlH4 of n mL of H2O,
n mL of 15% NaOH solution, and 3n mL of H2O. These conditions
provide a dry granular inorganic precipitate that is easy to rinse
and filter. More simply, solid Glauber’s salt (Na2SO4·10H2O) can
be added portionwise until the salts become white.5 In certain in-
stances, an acidic workup (10% H2SO4) may prove advantageous
because the inorganic salts become solubilized in the aqueous
phase.6 Should water not be compatible with the product, the use
of ethyl acetate is warranted since the ethanol that is liberated usu-
ally does not interfere with the isolation.4 Although the stoichiom-
etry of LiAlH4 reactions is well established,1 excess amounts of
the reagent are often employed (perhaps to make accommodation
for the perceived presence of adventitious moisture). This practice
is wasteful of reagent, complicates workup, and generally should
be avoided.

The reduction of amides can be adjusted in order to de-
liver aldehydes. Acylpiperidides,7 N-methylanilides,8 aziridides,9

imidazolides,10 and N,O-dimethylhydroxylamides11 have proven
especially serviceable. All of these processes generate products
that liberate the aldehyde upon hydrolytic workup. The power-
ful reducing ability of LiAlH4 allows for its application in the
context of other functional groups. Alkanes are often formed
in good yield upon exposure of alkyl halides (I > Br > Cl; pri-
mary > secondary > tertiary)12 and tosylates13 to LiAlH4 in ethe-
real solvents. Chloride reduction is an SN2 process, while io-
dides enter principally into single electron transfer chemistry.14

Benzylic15 and allylic halides16 behave comparably, although the
latter can react in an SN2′ fashion as well (eq 1).17 Select aromatic
halides can be reduced under forcing conditions (e.g. diglyme,
100 ◦C),18 but chemoselectivity as in eq 2 can often be achieved.19

Vinyl,20 bridgehead,20 and cyclopropyl halides (eqs 3 and 4)20,21

have all been reported to undergo reduction. The SET mechanism
is also believed to operate in the latter context.22

(1)
Br

Br BrH

Dether, Δ
67%

LiAlD4

LiAlH4
(2)

Br

Cl Cl

Et2O
75%

LiAlH4
(3)

F Cl HF H F

+

94:6

diglyme
100 °C

LiAlH4
(4)

Cl F HF H F

+

10:90

diglyme
100 °C

LiAlH4 is normally unreactive toward ethers.1 Unsaturated
acetals undergo reduction with double bond migration (SN2′);
in cyclic systems, the usual stereoelectronic factors often apply
(eq 5).23 Orthoesters are amenable to attack, giving acetals in good
yield (eq 6).24 The susceptibility of benzylic acetals to reduction
can be enhanced by the co-addition of a Lewis acid (eq 7).25

(5)

1. LiAlH4
    ether, 25 °COAcO

H
H

OMe

H
H

OAc

H

O

100%

2. Ac2O, py

(6)
SMeMeO

MeO
MeO

MeO SMe

MeO

LiAlH4
C6H6–Et2O

Δ
97%

LiAlH4
AlCl3

(7)S(CH2)6Me

OSiMe3

S(CH2)6Me
83%
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When comparison is made between LiAlH4 and related reduc-
ing agents containing active Al–H and B–H bonds, LiAlH4 is seen
to be the most broadly effective (Table 1).1h Its superior reducing
power is also reflected in its speed of hydride transfer.

Hydroalumination Agent. Ethylene has long been known
to enter into addition with LiAlH4 when the two reagents are
heated under pressure at 120–140 ◦C; lithium tetraethylaluminate
results.2 Homogeneous hydrogenations of alkenes and alkynes to
alkanes and alkenes, respectively, performed in THF or diglyme
solutions under autoclave pressure, are well documented.26 Such
reductions are greatly facilitated by the presence of a transition
metal halide ranging from Ti to Ni.27 Replacement of the hy-
drolytic workup by the addition of appropriate halides constitutes
a useful means for chain extension (eq 8).28 1-Chloro-1-alkynes
are notably reactive toward LiAlH4, addition occurring regio- and
stereoselectively to give alanates that can be quenched directly
(MeOH) or converted into mixed 1,1-dihaloalkenes (eq 9).29

•

(8)

1. LiAlH4, TiCl4

1. LiAlH4, TiCl4

80%

54%

2. HC≡CCH2Br

2. CH2=C=CHBr

ClBu
H

Bu AlH3

Cl

H

Bu H

ClH

Bu Al(O-i-Pr)3

Cl
(9)

H

Bu I

Cl

–
LiAlH4, THF

H

Bu Br

Cl

ICl
–30 to 25 °C

96%
Br2
–78 °C

78% 85%

Li+

MeOH

Li+

Me2CO

–30 to 0 °C

A pronounced positive effect on the ease of reduction of C=C
and C≡C bonds manifests itself when a neighboring hydroxyl
group is present. In such cases, LiAlH4 is used alone because
reduction is preceded by formation of an alkoxyhydridoalumi-
nate capable of facilitating hydride delivery (eqs 10–12).30–32

The regio- and stereoselectivities of these reactions, where ap-
plicable, appear to be quite sensitive to the substrate structure and
solvent.33 Generally, the use of THF or dioxane results in exclu-
sive anti addition. When ether is used, almost equivalent amounts
of syn and anti products can result. Considerable attention has
been accorded to synthetic applications of the alanate intermedi-
ates produced upon reduction of propargyl alcohols in this way.
Simple heating occasions elimination of a δ-leaving group to gen-
erate homoallylic34 and α-allenic alcohols (eqs 13 and eq 14).35

Other variants of this chemistry have been reported.36 The ad-
dition at −78 ◦C of solid iodine to alanates formed in this way
greatly accelerates the elimination (eq 15).37 Solutions of iodine
in THF give rise instead to vinyl iodides.38

H

C8H17 H

OH
(10)C8H17

OH
LiAlH4

diglyme, THF

(  )6

(  )6
140 °C
94%
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70%
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H
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LiAlH4, Et2O
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75%

Δ
70%

t-BuO
OH Pr

H

H

OH
LiAlH4
dioxane

(13)

97% (E)Pr
Δ

68%

• (14)
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OH

THPO
LiAlH4
Et2O

OH Δ
73%
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OMe Al

OMe

O H
H

•
H

H

LiAlH4, NaOMe

–

I

OMe

I2
solid

HO

HO

HO

60%

(15)

Li+

I2
THF

THF, 23 °C

Epoxide Cleavage and Aziridine Ring Formation. Epoxides
are reductively cleaved in the presence of LiAlH4 with attack
generally occurring at the less substituted carbon.1g 1,2-
Epoxycyclohexanes exhibit a strong preference for axial attack
(eqs 16 and 17).39 In general, cis isomers are more reactive than
their trans counterparts; ring size effects are also seen and these
conform to the degree of steric inhibition to backside attack of
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the C–O bond.40 Vinyl epoxides often suffer ring opening by
means of the SN

′ mechanism (eq 18).41

O

H

H

OH

H
t-Bu

t-Bu (16)
LiAlH4

ether, 0 °C
90%

O

H

Ht-Bu
t-Bu

(17)
LiAlH4 OH

Hether, 0 °C
81%

(18)
LiAlD4

BzO
H

C8H17

O

C8H17

H
HO D

OHBu2O
90%

Two types of oximes undergo hydride reduction with ring clo-
sure to give aziridines. These are ketoximes that carry an α- or
β-aryl ring and aldoximes substituted with an aromatic group at
the β-carbon (eqs 19 and 20).42

NOH
(19)

HN

LiAlH4

THF
17%

HON

(20)
LiAlH4

HN

THF
34%

Use as a Base. Both 1,2- and 1,3-diol monosulfonate esters
react with LiAlH4 functioning initially as a base and subsequently
in a reducing capacity (eqs 21 and 22).3,43

TsO
OH

H

H

H

H

H H
(21)

LiAlH4

OH

THF, rt
60%

(22)
LiAlH4

O

O

MsO

H
HO O

O

H
HO

DME, Δ
>90%

Reduction of Sulfur Compounds. Sulfur compounds react
differently with LiAlH4 depending on the mode of covalent
attachment of the hetero atom and its oxidation state. Reductive

desulfurization is not often encountered.44 Arylthioalkynes un-
dergo stereoselective trans reduction (eq 23)45 and α-oxoketene
dithioacetals are transformed into fully saturated anti alcohols
under reflux conditions (eq 24).46 While LiAlH4 catalyzes the
fragmentation of sulfolenes to 1,3-dienes,47 the lithium salts of
sulfolanes are smoothly ring contracted when heated with the
hydride in dioxane (eq 25).48

S S

D

D

H

(23)
LiAlH4

D2O
93%

(24)
LiAlH4

SMe

SMe

O

SMe

OH SMe

THF, Δ
98%

SO2
H

H

H

H
(25)

1. BuLi (1.5 equiv)

37%

2. LiAlH4

    dioxane, Δ

Stereoselective Reductions. The reduction of 4-t-butylcyclo-
hexanone and (1) by LiAlH4 occurs from the axial direction to
the extent of 92%49 and 85%,50 respectively. When a polymethy-
lene chain is affixed diaxially as in (2), the equatorial trajectory
becomes kinetically dominant (93%).50 Thus, although electronic
factors may be an important determinant of π-facial selectivity,51

steric demands within the ketone cannot be ignored. The stere-
ochemical characteristics of many ketone reductions have been
examined. For acyclic systems, the Felkin–Ahn model52 has been
widely touted as an important predictive tool.53 Cram’s chelation
transition state proposal54 is a useful interpretative guide for ke-
tones substituted at Cα with a polar group. Cieplak’s explanation55

for the stereochemical course of nucleophilic additions to cyclic
ketones has received considerable scrutiny.56

H
H O

H

H

O

(1) (2)

(CH2)9

Useful levels of diastereoselectivity can be realized upon re-
duction of selected acyclic ketones having a proximate chiral
center.57 The contrasting results in eq 26 stem from the existence
of a chelated intermediate when the benzyloxy group is present
and its deterrence when a large silyl protecting group is present.
In the latter situation, an open transition state is involved.58,59

In eq 27, LiAlH4 alone shows no stereoselectivity, but the co-
addition of Lithium Iodide gives rise to a syn-selective reducing
agent as a consequence of the intervention of a Li+-containing
six-membered chelate.60
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+

R = Bn, ether, –10 °C
R = TBDMS, THF, –20 °C

98:2
  5:95

O

RO RO

OH OH

RO

(26)
LiAlH4

LiAlH4
LiI, Et2OO

O
O OH

O
O

(27)

syn:anti = 95:5

–78 °C
88%

The reduction of amino acids to 1,2-amino alcohols can be
conveniently effected with LiAlH4 in refluxing THF.61 The higher
homologous 1,3-amino alcohols have been made available starting
with isoxazolines, the process being syn selective (eq 28).62,63 The
syn and anti O-benzyloximes of β-hydroxy ketones are reduced
with good syn and anti stereoselectivity, respectively.64 However,
when NaOMe or KOMe is also added, high syn stereoselectivity
is observed with both isomers (eq 29).65

LiAlH4

+

88:12

O N

C14H29

C14H29

NH2HO HO NH2

C14H29 (28)

ether
95%

(29)
Bu Bu

OH N NH2OH

BuBu

OBn LiAlH4
NaOMe

syn:anti = 96:4

THF, –30 °C
92%

Addition of Chiral Ligands. If a chiral adjuvant is used
to achieve asymmetric induction, it should preferentially be
inexpensive, easily removed, efficiently recovered, and capable
of inducing high stereoselectivity.53 Of these, 1,3-oxathianes
based on (+)-camphor66 or (+)-pulegone,67 and proline-derived
1,3-diamines,68 have been accorded the greatest attention.

Extensive attempts to modify LiAlH4 with chiral ligands in or-
der to achieve the consistent and efficient asymmetric reduction of

Table 1 Comparison of the reactivities of hydride reducing agents toward the More common functional groups

Reduction productsa

Reagent/functional group Aldehyde Ketone Acyl halide Ester Amide Carboxylate salt Iminium ion

LiAlH4 Alcohol Alcohol Alcohol Alcohol Amine Alcohol Amine
LiAlH2(OCH2CH2OMe)2 Alcohol Alcohol Alcohol Alcohol Amine Alcohol –
LiAlH(O-t-Bu)3 Alcohol Alcohol Aldehyde Alcohol Aldehyde NR –
NaBH4 Alcohol Alcohol – Alcohol NR NR Amine
NaBH3CN Alcohol NR – NR NR NR Amine
B2H6 Alcohol Alcohol – NR Amine Alcohol –
AlH3 Alcohol Alcohol Alcohol Alcohol Amine Alcohol –
[i-PrCH(Me)]2BH Alcohol Alcohol – NR Aldehyde NR –
(i-Bu)2AlH Alcohol Alcohol – Aldehyde Aldehyde Alcohol –
a NR indicates that no reduction is observed.

prochiral ketones has provided very few all-purpose reagents.1f,69

Many optically active alcohols, amines, and amino alcohols have
been evaluated. One of the more venerable of these reagents is that
derived from DARVON alcohol.70 The use of freshly prepared
solutions normally accomplishes reasonably enantioselective
conversion to alcohols.71 As the reagent ages, its reduction stere-
oselectivity reverses.70 This phenomenon is neither understood
nor entirely reliable, and therefore recourse to the enantiomeric
reagent72 (from NOVRAD alcohol) is recommended.73 The
highest level of enantiofacial discrimination is usually realized
with LiAlH4 complexes prepared from equimolar amounts of
(S)-(−)- or (R)-(+)-2,2′-dihydroxy-1,1′-binaphthyl and ethanol.74

Often, optically pure alcohols result, irrespective of whether
the ketones are aromatic,74 alkenic,75 or alkynic in type.76 A
useful rule of thumb is that (S)-BINAL-H generally provides
(S)-carbinols and (R)-BINAL-H the (R)-antipodes when ketones
of the type Runsat–C(O)–Rsat are involved (eq 30).74

(S)-BINAL-H, THF

95% ee

OH

O

OH
(30)

(R)-BINAL-H, THF

100% ee

–100 to –78 °C

–100 to –78 °C

For a more detailed discussion of asymmetric induction by this
means, see also the following entries that deal specifically with
LiAlH4/additive combinations.

Related Reagents. Lithium Aluminum Hydride–(2,2′-Bipy-
ridyl)(1,5-cyclooctadiene)nickel; Lithium Aluminum Hydride–
Bis(cyclopentadienyl)nickel; Lithium Aluminum Hydride–Boron
Trifluoride Etherate; Lithium Aluminum Hydride–Cerium(III)
Chloride; Lithium Aluminum Hydride–2,2′-Dihydroxy-1,
1′-binaphthyl; Lithium Aluminum Hydride–Chromium(III)
Chloride; Lithium Aluminum Hydride–Cobalt(II) Chloride;
Lithium Aluminum Hydride–Copper(I) Iodide; Lithium Alu-
minum Hydride–Diphosphorus Tetraiodide; Lithium Aluminum
Hydride–Nickel(II) Chloride; Lithium Aluminum Hydride–
Titanium(IV) Chloride; Titanium(III) Chloride–Lithium Alu-
minum Hydride.
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Deprotection. Usually TBS ethers are not affected by LiAlH4,
but neighboring group participation makes the cleavage of TBS
ethers possible. The presence of a group susceptible to LiAlH4 re-
duction, such as an ester or a ketone, or an atom bearing a relatively
acidic proton adjacent to the silyl ether is a prerequisite for the
deprotection reaction to proceed rapidly (eq 31).77,78 This reduc-
tive removal of TBS groups leads to unprotected ethanolamines
in good yields (eq 32).79 Due to neighboring group participation,
the selective removal of one O-silyl group can also be achieved
(eq 33).77 This method allows the selective cleavage of one TBS
ether over one that lacks the presence of the required polar group
in the β-position. Compared to TBS ethers, TBDPS ethers show a
similar but attenuated reactivity toward LiAlH4. LiAlH4 is re-
ported to be effective for the 6-O-demethylation of thevinols
(eq 34).80 The selective demethylation of a tertiary alkyl methyl
ether can be achieved in the presence of an aryl methyl ether.
The participation of the hydroxy neighboring group is believed to
explain the observed selectivity.
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78%

PhMe, Δ

Synthesis of Heterocycles. 6-Alkoxy-1,2-oxazines are con-
verted to aziridines by way of C=N bond reduction, N-O bond
cleavage, and cyclization (eq 35).81 A parent transformation is

described with 5-(2,2,2-trifluoromethyl)isoxazoles leading to (tri-
fluoroethyl)aziridines in good yields (eq 36).82 An intramolecular
reductive cyclization occurs when amide esters are treated with
LiAlH4 in THF (eq 37).83 Oxazole derivatives are formed under
such conditions.
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O
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O
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Dephosphonylations. β-Functionalized phosphonates
undergo dephosphonylation (eq 38).84–87 The reaction is ef-
fective for β-keto phosphonates or β-enamino phosphonates
and occurs upon reduction of their enolate form with LiAlH4.
The reduction is actually performed on the β-functionalized
phosphonate anions generated in the first step with sodium
hydride or n-butyllithium (eq 38). Similarly, pyrrolidines have
been obtained by the reduction of 2,4-dialkyl-5-phosphonyl
pyrrolines with LiAlH4 (eq 39).88
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P(OEt)2

O O

Me

Ph

O

Me

(38)
2. LiAlH4, THF

96%

1. NaH

N
P(O)(OEt)2

LiAlH4

THF 
70%

N
H

H (39)

Cyclizations. Urea methyl esters afford the corresponding
tetrahydro-1H-imidazole-2,4-diones upon cyclization with
LiAlH4 (eq 40).89 Upon treatment with LiAlH4, cyclization oc-
curs rather than reduction of the methyl ester to alcohol. Treatment
of 4-alkynamides with LiAlH4 gives enamine pyrrolidines with
an exo double bond in high yields.90 2-Benzylidene-1-methyl-
pyrrolidine is obtained in good yield by treatment of 4-alkynyl-
amide with LiAlH4 (eq 41). The role of LiAlH4 in this reaction is
apparently to reduce the amide to alkynylamine and to generate
a nitrogen anion which cyclizes by attack of the anion at the
triple bond. Treatment of some alkynylamines with LiAlH4

results in the formation of related cyclization products. The
presence of a 5-phenyl group in 4-alkynylamines is necessary
for a facile anionic cyclization since other substrates lacking
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this substituent do not cyclize into enaminopyrrolidines.90

Ring-closure of δ-chloro aldimines is accomplished by in-
tramolecular nucleophilic substitution using LiAlH4 in ether
under reflux.91 The fast reduction of the imino bond is fol-
lowed by intramolecular nucleophilic substitution (eq 42).
Transannular bond formation occurs in the specific case of
a 3,7-bis(methylene)-1,5-diazacyclooctane derivative reacting
with LiAlH4 to afford 1,5-dimethyl-3,7-diazabicyclo[3.3.0]
octane in a good yield (eq 43).92 The formation of the bicyclic
system is thought to occur through hydride attack at one of the
exocyclic methylene carbons followed by carbanion addition
to the proximal transannular double bond. The hydridation of
isopinocampheylchloroborane with LiAlH4 at −20 ◦C in Et2O
generates an intermediate isopinocampheylalkylborane, which
undergoes a rapid stereoselective intramolecular hydroboration
to provide a cyclic trialkylborane (eq 44).93
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Oxetane Cleavages. Selective ring opening of oxetanes can
be achieved by LiAlH4 using appropriate directing groups.94–97

After deprotection of the trimethylsilyl ether with K2CO3 in
MeOH, opening of the oxetane with LiAlH4 in THF cleanly leads
to a diol (eq 45).94 The reaction proceeds via selective SN2-type
ring opening at C-4 with the 3-hydroxyl alcohol as a possible di-
recting group. The 2-pivaloyl protected salicylaldehyde derivative
undergoes SN1 opening and the corresponding triol is produced
in good yields (eq 46).95 The intermediate phenol liberated in the
course of the reaction acts as a directing group for the opening
reaction. Phenyl analogs lacking the ortho-hydroxyl group react
sluggishly, if at all, with LiAlH4 even under reflux in THF. The
LiAlH4 reduction of an oxetanol bearing a hydroxyl group in the
benzylic position allows the preparation of an angular hydroxy
cyclobutyl carbinol in excellent yields (eq 47).96,97
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92%
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Catalyzed Reactions. Many aldehydes react with nitroalka-
nes in the presence of a catalytic amount of LiAlH4 at 0 ◦C to give
2-nitroalkanols in excellent yields (eq 48).98 LiAlH4 is an effective
catalyst and a practical alternative to classical bases in Henry reac-
tions. This method avoids the dehydration of 2-nitroalkanols into
nitroalkenes even in the case of aromatic aldehydes. In the case
of α,β-unsaturated aldehydes, no Michael addition is observed.

LiAlH4 (10 mol  %)

Ph H

O

NO2

Ph

OH

NO2

(48)

THF, 0 °C
71%

+

syn/anti (2/1)

Rearrangements. Benzylic methoxyamines undergo ring ex-
pansion reaction upon reduction with LiAlH4 (eq 49).99 The N-O
bond of benzylic hydroxylamines is reduced with LiAlH4 by a rad-
ical mechanism. This ring expansion is related to the Beckmann-
type rearrangement of oximes with LiAlH4. A different type of
ring expansion has been observed during the LiAlH4 reduction
of 13-nitro oxyberberine (eq 50).100 The ring expansion reaction
results in the low yield formation of a seven-membered ring in
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addition to the expected primary amine. Both nitro com-
pounds and oximes undergo reductive rearrangement through
hydroxylamine intermediates. LiAlH4 treatment of 1,3-dimethyl-
3-(methylthio)oxindole leads to the reduction of both the oxindole
carbonyl group and the ester group (eq 51).101 Two dethiomethyl-
ation routes compete for oxindole and indole formation. In
addition, a usual rearrangement to a tetrasubstituted indole has
been observed. A polycyclic structure bearing a bromo substituent
at a bridgehead position undergoes a quasi-Favorskii rearrange-
ment in nearly quantitative yield upon reaction with LiAlH4.102
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Reductions of Allylic and Benzylic Substrates. LiAlH4 pro-
motes the reductive deoxygenation of hydroxybenzyl alcohols
giving p-methylphenols in high yields (eq 52).103 The mechanism
proceeds by way of a benzoquinone methide intermediate that is
generated in situ. δ-Fluoro and δ,δ-difluorohomoallylic alcohol
derivatives can be efficiently prepared by LiAlH4 reduction of
δ,δ-difluoroallylic alcohols and γ-chlorodifluoromethylallylic
alcohols, respectively, through a regioselective SN2′ reaction, in
which the presence of a free hydroxyl group is essential for the re-
action to occur (eqs 53 and 54).104 (Perfluorobutyl)anilines are se-
lectively reduced with LiAlH4 at the benzylic position (eq 55).105

Only the para and the ortho isomers can be reduced upon treat-
ment with LiAlH4, while the meta isomer is inert under the same
conditions.
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Reduction of Amides. N-Protected α-amino aldehydes were
obtained by the LiAlH4 reduction of morpholine amides
(eq 56).106 The process occurs without racemization and is ap-
plicable to most of the commonly used N-protected groups.
This route is a useful alternative to Weinreb’s method. Reduc-
tion of α,α-disubstituted selenoamides with LiAlH4 successfully
converts the selenocarbonyl group to a methylene group.107 In
most cases, the corresponding amines are obtained quantita-
tively. Reduction of tertiary N-aryl-N-benzylbenzamides gener-
ally gives secondary amines when the substituents are bulky.
However, the LiAlH4 reduction of similar tertiary amides on
solid support (1% divinylbenzene cross-linked polystyrene resin,
100–200 mesh) affords the corresponding tertiary amines as
main products (eq 57).108 Dehalogenation of secondary o-
halogenobenzamides at room temperature takes place before car-
bonyl reduction (eq 58).109 This mild reduction is applicable
to o-fluorobenzamides and affords defluorinated benzamides in
moderate yield. However, tertiary amides do not behave similarly
and undergo reduction to tertiary amines. Selective reductions of
amide groups can be performed on aromatic nitro compounds us-
ing LiAlH4 (eq 59).110,111 Other functional groups are selectively
reduced in the presence of the nitro group.
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Reduction of Hydrazones. Tosylhydrazones of acetonide pro-
tected dihydroxy aldehydes undergo facile reduction with LiAlH4

(eq 60).112 The tosylhydrazones must be converted to their sodium
salts with sodium hexamethyldisilazide prior to the addition of
LiAlH4. This combination of reagents totally blocks the usual
Wolff–Kishner-type reduction in favor of a different reaction path-
way. A variety of different sugar hydrazones are conveniently re-
duced with this method to provide the corresponding chiral allylic
alcohols in good yields. Reduction of trans-2,3-diphenyl aziri-
dine hydrazones leads to the corresponding alkanes (eq 61).113

Several other hydrides have been screened but LiAlH4 proved to
be the reagent of choice. This procedure is a useful alternative
to the existing hydrazone reductions. Yields are usually moderate
but compare well with those observed for related reactions under
more drastic conditions. A tandem denitration-deoxygenation is
performed by reduction of (p-tolylsulfonyl)hydrazones of α-nitro
ketones with LiAlH4 in THF at 60 ◦C (eq 62).114 Compared to the
classical methods to effect the denitrohydrogenation of α-nitro
ketones 115,116 and to the Caglioti reaction for the carbonyl to
methylene conversion, this procedure has been found to provide
the corresponding alkanes in good yields.
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Reduction of Sulfur or Selenium Compounds. A number of
sulfenates are reduced to alkenethiolate anions with LiAlH4 in
THF at −78 ◦C (eq 63).117 Deprotonation of thiirane S-oxides
with a base immediately followed by reduction with LiAlH4 and
capture with trialkylsilyl chlorides leads to the (E)-1-alkenylthio-
silanes. This sulfenate generation/reduction sequence provides a
facile route to enethiolates of thioaldehydes and selected thioke-
tones. The reduction of propargyl S-thioacetate with LiAlH4

constitutes an attractive preparation of unstable propargylthiol
(eq 64).118 This process is a practical alternative compared to other
methods and allows the introduction of the propargylsulfenyl moi-
ety in several types of electrophilic substrates without the need
to isolate propargylthiol. The lithium propargyl thiolate result-
ing from the reduction of propargyl S-thioacetate can be directly
trapped by benzyl bromide or other electrophiles. β-Chloro disul-
fides and β-chloro trisulfides undergo reduction with LiAlH4 to
afford episulfides.119 Selenoiminium salts, which are obtained by
reacting the corresponding selenoamides with methyl triflate, are
converted to telluroamides upon exposure to a reagent prepared
from LiAlH4 and elemental tellurium (eq 65).120 This procedure
enables isolation of the first known aliphatic telluroamide in good
yield. The reaction of LiAlH4 with elemental selenium affords
a selenating reagent that is capable of preparing a wide range
of selenium-containing compounds.121 Reduction with LiAlH4

of the thiocyanate sulfate potassium salts, easily obtained by the
opening of cyclic sulfates with KSCN, allows the direct synthesis
of 5-deoxy-4-thio- and 6-deoxy-5-thiosugars (eq 66).122 The pro-
cess involves the in situ formation of a Li-thiolate salt which under-
goes an intramolecular nucleophilic displacement of the β-sulfate
group. The overall transformation makes the method attractive for
converting vic-diols into thio derivatives in the 5-thiosugar series.
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Other Reactions. A stereoselective hydroxy-directed hydro-
alumination is reported for the reduction of β-aryl enones with
LiAlH4 (eq 67).123 The reduction occurs with a variety of aryl
substituted enones with complete control of stereochemistry at
the α- and/or β-position, and the trans-products resulting from
a directed hydroalumination of the intermediate allylic alcohols
are obtained. This transformation is a useful method affording
trans-substituted cycloalkanols in good yields. The reduction of
the silyl enol ether derivatives of α-ketoesters by LiAlH4 is a
useful method for preparing 1-hydroxy-2-alkanones (eq 68).124

Upon treatment of the readily available silyloxy propenoates with
LiAlH4, the corresponding α-hydroxy ketones are exclusively ob-
tained from reactions carried out in THF. An intermediate alkoxy-
hydridoaluminate is assumed to be responsible for intramolecular
desilylation reaction. Improvement of the scope of this reduction is
achieved by performing the reductions in Et2O, in which the com-
peting formation of α-silyloxy ketones is observed with good or no
selectivity with (Z)- and (E)-substrates, respectively. 1,3-Diols are
obtained by the reaction of α,β-unsaturated ketones with LiAlH4

in THF under a dry oxygen atmosphere (eq 69).125 Diols are ob-
tained as an equimolecular mixture of syn and anti diastereoiso-
mers. This procedure constitutes a one-pot transformation of an
α,β-unsaturated ketone into a 1,3-diol in very good yields. Reduc-
tion of benzotriazole derivatives with LiAlH4 leads to substitution
of the benzotriazolyl moiety by a hydrogen atom (eq 70).126,127

The reduction of 1-(α-alkoxybenzyl)benzotriazoles with LiAlH4

affords the corresponding ethers. Similarly, displacement of a
benzotriazole group in N-heterocycle derivatives with LiAlH4 is
a synthetic route to N-substituted heterocycles (eq 71).127 The
reduction of a β-aminonitroalkene with LiAlH4 leads to a mix-
ture of the corresponding trans-diamine derivative and a ring-
cleavage product albeit in a low yield (eq 72).128 Formation of the
latter occurs through the conjugate reduction with LiAlH4, fol-
lowed by a retro-aldol reaction, and reduction of the intermediate.
LiAlH4 induces reductive coupling of 2-cyanopyrroles to pro-
vide a simple and efficient synthesis of (2-pyrrolylmethene)-(2-
pyrrolylmethyl)imines (eq 73).129 The imine is formed as the sole

product in 85% yield. A radical mechanism is reported for the re-
ductive cyanation of an α-sulfonitrile with LiAlH4 in THF.130,131

When a bicyclic α-sulfonitrile is reduced with LiAlH4, a mixture
of the expected amine and the hydrocarbon is obtained in a 1:1
ratio (eq 74). Similarly, when 2,2-diphenylpropionitrile is reduced
with LiAlH4 in THF, a mixture of the amine and the hydrocarbon
is formed (eq 75).132 LiAlH4 can be used with PCC or PDC in
a ‘reductive oxidation’ process converting carboxylic derivatives
to aldehydes.133–136 The method involves the rapid reduction of
carboxylic acids, esters, or acid chlorides with LiAlH4 at 0 ◦C, fol-
lowed by oxidation of the resulting alkoxyaluminum intermediate
with PCC or PDC. Finally, various phosphine oxides are efficiently
reduced by the use of a methylation reagent and LiAlH4 (eq 76).137

Optically active P-chirogenic phosphine oxides are also reduced
with inversion of configuration at phosphorus atom by treatment
with methyl triflate, followed by reduction with LiAlH4.
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Lithium Diisopropylamide1,2

i-Pr2NLi

[4111-54-0] C6H14LiN (MW 107.15)
InChI = 1/C6H14N.Li/c1-5(2)7-6(3)4;/h5-6H,1-4H3;/q-1;+1
InChIKey = ZCSHNCUQKCANBX-UHFFFAOYAP

(hindered nonnucleophilic strong base used for carbanion gen-
eration, especially kinetic enolates,4 α-heteroatom, allylic,5,6

and aromatic and heteroaromatic carbanions;7–9 unavoidable in
organic synthesis)

Alternate Name: LDA.
Physical Data: powder, melts with decomposition; pKa = 35.7 in

THF.3

Solubility: soluble in Et2O, THF, DME, HMPA; unstable
above 0 ◦C in these solvents; stable in hexane or pentane
(0.5–0.6 M) at rt for weeks, when not cooled or concentrated;10

the complex with one molecule of THF is soluble in alkanes
like cyclohexane and heptane.

Form Supplied in: solid; 2.0 M solution in heptane/THF/ethylben-
zene stabilized with Mg(i-Pr2N)2; 10 wt % suspension in hex-
anes; LDA·THF complex, 1.5 M solution in cyclohexane and
2.0 M in heptane.

Analysis of Reagent Purity: several titration methods have been
described.120

Preparative Methods: generally prepared directly before use from
anhydrous Diisopropylamine and commercially available solu-
tions of Butyllithium. Another process, especially useful for the
preparation of large quantities, is the reaction of styrene with 2
equiv of Lithium and 2 equiv of i-Pr2NH in Et2O.11

Handling, Storage, and Precaution: very moisture- and air-sensi-
tive, and should always be kept in an inert atmosphere; irritating
to the skin and mucous membranes; therefore contact with skin,
eyes, and other tissues and organs should be avoided; proper
protection is necessary. Use in a fume hood.

Original Commentary

Wouter I. Iwema Bakker, Poh Lee Wong & Victor Snieckus
University of Waterloo, Waterloo, Ontario, Canada

Enolates. LDA is undeniably the first-choice base for the quan-
titative formation of enolates in general and kinetic (usually less
substituted) enolates in particular. It was first used for this pur-
pose by Hamell and Levine;12 now it is a rare day (or night) that
a chemist does not use or a graduate student does not propose
LDA for a carbanionic transformation. Its advantages (fast, com-
plete, and regiospecific enolate generation, unreactivity to alkyl
halides, lack of interfering products) over earlier developed bases
(e.g. Sodium Hydride, Triphenylmethyllithium)13 are no longer
noted. Except for enolates of aldehydes, which are very reactive
and undergo self-aldol condensation reactions,14 the derived lithio
enolates can be used for a broad spectrum of reactions including
O- and C-alkylations and acylations, transmetalation to other syn-
thetically useful metallo enolates,15 and a multitude of carbanion-

based condensations and rearrangements. The trapping of kinet-
ically derived lithio enolates with Chlorotrimethylsilane as silyl
enol ethers16 (e.g. eqs 1 and 2),17 originally used for separation
from minor regioisomers and regeneration (with Methyllithium or
Lithium Amide) for the purpose of regiospecific alkylation, has
been superseded in general by methods of their direct alkylation
under Lewis acid catalysis.18

(1)
O TMSCl, LDA

THF, –78 °C
>95%

OTMS

N

O

N

OTMS

(2)
N

OTMS
1. LDA, THF, –78 °C

2. TMSCl
+

83%

1:0.20

Consonant with its pKa, LDA is used to derive a variety
of α-stabilized carbanions, e.g. ketones (eqs 1 and 3),19,20

α-amino ketones,21 ω-bromo ketones (eq 4),10 imines (eqs 6
and 7),22–24 imino ethers (eq 8),25 carboxylic acids (eq 9),26

carboxylic esters,27 lactones,28 amides,29 lactams,30 imides,31

and nitriles32 which may be alkylated or used in aldol conden-
sations. Enolates of methyl ketones may be O-alkylated with
Diethyl Phosphorochloridate to give enol phosphates which,
uponβ-elimination, afford terminal alkynes in high yields (eq 5).33

1. LDA, THF, –78 °C

2. PrCHO
65%

(3)

O O OH

(4)
1. LDA, Et2O, hexane, –60 to 0 °C

2. HMPA, Et2O, hexane, 0–20 °C
79%

O

Br

O

O

(5)

(EtO)2OPO

1. LDA, THF
    –78 °C

2. ClPO(OEt)2

1. 2 equiv LDA
   THF, –78 °C

2. aq HCl

75–95% overall

Ph N

Me
NPh

Me

(6)

1. LDA, THF, hexane, –30 °C
2. 1-chloro-3-iodopropane, –50 °C

3. reflux
85%

(7)

77%

1. LDA, THF, –70 °C

2. H2O
N Ph

Ph
N
H

H

Ph

Ph
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(8)

95%

1. LDA, THF, –50 °C

2. acetone
C5H11

N
OTHP

C5H11

N
OTHP

OH

46–89%

(9)

RX = BuX (X = Br, I), H2C=CHCH2Cl, PhCH2Br

OH

O

OLi

OLi
R CO2H

2 equiv LDA, 0 °C

THF–hexane

RX

The (Z)/(E) stereoselectivity of enolate formation is dictated by
the structure of the starting carbonyl compound and the base used
for deprotonation. Compared to LDA, Lithium 2,2,6,6-Tetra-
methylpiperidide usually favors (E)-enolates whereas Lithium
Hexamethyldisilazide preferentially leads to (Z)-enolates
(eq 10).34 With a caveat for any generalization, enolate con-
figuration usually determines the stereochemical result in the
product; for example, using a hindered ester and a bulky aldehyde
combination, excellent stereoselectivities in aldol reactions are
observed (eq 11).27

R

O

R

OLi

base, THF

–78 °C
(10)

R

OLi

+

R = alkyl, alkoxy, NR'2 (Z) (E)

(11)
1. LDA, THF, –78 °C

2. Me2CHCHOO
60%

O

>96% de

O

OOH

A useful reaction of ketone enolates is their oxidative
coupling,35 e.g. in the formation of a tricyclic intermediate towards
the synthesis of the diterpene cerorubenic acid-III (eq 12).36

(12)

O

O

OLi

OLi

FeCl3

DMF, –78 °C

46–55%

O

O

2 equiv LDA

THF, –78 °C

Alkylation of β-lactone enolates proceeds with high stereos-
electivity dictated by strong stereocontrol from the C-4 R sub-
stituent (eq 13).28 A similar result is obtained with the lithium
enolates of diarylazetidinones which, on reaction with aldehydes,
alkylate with high cis diastereoselectivity (eq 14).30

O
O

(13)

R1Ph

+

>98:2
75–99%

O
O

R1Ph
R2

O
O

R1R2

Ph1. LDA, THF, –78 °C

2. R2X

R1 = t-Bu, R2 = Me, Et, CH2Ph, CH2CO2Me
R1 = i-Pr, R2 = Me, CH2CH=CH2, CO2Me, CH2C≡CH, COPh

86%

1. LDA, THF

2. o-ClC6H4CHO, –78 °C
(14)

N
O Ph

Ph

N
O Ph

Ph
C6H4-o-Cl

HO

Sarcosine (N-methylglycine)-containing tripeptides and hexa-
peptides are poly-deprotonated in the presence of excess Lithium
Chloride to give amide enolates which give C-alkylated sarcosine
products with Iodomethane, Allyl Bromide, and Benzyl Bromide
(eq 15).29 With (S) configuration amino acids, the newly formed
stereogenic center tends to have the (R) configuration. α-Nitrile
carbanions are generally useful in alkylation and other reactions
with electrophiles, e.g. eq 16.32

t-Bu
O N

H

N
N CO2H

O

O

Me O

Me

t-Bu
O N

H

N
N CO2Me

O

O

Me O

MeMe

(15)

1. excess LDA, 5–6 equiv LiCl
    BuLi, THF

2. MeI, –78 °C
3. CH2N2

80%

(R):(S) = 3.7:1

Boc–Ala–Sar–MeLeu–OH

(16)
1. 

2. TMSCl

LDA

THF

O CN

OTMS

LiCH2CNMeCN

78%

ααα,βββ-Unsaturated Carbonyl Compounds. Of particular syn-
thetic value is the generation of kinetic enolates of cyclic enones
which may be alkylated (e.g. eq 17)37 or undergo more demand-
ing processes, e.g. double Michael addition (eq 18).38 Imines of
α,β-unsaturated aldehydes and ketones with δ-acidic hydrogens
undergo clean deconjugative α-alkylation (eq 19).23,39

1. LDA, THF, –78 °C

2. MeI, –78 to 25 °C
(17)

92%EtO

O

EtO

O

O O–  Li+

LDA, THF

–78 °C

67%
O

CO2Me

(18)
MeCH=CHCO2Me

–78 °C to rt

1. LDA, HMPA, THF, 0 °C

2. RX, –78 °C
95–100%

R = Me, H2C=CHCH2, HC≡CCH2, PhCH2, i-Pr, Bu
X = I, Br

H

N

H

N

R (19)
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Copper dienolates of α,β-unsaturated acids, prepared by
Copper(I) Iodide transmetalation, can be selectively γ-alkylated
with allylic halides; the use of nonallylic electrophiles leads
mainly to α-alkylation (eq 20).40 Copper enolates of α,β-
unsaturated esters41 and amides42 show similar behavior.

CO2H

80%

+CO2H

CO2H
(20)

1. LDA, THF, –78 °C
2. CuI

3. allyl bromide

96:4

Enolates with Chiral Auxiliaries. Enantioselective alkylation
of carbonyl derivatives encompassing chiral auxiliaries consti-
tutes an important synthetic process. The anions derived from
aldehydes,43 acyclic ketones,44,45 and cyclic ketones with (S)-
1-Amino-2-methoxymethylpyrrolidine (SAMP)46 are used to ob-
tain alkylated products in good to excellent yields and high enan-
tioselectivity (e.g. eq 21).46

N
N

OMe N
N

OMe

H

Li
O

–

+

LDA, THF

0 °C

1. Me2SO4

2. O3

(21)

59%
99% ee (R)

Metalation47,48 of chiral oxazolines, derived from (1S,2S)-
1-phenyl-2-amino-1,3-propanediol, followed by alkylation and
hydrolysis, leads to optically active dialkylacetic acids, e.g.
eq 22,49 2-substituted butyrolactones and valerolactones,50 β-
hydroxy and β-methoxy acids,51 2-hydroxy carboxylic acids,52

and 3-substituted alkanoic acids (eq 23).53

O

N

Ph

OMe

C8H15 OH

O

(22)

1. LDA, THF, –80 °C
2. C8H15I, THF, –100 °C

3. 4 M H2SO4, reflux

C8H15

OAc

European pine saw fly
pheromone

72% ee60%

Imide enolates derived from (S)-valinol and (1S,2R)-norephe-
drine and obtained by either LDA or Sodium Hexamethyldisi-
lazide deprotonation (eq 24)54 exhibit complementary and highly
diastereoselective alkylation properties. Mild and nondestructive
removal of the chiral auxiliary to yield carboxylic acids, esters, or
alcohols contributes to the significance of this protocol in small-
and large-scale synthesis.55,56

O

N

Ph

OMe

O

N

Ph

OMeR1

R1 OH

OR2

(23)

1. LDA, THF
   –78 °C

2. R1CHO

1. R2Li, THF
    –78 °C

2. H3O+, Δ
37–65% 30–60%

(E):(Z) = 80:20–100:0

>90% ee

R1 = Me, Et, i-Pr, Ph, o-MeOC6H4, Cy
R2 = Et, Bu, Ph

N

O

O

O O

N

O
M

O

N

O

O

O

E

N

O

O

O
base, THF

–78 °C

O

N

O
M

O

E+

major

N

O

O

O

E+

major

from  (S)-valinol

(24)

base, THF

–78 °C

E

36–92%
~98% de

from  (1S,2R)-norephedrine

51–78%
~98% de

Ph
Ph

Ph

E = PhCH2, Me, Et, CH2=CHCH2

Metalated t-butyl 2-t-butyl-2,5-dihydro-4-methoxyimidazole-
1-carboxylate is alkylated in good yields and with high trans
diastereoselectivity (>99:1); hydrolysis of the resulting adducts
liberates the α-amino acid methyl esters in high yields (eq 25).57

Using this method, the (S)-t-butyl 2-t-butylimidazole derivative
gave, upon isopropylation and hydrolysis, the L-valine methyl
ester with 81% ee.

t-Bu
N

N OMe

Boc

t-Bu
N

N OMe

Boc
R

MeO O

H2N R

1. LDA, THF
    –78 °C

2. RX

1. CF3CO2H, CH2Cl2 (1:1)
    1 h, rt

2. solvent removed
3. 0.2N HCl, 0.25–3 h, rt

70–85%

(25)

81–99%

98% de

RX = MeI, EtI, H2C=CHCH2Br, i-PrI, PhCH2Br

Alkylations and aldol condensations of aldehydes and ketones
with enolates of chiral dioxolanes proceed generally with high di-
astereoselection, e.g. eqs 2658,59 and 27.60 The magnesium eno-
late of S-(+)-2-acetoxy-1,1,2-triphenylethanol generated by trans-
metalation with Magnesium Bromide has enjoyed considerable
success in aldol condensations, e.g. eq 28.61
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O
O

t-Bu

O

O
O

t-Bu

O

1. LDA, THF, –78 °C

2. RX
R (26)

RX = EtI, PrI, BuI, C7H15I, H2C=CHCH2Br, PhCH2Br

68–84%

96–98% ds

O

O
OPh

O

O
OPh

R
OH

H

1. LDA, THF, –78 °C
2. M+

3. RCHO, –78 °C

O

O
OPh

(27)

R
OH

H EtO R

O

OH

OH

85–97%

+
EtOH, HCl

reflux
81–95%

R = Ph, Pr, i-Pr

S

S

S

R

* *

M+ = Li+

M+ = Mg2+

M+ = Zr4+

68:32–96:4
73:27–90:10
45:55–19:81

(28)
O

OH

O

Ph
Ph

Ph

F
CHO

F

CO2Me
HO

1. LDA, THF, –78 °C
2. MgBr2

3. 

4. NaOMe
96%

94% ee

β-Lactams with high ee values62 result from the condensation
of lithium enolates of 10-diisopropylsulfonamide isobornyl esters
with azadienes (eq 29).63,64

O

OS

N(i-Pr)2

O
O

MeO

N Ph

N
O

OMe

(29)

1. LDA, THF, –78 °C

2. 

    –78 °C to rt
81%

H
Et

H

Ph

91% ee
cis:trans =  10:1

Enolate Rearrangements.

Ireland–Claisen Rearrangement.65,66 Silyl enol ethers of
allyl esters undergo highly stereoselective Ireland–Claisen rear-
rangement to afford 4-pentenoic acids.67 The structure of the ester
and the reaction conditions dictate the stereoselectivity. It has seen
wide synthetic application, e.g. the construction of unnatural (−)-
trichodiene (eq 30).68

OMe

O

O

MeO

O
OMe

75%

MeO

O
OMe

(30)

1. 2.2 equiv LDA, TMSCl
    Et3N, THF, –110 °C

2. reflux, 12 h
3. H3O+

+

92:8

Wittig Rearrangements.69 Enolates derived from chiral
propargyloxyacetic acids lead to chiral allenic esters, via a rapid
diastereoselective [2,3]-Wittig rearrangement followed by esterifi-
cation (eq 31).70 Analogous rearrangements are feasible with car-
bohydrate derivatives71 and steroids (eq 32).72 In some cases, im-
proved enantioselectivities resulted when the lithium enolate was
transmetalated with Dichlorobis(cyclopentadienyl)zirconium.73

Benzylic, allylic, propargylic, and related lithio derivatives of
cyanohydrin ethers undergo the [2,3]-Wittig rearrangement to
afford ketones, e.g. eq 33.74,75 Lithiated N-benzyl- and N-
allylazetidinones lead, via [1,2]-Wittig rearrangement exhibiting
radical character, to pyrrolidones (eq 34).76

O

CO2H

•

CO2Me
HO H

(31)
1. LDA, THF, –78 °C

2. CH2N2
(R)

(R)

(S)

80%

90% ee 86% de

OMe

O
CO2H

OMe

CO2Me

OH

(32)

1. 2.3 equiv LDA
    THF, –56 °C

2. CH2N2

85%

>95% de

O

O

CN

LDA, –78 °C

THF–HMPA
60%

O

O

(33)

N

Ph

O

LDA, THF

–78 °C
93–97%

R = Ph, CH=CH2

R N
H

O

Ph

R (34)
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Stevens Rearrangement. Ammonium ylides undergo a stereo-
selective Stevens [2,3]-rearrangement when treated with LDA to
afford N-methyl-2,3-disubstituted piperidines (eq 35).77

N
Me

RO

N
R

Me O
H

(35)
LDA, THF

65 °C
62–75%

+

R = Ph, OEt
only cis

Heteroatom-stabilized Carbanions. Heteroatom-stabilized
and allylic carbanions serve as homoenolate anions and acyl anion
equivalents,5,78 e.g. α-anions of protected cyanohydrins of alde-
hydes and α,β-unsaturated aldehydes are intermediates in general
syntheses of ketones and α,β-unsaturated ketones (eq 36).79 Al-
lylic anions of cyanohydrin ethers may be α-alkylated (eq 37)80,81

or, if warmed to −25 ◦C, may undergo 1,3-silyl migration to
cyanoenolates which may be trapped with TMSCl.82 Metalated
α-aminonitriles of aldehydes are used for the synthesis of ke-
tones and enamines (eq 38).83 Similarly, allylic anions from
2-morpholino-3-alkenenitriles undergo predominantly α-C-alkyl-
ation to give, after hydrolysis, α,β-unsaturated ketones (eq 39).84

O Me

OEt

O Me

OEt1. LDA, THF, –78 °C
2. HMPA

3. RBr

(36)

CN R
CN

O

R

1. 5% H2SO4
    in MeOH

2. 0.5 N NaOH

R = Bu, Hex, Dec
R = i-Pr, c-Pent, c-Hex
R = H2C=CHCH2

80–85%
41–80%

76%

1. LDA, THF, –78 °C

2. BuBr, –78 °C to rt

TMSO
CN

CN
TMSO

(37)

73%

O

1. Et3N · HF

2. NaOH
75%

N
Me

Me
NC

N
Me

MeNC

R2

R1

(38)

1. LDA, THF, –78 °C

2. R1R2CHX
83–96%

N
Me

Me

O

R2 R1

R1

R2

KOH
toluene

86–93%

2M HCl

85–90%

R1 = H, Me, CH2CH2Br
R2 = H, Me

CN

N

R1

O

CN

N

R1

O

R275–100%

Cu(OAc)2, EtOH 

or SiO2
40–100%

R1 R2

O

1. LDA, THF, –78 °C

2. R2X

(39)R1 = Me, Ph; R2 = Me, Et, hexyl

α-Sulfoxide- and sulfone-stabilized carbanions are highly use-
ful synthetic intermediates, e.g. α-lithiated (+)-methyl p-tolyl
(R)-sulfoxide reacts with α,β-unsaturated aldehydes to give, after
dehydration, enantiomerically pure 1-[p-tolylsulfinyl]-1,3-butad-
ienes (eq 40),85 metalation of phenyl 3-tosyloxybutyl sulfone
leads to efficient cyclopropane ring formation (eq 41),86 and pre-
cursors for the Ramberg–Bäcklund rearrangement are prepared
via α-lithiated cyclic sulfones (eq 42).87

R1

R2 CHO
S

O

p-tolyl

S
p-tolyl

OH

R1

R2 O

S
p-tolylR1

R2 O

60–90%

1. 2.5 equiv NaH
    THF, 0 °C

2. 2.4 equiv MeI
    0 °C to rt

(40)

1. LDA, THF, –78 °C

2.

enantiomerically
pure: (+)-R

R1 = Me, Et, Ph, 2-MeOC6H4
R2 = H, Me

68–82%
0–24% de >98% ee

PhSO2 R2

R1 OTs

PhSO2

R1

R2LDA, THF

–78 °C to rt
99–100%

(41)

R1 = Ph, Hex; R2 = H
R1 = H; R2 = H, Me

S
O O

CF3SO2
S

O O

CF3SO2

1. 2 equiv LDA
    THF, –78 °C

2. ClCO2Me

(42)

OMe

O
K2CO3

THF, Δ
72%

CO2Me

94%

Lithiated allylic sulfoxides may be α-alkylated and the resulting
products subjected to [2,3]-sigmatropic rearrangement induced by
a thiophile to give allylic alcohols (eq 43).6,88 In contrast, alkenyl
aryl sulfoxides produce α-lithiated species which are alkylated
with MeI or PhCHO in good yields (eq 44).89,90 LDA has also
been used to metalate allylic91 and propargylic selenides92,93 as
well as aryl vinyl selenides.94

Aromatic and Heteroaromatic Metalations.

Aromatics. The utility of LDA for kinetic deprotonation of
aromatic substrates is compromised by its insufficient basicity
compared to the alkyllithiums.8 Selective lateral deprotonation
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may be achieved which complements the ortho-metalation process
(eq 45).95

Ph
S+ R1

O–

R2

Ph
S+ R1

O–

R2R3

1. LDA, THF, –60 °C

2. R3X

(43)

(MeO)3P

MeOH

R3 OH

R2 R1

50–85% overall

R1 = H, Me; R2 = H, Me R3 = Me, Et, H2C=CHCH2

Ar
S+ R

O–

Ar
S+ R

O–

Li

(44)

E+

Ar
S+ R

O–

E

LDA, THF

–100 °C

51–99%

Ar = Ph, R = OMe, H, CH2Ph
Ar = 2-pyridyl, R = H, CH2Ph

'E+' = MeI, PhCHO

O N(i-Pr)2

CH2Li

O N(i-Pr)2 O N(i-Pr)2

Li
(45)

s-BuLi, TMEDA

–78 °C, THF

LDA, 0 °C

THF

Of considerable synthetic utility is the LDA-induced conversion
of bromobenzenes into benzynes. Thus low-temperature deproto-
nation of m-alkoxyaryl bromides followed by warming to rt in the
presence of furan gives cycloadducts (eq 46);96 the lithio species
may also be trapped with CO2 at −78 ◦C to give unusual aromatic
substitution patterns. Treatment of aryl triflates with LDA leads
to N,N-isopropylanilines in good yield (67–98%).97

Remote metalation of biaryls and m-teraryls provides a gen-
eral synthesis of substituted and condensed fluorenones (eq 47).98

Similarly, biaryl O-carbamates undergo remote metalation and an-
ionic Fries rearrangement to 2-hydroxy-2′-carboxamidobiaryls,
which are efficiently transformed into dibenzo[b,d]pyranones.99

O

O

Ar

Br

O

O

Ar

Br

Li

O

O

O

Ar

Br

CO2H

O

O

Ar

(46)

LDA, THF

–78 °C

O

O

Ar

–78 to 25 °C

O

1. CO2, –78 °C
2. H3O+

>98%

52%

Ar = 3,4,5-(OMe)3C6H2

(47)

O
R R

O
N(i-Pr)2 2 equiv LDA

0 °C to rt
66–84%

R = H, Ph

Lateral Lithiation.7 Laterally metalated o-toluic acids
(eq 48),100 esters (eq 49),101 and amides (eq 50)102 are
important intermediates for chain extension and carbo- and
hetero-ring annulation. Remote lateral lithiation of 2-methyl-2′-
carboxaminobiaryls constitutes a general regiospecific synthesis
of 9-phenanthrols (eq 51).103–105

CO2H CO2H1. 2 equiv LDA, 0 °C
    THF, heptane

2. Br
67%

(48)

MeO2C

OH

CO2Me
O

OH

MeO2C

O

69%

(49)

1. 2 equiv LDA
    THF, –78 °C

2. MeCHO

CH3

NEt2

O

N

Ph

Ph

CH2Li

NEt2

O

(50)
N

O Ph

Ph

LDA, THF

–78 °C
+

–78 °C

55%

(51)
LDA, THF

0 °C to rt
78–98%

X

Y

NR2

O

X

Y

OH

α-Lithiated o-tolyl isocyanides may be alkylated and, follow-
ing a second metalation with LiTMP, converted into 3-substituted
indoles, e.g. eq 52.106 Michael addition of α-lithiated 3-sulfonyl-
and 3-cyanophthalides to α,β-unsaturated ketones and esters ini-
tiates a regioselective aromatic ring annulation process to give
naphthalenes, e.g. eq 53.107 Lithiated 3-cyanophthalides also un-
dergo reaction with in situ-generated arynes to give anthraquin-
ones (eq 54).108 Similarly, aza-anthraquinones are obtained using
3-bromopyridine as the 3,4-pyridyne precursor.109

NC

CH2Li

NC N
H

CH2R

NC

(52)

N
H

R

2 equiv LDA

diglyme, –78 °C

20 °C

>95%

2 equiv LiTMP

–78 to 20 °C
78–100%

RX

70–95%
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(53)O

SO2Ph

O

OMe

OMe

COMe

1. LDA, THF, –78 °C
2. MeCH=CHCOMe

3. methylation
86%

O

CN

O

OMe

BrMeO

O

O

CNLi
OMe

MeO

(54)

LDA, THF

–78 °C
+

O

O OMe

OMe

75%
+

Heteroaromatics.9 LDA (and LiTMP) are advantageous bases
for the directed ortho-metalation chemistry of pyridines110,111

and, to a much lesser extent, pyrimidines.112 Several halopyridines
can be lithiated ortho to the halo substituent and trapped with var-
ious electrophiles (eq 55).113

(55)
1. 1 equiv LDA, THF, –78 °C

2. E+
N

X

N

X

E

X = F, Cl, Br; 'E+' = TMSCl, I2, (PhS)2, PhCHO, Ph2CO

50–96%

Lithiated furan- and thiophenecarboxylic acids (eq 56),114,115

indoles (eq 57),116 indole-3-carboxylic acids (eq 58),117 ben-
zofurancarboxylic acids,118 and thiazole- and oxazolecarboxylic
acids119 serve well in heteroaromatic synthesis.

X CO2H X CO2LiLi

X

CO2H

X

(56)
CO2Li

Li

2 equiv LDA

THF, –78 °C

2 equiv LDA

THF, –78 °C
X = O, S

N
SO2Ph

N
O

O

O

1. LDA, THF, –78 °C to rt

2.  
                        

N
SO2Ph

(57)

O

N

CO2H

83%

  , –100 °C

N

CO2H

Me

N

CO2Li

Me

Li

N

CO2H

Me

E (58)

2 equiv LDA

THF, –78 °C

E+

40–90%

E = TMS, Me, PhCH(OH), PrCH(OH), Ph2COH
       PhC(OH)Me, Me2COH

First Update
Jeffrey M. Warrington & Louis Barriault
University of Ottawa, Ottawa, Ontario, USA

Introduction. The past 10 years have seen a rapid develop-
ment in organic chemistry, especially in the areas of asymmetric
reactions and catalysis. This review attempts to highlight some of
the dialkyl amide chemistry that has been examined in the past
decade or so and to expand on some of the concepts introduced in
the first review.

Enolates Revisited–Solution Structure. Although proven to
be a ubiquitous base in organic synthesis, little was known about
the structure of LDA until recently.121 With increased importance
in the enantioselectivity and stereoselectivity of aldol reactions,
much of the research within the past decade has surrounded a
more complete understanding of how lithium amide bases coor-
dinate to enolate ions in solution, and what role does this play in
determining the reactivity.122

Stereoselective aldol reactions are limited by their ability to ob-
tain stereoisomerically pure (E)- or (Z)-enolates separately, and it
has been suggested that equilibration may be occurring to erode
the enolate selectivities.17 However, it would appear that the mea-
sured rate of enolate equilibration appears to be too low to be much
of an influence.123 It was suggested by Ireland in 1976 that LDA-
mediated enolizations may proceed by cyclic transition states via
disolvated LDA monomers.124 This mechanism has since been
widely cited for its predictive power. Ireland proposed that the de-
protonation process may be proceeding via one of two proposed
transition states, where proton transfer is synchronous with metal
ion transfer. Non-bonded interactions between amide alkyl groups
and the enolate alkyl group cause a preference for E-enolate for-
mation (Scheme 1, refs 124, 136).

O

Li

N H

H3C
H

R

L

L

LiNL2

R

O

CH3

O

Li

N H

H
CH3

R

L

L

R

OLi

CH3

R

OLi

CH3

E-enolate Z-enolate

OCH3

OtBu
Et

i-Pr
t-Bu
Ph

NEt2

95
95
77
40
0
0
0

5
5

23
60

100
100
100

R % E % Z

Scheme  1

or

On the contrary, initial speculations about a THF–LDA dimer
by Seebach125 were later verified by Willard126with the isolation
of crystalline LDA–solvent complexes. [These complexes also
provide an alternative to the standard method of preparation, as the
LDA–THF complex can be readily recrystalized in n-pentane and
weighed accurately for large (>0.5 mol) scale reactions (ref 126).]
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Investigations to date suggest that LDA exists as a disolvated dimer
(1) in ethereal solvents.127

Li
N

Li
N

i-Pr
i-Pr

i-Pr
i-Pr

THF

THF

1

Rate studies, however, provide evidence that the reactive form
of LDA is the monomer, in accordance with Ireland’s initial
speculation.128 Studies by Collum and Streitwieser suggest that
LDA aggregates much more readily than some of the other com-
monly used bases such as lithium 2,2,4,4-tetramethyl piperidine
(LTMP) or lithium hexamethyldisilazide (LiHMDS).129 Contrary
to popular wisdom, it was shown by Collum and co-workers that
the use of uncomplexed, solid LDA in non-polar solvents could
perform enolization reactions remarkably well, forming unsol-
vated ketone, ester, and carboxamide enolates in reasonable yields
(see ref 121b). Interestingly, X-ray crystallography of solvent-free
LDA by Mulvey130 reveals that LDA comprises an endless heli-
cal arrangement, suggesting a similar structure in non-donating
solvents.

Recently Myers and co-workers demonstrated the practicality
of the inexpensive amino alcohol pseudoephedrine as a highly
practical chiral auxiliary for asymmetric alkylation of enolates.131

It is believed that the high diastereoselectivities (generally >90%
de) obtained with this auxiliary are a result of its highly aggregated
structure (2). Solvation of the resulting alkoxide anions is believed
to play a pivotal role in determining alkylation diastereoselectivity
(ref 131). Although the initial studies were carried out with LDA
as a base, it was later determined that in situ derived LiHMDS
proved superior.132 For further information on pseudoephedrine,
readers should refer to the article available from this database.133
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Formation of aggregates has also been shown to have an influ-
ence on enolate Claisen acylations, whereby the aggregated eno-
late may compete with the monomer,134 but the exact mechanistic
role of aggregates is still a subject of much debate.

Additives. It has been known for some time that additives such
as hexamethylphosphoramide (HMPA), tetramethyl ethylenedi-
amine (TMEDA), lithium chloride, magnesium bromide, or 1,3-
dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) can
dramatically enhance rates in a wide array of organolithium
reactions.135 These additives are generally thought to alter the ag-
gregation state of the reactants, but specific mechanistic reasons
for these enhancements are still not fully understood. For lithium
enolates, it was originally thought that increasing the donor char-

acter of the solvent results in increased contact ion separation,
and thus an enhanced electron density in the enolate system (and
therefore more reactive).136 It has also been shown that the stereo-
chemistry of enolates formed from carboxylic acid derivatives can
be reversed upon the addition of HMPA34 (Scheme 2), indicating
the formation of the kinetically preferred enolate in the absence
of an additive, but the thermodynamically preferred enolate is
formed when aggregates are disrupted.
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Scheme  2

It was recently shown that the addition of metal salts dramati-
cally increased the diastereoselectivity on sulfinyl ketimine eno-
lates, which provides a rapid route to syn- and anti-1,3-amino al-
cohols (Scheme 3, eq 1).137 For two other recent examples, a silver
nitrate (AgNO3)/LDA combination has been used in the formation
of selenium containing heterocycles as potential antitumor agents
(Scheme 3, eq 2),138 while an LDA/HMPA combination was used
to fragment aromatic thioacetals to form unsymmetrically substi-
tuted thiothionophthalicanhydrides (Scheme 3, eq 3).139

On the other hand, there are also instances reported where addi-
tives can decelerate organolithium reactions.140 Adding complex-
ity to the picture, Sun and Collum have explicitly demonstrated
that although enolization reactions may follow different mecha-
nistic pathways in different solvents, the rate of enolization is sol-
vent independent. Additives such as HMPA have little influence
on rates despite a significant change in the mechanism.141 Reich
and co-workers demonstrated that HMPA deaggregates phenyl-
lithium to a monomer,142 it is clear that this is not the case for
LDA (Scheme 4).143 HMPA instead prefers to displace THF from
the LDA dimer, which may have an influence on the transition
state energies for the enolization process (see ref 141). By some
estimates, HMPA has an affinity for the lithium cation 300 times
that of THF.144

Alternatively, the additives may have an effect on the aggrega-
tion of the enolate itself.145 Mixed aggregates between the enolate
and the dialkyl amide base may also be important in predicting
the stereochemistry. For example, it is possible that an enolate
may exhibit different reactivity at the beginning and at the end
of the reaction (pure aggregates), and at the end of a reaction
(mixed aggregates) (see ref 121). Similarly, the addition of large
excesses of either enolate or base may change the properties of the
enolate in solution. When LDA is generated by deprotonation of
diisopropylamine, excess butyllithium may allow the formation
of mixed aggregates,146 but what effect this may have on typical
aldol reactions is still unknown. Therefore, a predictive model for
precisely how solvent addends affect enolization reactions has yet
to be established.
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Metal Enolates. In parallel with additives, transition metals
may be added to enolates to give transmetallated species which can
undergo cross-coupling chemistry. Perhaps the earliest example of
metal-catalyzed enolate reactions is the Reformatsky reaction.147

Transition metal-catalyzed enolate chemistry has been recently
revived in the literature, particularly in the field of asymmetric
catalysis.148 The transition metal-catalyzed coupling reactions of
aryl halides,149 allyl epoxides,150 and allylic esters151 with alkyl
enolates have been recently investigated. Generally the choice
of base employed depends on the substrate and on the reaction
performed. For enolate arylation, KHMDS seems to be the most
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effective in the case of amide enolates,152 and sodium tert-
butoxide is the base of choice for the formation of α-aryl
ketones.153 The Pd-catalyzed asymmetric alkylation of α-
tetralone enolates was shown to be most effective when LDA or
LiTMP was employed as a base in the presence of trialkyltin chlo-
ride (Scheme 5, ref 151).

Terminal alkynes may be deprotonated with LDA and transmet-
allated with zinc to undergo palladium-catalyzed cross-couplings
with aryl electrophiles (Scheme 6).154

NH HN
O

P(Ph)2

O

(Ph)2P

O

OAc

O

2.5 mol % [η3-C3H5PdCl2]

LDA, (CH3)3SnCl, DME

5 mol %

53–99% yield
61–85% ee

+

Scheme  5
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Mannich Reaction. Enolates may undergo trapping with
methylene iminium salts to give α-amino keto derivatives.155

In these instances, generally deprotonation by KH, LiH-
MDS, or MeLi is preferred (ref 155) as LDA tends to give
poor yields potentially due to the acidity of the Mannich
products.156 However, LDA can be used in combination with
trimethylsilyl chloride to give TMS enol ethers which can be
aminomethylated in high yields. More recently, Mannich-type
reactions have been carried out by transmetallation using zinc
chloride (Scheme 7, eq 4).157 Badia and co-workers demon-
strated the use of an asymmetric Mannich reaction on enolizable
imines bearing pseudoephedrine as the chiral auxiliary (Scheme 7,
eq 5).158 An intramolecular Diels–Alder reaction was used in com-
bination with an LDA-promoted retro-Mannich reaction in the
enantioselective synthesis of (+)-luciduline (Scheme 7, eq 6).159
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Single-electron Transfer: Carbene Mechanisms. The vast
majority of reactions of LDA owe their mechanism to the basic
character of the reagent; some recent experiments have shown that
LDA may behave very differently in the presence of alkyl halides
and dihalides (specifically iodides),160 π-deficient aromatic het-
erocyclic compounds (Scheme 8, eq 7),161 α-bromo imines,162

conjugated acetylenes,163 alkyl sulfonates,164 or
benzophenone.165 In these instances, it has been shown
that LDA may act as a single-electron transfer donor as in the
case of anthracene and perylene, or via carbene mechanism in the
case of benzyl halides.166 Some substrates exhibit competition
between multiple mechanisms (Scheme 8, eq 8, ref 160).

Carbenes have received some interest in the literature, with some
stable N-heterocyclic carbenes successfully characterized by
X-ray crystallography.167 Generally these stable carbenes are
generated by C-deprotonation of formamidinium and related
cations by strong bases such as sodium hydride, potassium
tert-butoxide, and LDA.168 Alkylidene carbenes have been
recently revived in the literature169 for their use in a potential
route to C-H insertion in a regiospecific manner. Harada and
co-workers have treated terminal alkynes bearing a distal leaving
group with LDA to rapidly generate bicyclo[n.3.0]-1-alkenes
(where n = 3 or 4).170

Epoxides.171–174 With the recent advances in technologies for
asymmetric epoxidation,175 there has been considerable activity
in both the synthesis and the reactivity of epoxides. We will focus
specifically upon the reactivity of epoxides with lithium dialkyl
amides.

It has been known for some time that the acid-catalyzed solvol-
ysis of epoxides can lead to products other than the anticipated
1,2-glycols,176 but the reaction of epoxides with bases has been
slower to develop. The reactivity of epoxides with strong hin-
dered bases was originally studied by Cope,177 Crandall,178 and
Rickborn.179 Reactions of epoxides with dialkylamide bases take
one of two general forms: (a) α-lithiation by insertion of the base
between one H-CO bond or (b) β-elimination with the formation
of an allylic alcohol (Scheme 9).180
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Scheme  8

α-Deprotonation of epoxides results in carbenoid-type interme-
diates that can be trapped by an electrophile181 or undergo rear-
rangement. Transannular C-H insertion results in ring-contracted
saturated alkoxides.182 Alternatively, vicinal C-H insertion results
in the formation of lithium enolates.183

β-Deprotonations generally result in the formation of allylic
alcohols, with the choice of solvent and additives playing a
key role in the chemoselectivity.184,185 This observation is most
likely a manifestation of the aggregation effects discussed earlier.
Morgan and Gajewski have shown via deuterium labeling studies
on the ring opening of cyclopentene oxide that in the presence
of polar solvents, the β-elimination pathway dominates, whereas
in non-polar solvents such as benzene or ether, the α-lithiation
pathway may compete (Scheme 10).186
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It has been determined that maximized yields for the allylic
alcohol product can be obtained by utilizing a polar solvent such
as hexamethylphosphoramide.187 Presumably, complexation of
Li+ ion to the epoxide oxygen directs the facial selectivity via
a six-atom cyclic transition state, effecting a less preferred syn-
elimination (3). This coordination appears to be much less impor-
tant in HMPA, with some evidence suggesting an anti-elimination
pathway in this solvent (ref 186). Deuterium labeling experiments
on trans-4-tert-butylcyclohexene oxides have shown that the
β-rearrangement pathway occurs via syn-elimination.188
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Rearrangement of cyclooctene oxides was discovered to be
an efficient route to cyclopentanoid terpenes. For example,
the conversion of cis-cyclohexene oxide to 2-endo-hydroxy-cis-
bicyclo[3.3.0] octane with an amide base was first noted by
Cope, Lee, and Petree189 and was later revisited by Whitesell
and White190 using LDA, with a marked improvement in yield
and product selectivity. The protocol was further optimized with

n-butyllithium,191 but with potassium tert-butoxide or Li3PO4

only the allylic alcohol was isolated (Scheme 11).192

Interestingly, the outcome of rearrangement of γ ,δ-ethylenic
epoxides can be dramatically changed by the solvent, with quan-
titative abstraction of the allylic protons being preferred in HMPA
resulting in a cyclopropanyl alcohol instead of the predicted allylic
alcohol (Scheme 12, ref 187).
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It was noted by Rickborn that the identity of the alkyl groups
on the amide base has a large effect on the outcome of reaction
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between epoxides and amide bases.193 Primary alkylamide bases
(i.e., lithium diethylamide, lithium n-propylamide) give nearly
quantitative yields of allylic alcohols, with the best yields ob-
tained by cyclic primary amides such as N-lithiopyrrolidine. Re-
action with secondary alkyl amides such as LDA proved to be
more problematic, with rearrangement to the carbonyl compet-
ing successfully with proton abstraction. This observation was
shown to be highly solvent dependent, as cyclooctene oxide was
later converted quantitatively to 2-cyclooctenol with LDA when
HMPA was used as solvent (Scheme 11).187

Similar to enolate chemistry, lithium dialkylamides generally
prefer abstraction at the least substituted carbon, and trans-allylic
alcohols are generally formed in preference to cis (Scheme 13, ref
174).
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Scheme  13

Recently Schlosser and co-workers demonstrated the utility of
a novel LDA/potassium tert-butoxide reagent (LIDAKOR194) in
the conversion of oxiranes to allyl alcohols.195

Non-enantioselective rearrangements of epoxides have been
exhaustively studied, but recent asymmetric versions of the re-
arrangement have seen considerable interest. Much research
has surrounded the use of chiral diamine bases to perform
the epoxide rearrangement. Specifically, bases such as 2-(N-
pyrrolidinyl)methylpyrrolidine (Scheme 14) have been employed
in stoichiometric amounts, with LDA being used to perform
the initial deprotonation of the base.196 The most probable re-
action mechanism to date, proposed by Asami, involves syn-
β-elimination, with the amine coordinated to both the leaving hy-
drogen and the oxygen of the epoxide.197 The major enantiomer
arises from a complex where steric interactions between cyclo-
hexane ring and amide are minimized (Scheme 14, ref 171).
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Recently, Bertilsson, Sodergren, and Andersson have shown
that these reactions can be carried out using only catalytic amounts
of the a chiral diamine base because the hindered nature of LDA
prevents it from competing with the chiral amide, and enan-
tiomeric excesses of greater than 90% can readily be obtained
(Scheme 15).198
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Scheme  15

Although comparison studies were carried out with a variety
of other amide bases including diethylamide (which had proved
superior to LDA in the non-asymmetric epoxide rearrangement)
and the more sterically hindered dicyclohexylamide, LDA proved
to give the highest yield and ee by combining the proper amounts
of steric hindrance and amide reactivity.196

Substituted Epoxides. In the presence of strong bases,
β-hydroxy epoxides generally react via β-oxanol or Payne
rearrangement.199 Although classically the rearrangement is
carried out with bases such as sodium sulfite,200 potassium
hydroxide,201 in aqueous methanol, or sodium hydroxide in
acetone or tert-butyl alcohol, LDA and other organolithiums
have been employed in the Payne rearrangement in rigid tricyclic
systems (Scheme 16).202
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Epoxy nitriles and esters generated in situ from
chloroketones203 can be readily transformed into the corre-
sponding allylic alcohols with LDA, proving a rapid route to
hydroxy amino acids.

While allyl and glycidyl ethers are converted into a mixture of
oxetane and oxepine products with sec-butyllithium,204 Mordini
and co-workers205 reported that allyl, benzyl, and propargyl epoxy
ethers can be regioselectively converted into 2-vinyl, 2-phenyl, or
2-alkynyl-3-(hydroxyalkyl) oxetanes upon treatment with either
Schlosser’s base206 or other mixed metal bases. Some of the best
results were obtained with the LDA/potassium tert-butoxide mix-
ture (LIDAKOR, ref 194). While rearrangement of propargylic or
benzylic epoxide ethers formed exclusively the four-membered
oxetanes, rearrangements of allyl oxiranyl ethers show a selec-
tivity for cyclization to the seven-membered ring. Trialkylsilyl-
substituted epoxide allyl ethers also show a preference for the
oxepine, and mixtures are obtained as the size of the silyl sub-
stituents is increased (Scheme 17).

Aziridines. With the vast array of literature available on
epoxides, it is surprising that the base-promoted elimination of
aziridines is almost unknown in the literature. One of the earliest
examples using sodium alkoxides in refluxing alcoholic solvents
was reported in 1989 by Stamm and Speth.207 Scheffold reported
an aziridine to allylamine conversion in 1993 using a cob(I)alamin
catalyst.208 Recently, Mordini and co-workers demonstrated the
use of a LDA/potassium tert-butoxide mixture (pentane, room
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temperature) to successfully rearrange N-substituted cyclohexyl
aziridines (Scheme 18).209
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Although success was obtained with N-sulfonyl aziridines, the
only reaction obtained with Boc and pivaloyl aziridines was re-
moval of the protecting group. Interestingly, they also observed
that N-trifluoroacetyl aziridines are deacetylated with LDA to ini-
tially form lithiated aziridines, followed by dimerization to give
diamines. Similar to the rearrangement of cyclooctene oxide, re-
arrangements of 9-tosyl-9-azabicyclo[6.1.0]nonane gave forma-
tion of 1-N-tosylaminobicyclo[3.3.0]octane. The formation of the
bicyclic compound was preferred at room temperature, while at
−50 ◦C an almost 50/50 mixture of the bicyclic compound and
allylic amine was realized.

LDA/t-BuOK
NTs

NHTs

48%
Scheme  18

Bridgehead Enolates.210 Enolate formation of most ketones
proceeds smoothly using LDA, but there are very few instances
where a bridgehead proton may be removed, as formation of a
‘double bond’ or enolate adjacent to a bridgehead is a violation
of Bredt’s rule. Such enolates are generally so unstable that they
undergo self-condensation before reacting with an electrophile.
There are some examples where ent-17-norkauran-16-one211 un-
derwent deuteron exchange at the bridgehead position, but this
required rather forcing conditions (KO-t-Bu, 185 ◦C), and another
example of a conformationally rigid system requiring milder con-
ditions (NaOCH3, 25 ◦C).212 Recently Simpkins and co-workers
demonstrated that certain tricyclic amides and lactones readily un-
dergo quantitative deprotonation with LDA followed by trapping
with TMS to give bridgehead silylated compounds in high yield
(Scheme 19).213

The preference for LDA to remove the most sterically acces-
sible proton is highlighted in the following case during synthetic
studies of ledol, precapnelladiene, and compressanolide. Shea and
co-workers discovered that certain 6/8-fused macrocyclic ketones

undergo quantitative bridgehead enolization despite the presence
of other enolizable methylene protons (Scheme 20).214
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Addition to Aromatics: The Halogen Dance.215,216 In addi-
tion to ortho-metallation of pyridines, LDA has been employed
in what has been named the halogen dance reaction, whereby the
position of the halogen on the arene ring is changed. Requirements
for the process are an arene ring with an exchangeable halogen
(e.g., Br, I) and a directing group (carboxylic acid, ester, fluo-
rine, etc.). After initial deprotonation with LDA, intermolecular
exchange between metallated and non-metallated substrates re-
sults in the formation of dihalogenated species which can then
be metallated in a manner more favored by the directing group
(Scheme 21).217
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This technique was recently applied to the synthesis of natural
antifungal caerulomycin C (Scheme 22).
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Anionic Fries Rearrangement. Lithiated O-aryl carbamates
constitute one of the most powerful ortho directors in aromatic
metallation chemistry.8 If allowed to warm in lieu of quench-
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ing with electrophiles, they can undergo anionic ortho-Fries re-
arrangement to furnish hydroxy phenyl acetamides.218 Although
generally s-BuLi is used for DOM of tertiary amides, Gawley
and co-workers found that the use of LDA in benzylic carba-
mates avoids 1,2-Wittig rearrangement to the benzylic position
(Scheme 23, ref 218).
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Similarly, this chemistry can be employed in rapid synthesis of
the biologically relevant benzofuran-2(3H)-ones.219

Related Reagents. Lithium Amide; Lithium Hexamethyl-
disilazide; Lithium Diethylamide; Lithium Piperidide; Lithium
Pyrrolidide; Lithium 2,2,6,6-tetramethylpiperidide; Potassium
Diisopropylamide.
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Lithium Naphthalenide1

– Li+

[7308-67-0] C10H8Li (MW 134.12)
InChI = 1S/C10H8.Li/c1-2-6-10-8-4-3-7-9(10)5-1;/h1-8H;/q-1;

+1
InChIKey = MTIJPMVWHNRZSB-UHFFFAOYSA-N

(reductive metalation reactions;1c reduction of metal salts;27

initiation of polymerization reactions28)

Alternate Name: LN.
Physical Data: no data on the isolated material; only available

in solution.
Solubility: sol ether, benzene, THF; reacts with protic solvents

and THF at elevated temperatures.2

Preparative Methods: made by addition of freshly cut Lithium
metal to a solution of naphthalene in THF. Preparation can be
accelerated by ultrasonication.3

Analysis of Reagent Purity: two titration methods have been
described;4 the more convenient4b involves conversion of 1,1-
diphenylethylene by lithium naphthalenide to an intensely red-
colored dianion, which is then titrated against s-butanol.

Handling, Storage, and Precautions: can be stored in solution up
to several days; must be protected from air and moisture; can
be used to ambient temperature.

Original Commentary

Kevin M. Short
Wayne State University, Detroit, MI, USA

Reductive Metalation. The powerful reductive nature of
this reagent makes it an important tool for lithium–heteroatom
exchange reactions. Thus, it was established early on that
(phenylthio)alkanes can be converted into their requisite alkyl-
lithium species.5 This has become the method of choice over gen-
eration by lithium metal alone. The resultant alkyllithium species
can either be quenched with a proton source (eq 1),6 or intercepted
with an electrophile. This has subsequently evolved into a pow-
erful technique, since the reaction is general for all chalcogens
(eq 2)7 and halides (eq 3).8

PhS

OMe

OMe

H
CN

Li+ OMe

OMe

H
CN

(LN)

–

(1)

N

PhSe Ph

O Ph
N

Ph

O Ph

1. LN, THF, –50 °C

86%

(2)
2. MeI, rt, 12 h

O

OBn

BnO

Cl
BnO

O

OBn

BnO

SnBu3

BnO

1. LN, THF, –78 °C

70%

(3)
2. Bu3SnCl, –78 °C

Metal–heteroatom exchange can also be persuaded to occur
with a variety of other systems, resulting in allyl-9 and vinylli-
thium10 species, as well as α-lithio ethers (eq 3),1c,8,11 α-lithio
thioethers,1c,12 α-lithio amines,11b and α-lithio silanes.1c,12b,13

The latter class provides useful intermediates for the Peterson
alkenation reaction (eq 4).13a

Bu
TMS

PhS

O

Bu

2. 

3. H3O+

(4)

52%

1. LN, THF, –78 °C

In some cases, however, it may be advantageous to proceed via
either Lithium 1-(Dimethylamino)naphthalenide (LDMAN), or
Lithium 4,4′-Di-tert-butylbiphenylide (LDBB).1c With the for-
mer reagent, the byproduct formed, (dimethylamino)naphthalene,
is more easily removed than is naphthalene from product mix-
tures. In the latter case, the greater reduction potential of di-t-
butylbiphenyl appears to lead to more efficient halogen–lithium
exchange.8b

Dianion Generation. Lithium naphthalenide efficiently de-
protonates β-alkynyloxy14 and carboxylate anions (eq 5).15 In
addition, the previously mentioned phenomenon of reductive met-
alation has been exploited to access dianions from halohydrins,16

β-halo carboxylic acids,17 and β-halo carboxamides,18 and even
trianions from β,ω′-dihalo alcohols.19 A major pathway for the
polyanionic species is β-elimination (eq 6);16a,19 when such pro-
cesses can be avoided, the polyanions react according to Hauser’s
rule (eq 7).16a,20

CO2H
O O

O (5)
2.

55%

1. LN, THF, Et2NH

O

Cl Li
OLiBu Bu

(6)
1. BuLi, –78 °C

47%2. LN, –100 °C

Cl
OHPh

CO2H
OHPh

(7)
3. CO2

72%

1. BuLi, –78 °C
2. LN, –78 °C

Dehalogenation Reactions. Since lithium naphthalenide is a
particularly effective initiator for halogen–metal exchange, it has
found widespread use for the conversion of dihalides to unsatu-
rated species. Thus, 1,2-dichlorodisilanes have been converted to
silenes (eq 8)21 and diphosphiranes to phosphacumulenes.22 In a
related field, silicon cages23 have been constructed from trichloro-
disilanes.
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Ar2Si(Cl) Si(Cl)Ar2

i-Pr

i-Pr

i-Pr

Ar2Si=SiAr2 (8)
LN, DME

Ar =

50%

Metal Redox Reactions. Lithium naphthalenide is a conve-
nient reducing agent for a variety of metals, and shows great
promise in the synthetic area. Thus, CuI complexes have been
reduced to Cu0; the resultant highly reactive species adds in an
oxidative fashion across the carbon–halogen bond.24 As a con-
sequence, the well known organocuprate addition chemistry can
be carried out in one step from halocarbons, without having to
initially prepare the organolithium species (eq 9). In addition to
the reduction of CuI, lithium naphthalenide reduces SiIV to SiII,25

SnIV to SnII (eq 10),26 and various lanthanide compounds.27

Br CN Ph

O

CN

1. LN, THF
2.

(9)

71%

CuI · PEt3
3. PhCOCl

Sn
Br

Br
(10)

Sn

LN

THF

Oligomerization Reactions. Lithium naphthalenide has long
been a convenient initiator for anionic ‘living’ polymerization
reactions.28 Thus, styrenes, acrylates, dienes, and other monomers
have been polymerized using lithium naphthalenide as an anionic
initiator. In some circumstances, however, oligomerization can be
controlled to furnish only dimers (eq 11).29 Also, in the presence
of a secondary amine, 1,3-dienes can be persuaded to react in a
formal 1,4-fashion to produce allyl amines (eq 12).30

CN NH2

CN

LN
(11)

HNEt2, THF
85%

NEt2

(12)
LN, Et2NH, PhH

Me2N(CH2)3NMe2
72%

Interesting approaches toward functional polymers have re-
cently been detailed,31 wherein previously described chemistry
involving lithium naphthalenide is conducted on suitably substi-
tuted polystyrene derivatives (eq 13).

SPh SiMe2H

Cl

H2PtCl6
PhMe

SiMe2

Cl

(13)
1. LN, THF

n n

n

2. ClSiMe2H

Related Reagents. Copper(I) Iodide–Triethylphosphine–
Lithium Naphthalenide; Lithium 4,4′-Di-t-butylbiphenylide;
Lithium 1-(Dimethylamino)naphthalenide; Potassium Naphtha-
lenide; Sodium Anthracenide; Sodium Naphthalenide; Sodium
Phenanthrenide.

First Update

Alexander Wei
Purdue University, West Lafayette, IN, USA

Panuwat Padungros
Department of Chemistry, Faculty of Science, Chulalongkorn
University, Bangkok, Thailand

Reduction and Alkylation. Organolithium species can be
cleanly generated by metal–heteroatom exchange using lithium
naphthalenide (LN) for conversion to unsubstituted derivatives
by protonation32–34 or reaction with electrophiles, such as alkyl
halides or carbonyls.35,36 Similarly, lithium enolates can be pre-
pared from carbonyl species bearing α-cyano or heteroatomic
functional groups37; subsequent reactions with appropriate elec-
trophiles have been used in the synthesis of quaternary carbon
centers (eq 14).38,39 Notably, reductive alkylation by this ap-
proach has yielded bicyclic, trans-fused cyclohexenes with stere-
ochemical outcomes that correspond to antarafacial Diels–Alder
additions (eq 15).40 The reduction of α,β-epoxyketones by LN
produces β-hydroxyketones with high chemo- and regioselectiv-
ity (eq 16).41

1. LN, THF, –30 °C

2. allyl bromide, –30 °C

(14)

EtO2C

(EtO)2P

EtO2C

74%

LN = Li+ _

O
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O
Br

H

1. LN, THF, –50 °C

2. HMPA, –78 °C

3. PhSCH2I, –78 °C

O

H

SPh

Raney Ni

O
Me

H

(15)

>30:1 dr >30:1 dr

89%

95%

O

O O

LN
(16)

HO88%

THF, –78 °C

Chiral phosphines are widely used as auxiliaries for various
metal-catalyzed asymmetric reactions and can be prepared from
stable phosphine–borane complexes. Secondary P-chiral phos-
phine–boranes can be prepared by reductive lithiation of the cor-
responding tertiary phosphine–borane using LN (eq 17).42 Like-
wise, P-chiral tertiary phosphine ligands can be produced by the
reductive lithiation of phosphinite–boranes followed by alkyla-
tion, both proceeding with retention of configuration (eq 18).43,44

P

BH3

Ph

O O

Ph
PhCH3

P

BH3

Ph H
CH3

1. LN, THF, –78 °C
(17)

93%

>99% ee

2. THF/MeOH/AcOH

OMeP

BH3

MenO
tBu

1. LN, THF, –40 °C OMeP

BH3

H3C
tBu

70%

>97% ee

(18)
2. MeI, –40 °C

Dianion Generation. A combination of n-BuLi and LN can
be used to generate dianionic intermediates containing β-hetero-
atoms, without concern for rapid E1 elimination (eq 19).45–47

Bridged bicyclic compounds can be accessed by the double re-
duction of aromatic diesters by LN to generate stable bis-enolates,
followed by double alkylation with α,ω-electrophiles (eq 20).48

Cl

NHOCOt-Bu
1. n-BuLi

    THF, –78 °C

Li

NOCOt-Bu CO2

COOH

NHOCOt-Bu
(19)

90%

–78 °C to 20 °C

Li

2. LN,  –78 °C

COOMe

COOMe

LN

Br(CH2)3Br

(20)

MeO OLi

OLiMeO

(  )3

95%

THF, –78 °C

COOMe

COOMe

Reductive Cyclization. Reductive lithiation of alkyl halides
by LN can trigger an intramolecular cyclization with α-aminoni-
triles to generate an imine anion intermediate; subsequent
elimination of a neighboring N,O-acetal produces a polycyclic
enamine in moderate yield (eq 21).49 Intramolecular reductive
cyclization of alkynes with LN followed by electrophilic trap-
ping provides an efficient entry into siloles (eq 22)50,51 and
silaindenes.52 Silaindenes often have useful electronic properties,
such as photoluminescence, but cannot be made by traditional
methods of indole synthesis due to the incompatibility of the
silole with typical alkyne protecting groups. Applying this same
methodology to bis(o-silyl)diphenylacetylenes produces fused, π-
rich polycyclic compounds with silicon (eq 23)53 and carbon54

bridges.

NNC

Cl

O

Ph

N

O
Ph

H2N

LN

N

O
Ph

H2N

32% over two steps

(21)

THF, –78 °C

NaBH3CN

MeOH, rt



244 LITHIUM NAPHTHALENIDE

Si
Me Me

Ph Ph
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PhPh

BrBr

1. LN, THF, –10 °C

(22)
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PhPh

ZnClClZn

3. NBS

95%
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Me2HSi

1. LN

2. I2

Me2
Si

Si
Me2

(23)
71%

Me2
Si

Si
Me2

Li

Li

THF, rt

Reductive Elimination. Carbohydrate-derived thioacetals
undergo reductive elimination with LN to yield glycals. This elim-
ination is compatible with pyranoside derivatives bearing various
substituents and protecting groups, including benzyl ethers,55 if
the reaction conditions and temperature are carefully controlled
(eq 24).56 Lithium naphthalenide has also been applied toward
the chemoselective elimination of π-allyltricarbonyliron lactone
complexes, which can serve as chiral auxiliaries in the synthesis of
natural products such as (−)-gloeosporone.57 Reductive cleavage
of Fe(CO)3 with LN can be achieved without racemization of the
allylic stereocenter (eq 25). Allylic alcohols can be prepared from
α,β-epoxymesylates or epoxybenzotriazoles by reductive elimi-
nation with LN; in these cases, the alkene geometry is influenced
by the steric bulk of the local substituents (eq 26).58,59 The ti-
tle reagent is also a safe and economical alternative to t-BuLi for
converting α,α-dibromoesters into ynolate anions, which can form
cyclic adducts with 1,5-dicarbonyls (eq 27).60
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O
CO2Et

1.
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Deprotection. The title compound has been used for the de-
protection of N-sulfonylaziridines (eq 28),61 substituted phenyl-
propargyl ethers (eq 29),62 benzyl ethers in the presence of alkenes
(eq 30),63 and phenylsilyl ethers in the presence of acid-sensitive
groups.64
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OH
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H
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94%

OH
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(30)

Organometallic Species. Treatment of lithium (2-thienyl-
cyano)cuprate with LN yields a highly reactive form of copper
that can oxidatively insert into alkyl halides to produce the corre-
sponding organocuprate species, for participation in 1,4-conjugate
additions, epoxide ring opening, and cross-coupling with acid
chlorides (eq 31).65,66 Organocuprates have also been prepared
by reducing alkyl halides with LN in the presence of CuI–PPh3,67

but thienyl-based organocuprates avoid the unnecessary introduc-
tion of phosphines that can interfere with product purification.
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The title compound is also useful for reducing the salts of TiIII,68

ZnII,69 GeII,70 MgII,71 and MnII72 into reactive zero-valent met-
als, for subsequent generation of organometallic species.

S CuCN
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THF, –78 °C
Cu*

Cl

2. PhCOCl

O

(31)

65%
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Manganese Dioxide1

MnO2

[1313-13-9] MnO2 (MW 86.94)
InChI = 1/Mn.2O/rMnO2/c2-1-3
InChIKey = NUJOXMJBOLGQSY-MQJJFXMEAL

(useful selective oxidizing reagent for organic synthesis; oxida-
tion of allylic alcohols to α,β-ethylenic aldehydes or ketones;2

conversion of allylic alcohols to α,β-ethylenic esters or amides;3

oxidation of propargylic alcohols,4 benzylic or heterocyclic alco-
hols,5 and saturated alcohols;6 oxidative cleavage of 1,2-diols;7

hydration of nitriles to amides;8 dehydrogenation and aromatiza-
tion reactions;9 oxidation of amines to aldehydes, imines, amides,

and diazo compounds10)

Alternate Names: manganese oxide; manganese(IV) oxide.
Physical Data: mp 535 ◦C (dec.); d 5.03 g cm−3.
Solubility: insoluble in H2O and organic solvents.
Form Supplied in: dark brown powder, widely available. The

commercial ‘active’ MnO2 used as oxidizing reagent for
organic synthesis is a synthetic nonstoichiometric hydrated
material. The main natural source of MnO2 is the mineral
pyrolusite, a poor oxidizing reagent.

Original Commentary

Gérard Cahiez & Mouâd Alami
Université Pierre & Marie Curie, Paris, France

Structure of Active Manganese Dioxide.1,11,12 The struc-
ture and the reactivity of active manganese dioxides used as ox-
idizing reagents in organic synthesis closely depends on their
method of preparation (see below). Active manganese oxides are
nonstoichiometric materials (generally MnOx; 1.93 < x < 2) and
magnetic measurements reveal the presence of lower valency Mn
species, probably MnII and MnIII oxides and hydroxides. Thermo-
gravimetric analysis experiments show the existence of bonded
and nonbonded water molecules (hydrated MnO2). On the basis
of ESR studies and other experiments, a locked-water associated
structure 1 has been proposed for the apomorphous precipitated
MnO2.12

H O
Mn

OH

O H

HOO

O

O

O
Mn Mn

(1)

In addition, variable amounts of alkaline and alkaline earth
metal derivatives are detected by atomic adsorption analysis.
X-ray studies have shown that the structures of active MnO2

are quite complex; they are either amorphous or of moderate
crystallinity (variable proportions of β- and γ-MnO2).

Preparation of Active MnO222, Oxidizing Power, and Repro-
ducibility of the Results.1,13 Pyrolusite (natural MnO2) and

pure synthetic crystalline MnO2 are poor oxidants.1 The oxida-
tion of organic compounds requires an active, specially prepared
MnO2 and several procedures have been reported.1,13 According
to the method of preparation, the structure, the composition, and
therefore the reactivity of active MnO2 are variable. On this ac-
count, the choice of a procedure is of considerable importance
to obtain the desired oxidation power and the reaction conditions
must be carefully controlled to obtain a consistent activity. The
active manganese dioxides described in the literature are generally
prepared either by mixing aqueous solutions of KMnO4 and a MnII

salt (MnSO4, MnCl2) between 0 and 70 ◦C under acid, neutral,
or basic conditions13a–e or by pyrolysis of a MnII salt (carbonate,
oxalate, nitrate) at 250–300 ◦C.13d,f In this case the activity of the
resulting material can be increased by washing with dilute nitric
acid.13f A similar treatment has also been used to activate pyro-
lusite (natural MnO2).13h On the other hand, it has been reported
that the efficiency of an active MnO2 depends on the percentage
of the γ-form present in the material.13i Indeed, active γ-MnO2 is
sometimes clearly superior to the classical active MnO2 prepared
according to Attenburrow.13j

It is worthy of note that the percentage water content strongly
influences both the oxidizing power and the selectivity (oxida-
tion of multifunctional molecules) of active MnO2. Thus it is well
known that the wet material (40–60% H2O) obtained after filtra-
tion must be activated by drying1,13 (heating to 100–130 ◦C for
12–24 h13a–d or, better, at 125 ◦C for 52 h).13e Indeed, an ex-
cess of water decreases the oxidation power1e,13k since, accord-
ing to the triphasic mechanism generally postulated,12 it would
prevent the adsorption of the substrate to the oxidatively active
polar site on the surface of MnO2.1a,b,c On the other hand, it is
very important not to go past the point of complete activation
since the presence of hydrated MnO2 species is essential to ob-
tain an active reagent. For this reason, the drying conditions must
be carefully controlled.1,13a,d,g,k Alternatively, the wet material
can be activated by azeotropic distillation since this mild pro-
cedure preserves the active hydrated species.131 Thus azeotropic
distillation has been used to remove the water produced during
the oxidation reaction to follow the rate of MnO2 oxidations.13e

Finally, the active MnO2 mentioned above contains various metal-
lic salts as impurities. According to their nature, which depends on
the method of preparation, they can also influence the oxidizing
power of the reagent (for instance, permanganate).13d Finally, it
should be noted that the preparation of active MnO2 on carbon13m

or on silica gel13n as well as the activation of nonactive MnO2

(pure crystalline MnO2) by ultrasonic irradiation13o has also been
reported. Some typical procedures to prepare active MnO2 are
reported below.

Preparation of Active MnO222 from KMnO444 Under Basic
Conditions (Attenburrow).13a A solution of MnSO4·4H2O
(110 g) in H2O (1.5 L) and a solution of NaOH (40%; 1.17 L)
were added simultaneously during 1 h to a hot stirred solution of
KMnO4 (960 g) in H2O (6 L). MnO2 precipitated soon after as
a fine brown solid. Stirring was continued for an additional hour
and the solid was then collected with a centrifuge and washed with
water until the washings were colorless. The solid was dried in an
oven at 100–120 ◦C and ground to a fine powder (960 g) before
use.



249MANGANESE DIOXIDE

Preparation of Active MnO222 from KMnO444 Under Acidic
Conditions.13k Active MnO2 was made by mixing hot solutions
of MnSO4 and KMnO4, maintaining a slight excess of the latter
for several hours, washing the product thoroughly with water and
drying at 110–120 ◦C. Its activity was unchanged after storage for
many months, but it was deactivated by H2O, MeOH, thiols, or
excessive heat (500 ◦C). MnO2 was less active when prepared in
the presence of alkali and ineffective when precipitated from hot
solutions containing a large excess of MnSO4.

Preparation of Highly Active MnO222 from KMnO444.1a A
solution of MnCl2·4H2O (200 g) in H2O (2 L) at 70 ◦C was grad-
ually added during 10 min, with stirring, to a solution of KMnO4

(160 g) in H2O (2 L) at 60 ◦C in a hood. A vigorous reaction ensued
with evolution of chlorine; the suspension was stirred for 2 h and
kept overnight at rt. The precipitate was filtered off, washed thor-
oughly with H2O (4 L) until pH 6.5–7 and the washing gave a neg-
ligible chloride test. The filter cake was then dried at 120–130 ◦C
for 18 h; this gave a chocolate-brown, amorphous powder; yield
195–200 g. Alternatively, the wet cake was mixed with benzene
(1.2 L) and H2O was removed by azeotropic distillation giving a
chocolate-brown, amorphous powder; yield 195 g. The last pro-
cedure gave a slightly less active material.

Preparation of Active MnO222 by Pyrolysis of MnCO333.13f

Powdered MnCO3 was spread in a one-inch thick layer in a
Pyrex glass and heated at 220–280 ◦C for about 18 h in an oven
in which air circulated by convection. The initially tan powder
turned darker at about 180 ◦C, and black when maintained at over
220 ◦C. No attempt was made to determine lower temperature
or time limits, nor the upper limit of temperature. The MnO2

prepared as above was stirred with about 1 L of a solution made
up of 15% HNO3 in H2O. The slurry was filtered with suction, the
solid was washed on the Buchner funnel with distilled water until
the washes were about pH 5, and finally was dried at 220–250 ◦C.
The caked, black solid was readily crushed to a powder which
retained its oxidizing ability even after having been stored for
several months in a loosely stoppered container.

Preparation of γγγ-MnO222.1a To a solution of MnSO4 (151 g)
in H2O (2.87 L) at 60 ◦C was added, with stirring, a solution of
KMnO4 (105 g) in H2O (2 L), and the suspension was stirred at
60 ◦C for 1 h, filtered, and the precipitate washed with water until
free of sulfate ions. The precipitate was dried to constant weight
at 60 ◦C; yield 120 g (dark-brown, amorphous powder).

Preparation of Active MnO222 on Silica Gel.13n KMnO4

(3.79 g) was dissolved in water (60 mL) at rt. Chromatographic
grade silica gel (Merck, 70–230 mesh, 60 g) was added with stir-
ring, and the flask connected to a rotary evaporator to strip off the
water at 60 ◦C. The purple solid was ground to fine powder and
then added with vigorous stirring to a solution of MnSO4·H2O
(9.3 g) in H2O (100 mL). The resulting brown precipitate was
filtered with water until no more MnII ion could be detected in the
wash water by adding ammonia. After being dried at 100 ◦C for
2 h, each gram of this supported reagent contained 0.83 mmol of
MnO2.

As shown above, a wide range of products of various activities
are called active MnO2 and the results described in the literature

are sometimes difficult to reproduce since the nature of the MnO2

which was used is not always well defined. Now, the commer-
cial materials give reproducible results but they are not always
convenient to perform all the oxidation reactions described in the
literature. In addition, their origin (method of preparation) is not
often indicated and comparison with the active MnO2 described
in the literature is sometimes difficult. For all these reasons, the
use of activated MnO2 has been somewhat restricted in spite of the
efficiency and selectivity of its reactions since only an empirical
approach and a careful examination of the literature allow selec-
tion of the suitable activity of MnO2 and the optimum reaction
conditions for a defined substrate.

Oxidation of Organic Compounds with MnO222: Reaction
Conditions.1,13

Solvent. Oxidation of organic compounds with MnO2 has
been performed in many solvents. The choice of the solvent is
important; thus primary or secondary alcohols (or water) are
unsatisfactory since they can compete with the substrate being
adsorbed on the MnO2 surface and they have a strong deactivat-
ing effect.13k A similar but less pronounced influence has also
been observed with various polar solvents such as acetone, ethyl
acetate, DMF, and DMSO. However, these polar solvents, includ-
ing water,13p acetic acid, and pyridine, can be used successfully
at higher temperatures. This deactivating influence due to the
polarity of the solvent can be used to control the reactivity of
active MnO2 and sometimes to avoid side reactions or to improve
the selectivity (for instance, allylic alcohol vs. saturated alco-
hol). Most of the reactions described in the literature were carried
out in aliphatic or aromatic hydrocarbons, chlorinated hydrocar-
bons, diethyl ether, THF, ethyl acetate, acetone, and acetonitrile
(caution: MeCN can react with highly active MnO2 or with clas-
sically activated MnO2 on prolonged treatment). In the case of the
oxidation of benzylic13f and allylic13d alcohols, the best results
have been obtained using diethyl ether (diethyl ether > petroleum
ether > benzene). Caution: a spontaneous ignition has been
observed when highly active MnO2 was used in this solvent.13f

Temperature and Reaction Time. At rt, the reaction time can
vary from 10 min to several days according to the nature of the
substrate and the activity of the MnO2.13a,d,e,f,l,p The reaction
times are shortened by heating13d but the selectivity is very often
much lower.13q

Ratio MnO222:Substrate. The amount of active MnO2 required
to perform the oxidation of an organic substrate depends on the
type of MnO2, on the substrate, and on the particle size of the
MnO2.13d,f,g With a classical material (100–200 mesh), the ratio
varies from 5:1 to 50:1 by weight.

Oxidation of Allylic Alcohols.2 MnO2 was used as oxidizing
reagent for the first time by Ball et al. to prepare retinal from
vitamin A1 (eq 1).2a Since that report, the use of MnO2 for the
conversion of allylic alcohols to α,β-ethylenic aldehydes has been
extensively utilized. Interestingly, the configuration of the double
bond is conserved during the reaction (eqs 2–4).2b,c In some cases
a significant rate difference between axial and equatorial alcohols
has been observed2d (eq 5).2e
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OH

(1)
CHO

MnO2, 6 d

pet. ether, rt
80%

(2)
CH2OH CHO

MnO2, hexane

0 °C, 30 min
97%

OH

Ph

O

PhMnO2, acetone

6 h, rt
75%

(3)

(Z)(Z)

OH

Ph

O

PhMnO2, acetone

6 h, rt
70%

(4)

(E)(E)

N

O

O

OMe

HO

N

O

O

OMe

O

N

O

O

OMe

HO
(5)

MnO2, CHCl3
rt

(eq)

(ax)

43%

MnO2 has been frequently used for the preparation of very
sensitive polyunsaturated aldehydes or ketones (eq 6).2f

EtO2C CO2Et

OHC CHO

(6)

1. i-Bu2AlH, C6H6

2. MnO2, CH2Cl2, rt, 1 h

74%

Numerous functionalized α,β-ethylenic aldehydes are readily
obtained by chemoselective oxidation of the corresponding allylic
alcohols (eqs 7–11).2g–k

HO
OH OHC OH

MnO2, ether

rt, 8 h
75%

88

(7)

(8)

OH

HO

OH

O

MnO2, i-PrOH
rt, 18 h

70%

(9)
S

S OH

S

S O
MnO2, CHCl3

rt, 96 h

79%

MeO O

HO

N
Me

OH MeO O

HO

N
Me

MnO2, CHCl3

70%

O

(10)

S

HO

OO
Tf S

O

OO
Tf

S
OO

MnO2, CH2Cl2

18 d, rt

O

Tf

(11)

90%

The α,β-ethylenic ketone obtained by treatment of an allylic
alcohol with MnO2 can undergo an in situ Michael addition
(eqs 11 and 12).2l

MnO2, Et2NH OH

NEt2

O

Et

Et

OH

HO

(12)
C6H6, 18 h, rt

85%

Conversion of Allylic Alcohols to ααα,βββ-Ethylenic Esters and
Amides.2b,3 This procedure was first described by Corey.2b,3

The key step is the sequential formation and oxidation of a cyano-
hydrin. In the presence of an alcohol or an amine the resulting acyl
cyanide leads by alcoholysis or aminolysis to the corresponding
α,β-ethylenic ester2b or amide3 (eqs 13–15).

CH2OH

CO2Me
(13)

1. MnO2, hexane, 0 °C

2. NaCN, MnO2, AcOH
    MeOH

86%

CHO

CO2Me

NaCN, MnO2

AcOH, MeOH
95%

(14)

Ph
CHO

Ph
CONH2

NaCN, MnO2

i-PrOH, NH3
100%

(15)

Oxidation of Propargylic Alcohols.4 Propargylic alcohols
are easily oxidized by MnO2 to alkynic aldehydes and ketones
(eqs 16–18).4a–c In the example in eq 19 the unstable propargyl
aldehyde is trapped as a Michael adduct.4d
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HO2C

OH

HO2C

O

MnO2, CH2Cl2

rt, 24 h
74%

(16)

OH

OEt

OEt

O

OEt

OEt

MnO2, CH2Cl2

0 °C
76%

(17)

MnO2, CH2Cl2

rt, 2 h
88%

OH3 O3
(18)

MnO2, C6H6

piperidine, rt, 12 h
86%

OH
N

CHO
(19)

Oxidation of Benzylic and Heterocyclic Alcohols.2b,5 Con-
jugated aromatic aldehydes or ketones can be efficiently prepared
by treatment of benzylic alcohols with MnO2 (eq 20).5a Numerous
functional groups are tolerated (eqs 21–24).5a–c

(20)
OH

CHO
MnO2, CHCl3

rt, 23 h
89%

N

O

O Me

OH

N

O

O Me

O

MnO2, CHCl3

rt, 24 h
76%

(21)

O

O

HO

CH2OH

Ar

O

O

OHC

CH2OH

Ar

MnO2, dioxane

8 h, 60 °C
80%

(22)

H

H

TBDMSO

HO O

SAr

OAc

HO
H

H

H

H

TBDMSO

O HO

SAr

OAc

HO

MnO2, acetone

rt, 45 min
76%

H

(23)

H
TBDMSO

HOHO

H

H
TBDMSO

OHO

H

(24)

O O

O O
O

O

O
O

O
O

MnO2, acetone

rt, 4 d
93%

Benzyl allyl and benzyl propargyl alcohols have been oxidized
successfully to ketones (eqs 25 and 26).5d,e

OMe

OH

OMe

MeO
OMe

O

OMe

MeO

(25)
MnO2

ether, hexane
86%

MnO2, CHCl3

1 h
80%

OMe

HO

OMe

O

(26)

The oxidation reaction can be extended to heterocyclic alco-
hols (eq 27)5f and the Corey procedure gives the expected esters
(eq 28).2b

OH

OO

N

N

C7H7 O

OO

N

N

C7H7

(27)
MnO2, C6H6

24 h, rt
81%

NaCN, MnO2

AcOH, MeOH
95%

O CHO O CO2Me
(28)

Oxidation of Saturated Alcohols.6 Cyclic and acyclic satu-
rated alcohols react with MnO2 to give the saturated aldehydes or
ketones in good yields (eqs 29–32).6a,b

MnO2, pet. ether

16 h, rt
62%

HO

OHC (29)

trans trans

MnO2, MeCN

3 d
71%

OH O

(30)
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OH

H
HO

O

H
O

(31)
MnO2, MeCN

20 h
99%

MeO

Et

OH

(32)

MeO

MnO2, MeCN

6 h
76%

Et

CHO

Oxidative Cleavage of 1,2-Diols.7 1,2-Diols are cleaved by
MnO2 to aldehydes or ketones. With cyclic 1,2-diols, the reaction
leads to dialdehydes or diketones (eqs 33 and 34)7 and the course
of the reaction depends on the configuration of the starting material
(eqs 34 and 35).7

MnO2, CH2Cl2

4 h, rt
85%

OH

OH

CHO

CHO (33)

MnO2, CH2Cl2

1 h, rt
90%

O

OHO

OH

(34)

cis-diol

MnO2, CH2Cl2

72 h

O

O

OH

OH

(35)

trans-diol

Hydration of Nitriles to Amides.8 By treatment with MnO2,
nitriles are readily converted to amides. MnO2 on silica gel is
especially efficient to perform this reaction (eqs 36 and 37).8a,b

CN

(36)

CONH2
hydrocarbon solvent

reflux, 4 h

  30%
100%

active MnO2
MnO2, SiO2

N
H

H
N Ph

CN N

N Ph

CONH2

(37)
MnO2, PhMe

100 °C, 36 h
82%

Dehydrogenation and Aromatization Reactions.9,13j,q

MnO2 has been widely used to carry out various dehydrogena-
tion and aromatization reactions (eqs 38–41).9a–c In some cases
the dehydrogenation can occur as a side reaction during, for
instance, the hydration of nitriles (eq 37)8b or the oxidation of
allylic alcohols.13q

CO2Me

CO2Me

CO2Me

CO2Me

(38)
MnO2, C6H6

reflux
92%

(39)
MnO2, C6H6

reflux
89%

BocHN N
H

S

CO2Me

BocHN N

S

CO2Me

(40)

MnO2, C6H6

pyridine, 55 °C, 2–4 h
69%

Br
N N

Ph

Ph

Br
N N

Ph

Ph

MnO2, C6H6

5 h, rt
93%

(41)

It is interesting to note that the use of γ-MnO2 is essential
to achieve the following dehydrogenation reactions (eqs 42 and
43).13j

N
O

Ph NO2

Ph N
O

Ph NO2

Ph

(42)
γ-MnO2, C6H6, dioxane

reflux, 1 h
99%

N
O CO2Me N

O CO2Me

(43)
γ-MnO2, C6H6, dioxane

reflux, 3 h
97%

Oxidation of Amines to Aldehydes, Imines, Amides, and Di-
azo Compounds.10,13g,p The oxidation of amines by MnO2 can
lead to various products according to the structure of the start-
ing material. Thus the formation of imines (eq 44),10 formamides
(eqs 45 and 46),13g and diazo compounds (eq 47)13p have all been
described.

NH

OMe

N

OMe

(44)
MnO2, CH2Cl2

40 h, rt
89%

N
H Me

N
H CHO

MnO2, CHCl3

18 h, rt
83%

(45)

Me Me
NNPh Ph

Me

CHO
NPh (46)

MnO2, CHCl3

18 h, rt
75%

Cl NH2 Cl N
N Cl

(47)
MnO2, pet. ether

6 h
87%

Miscellaneous Reactions.13p,14 MnO2 has also been used
to perform various oxidation reactions: the oxidative cleavage of
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α-hydroxy acids (eq 48),13p the oxidative dimerization of
diarylmethanes (eq 49),14a or their conversion to diaryl ketones
(eq 50),14a the oxidation of aldehydes to carboxylic acids,13p the
preparation of disulfides from thiols,14b of phosphine oxides from
phosphines,13p or of ketones from amines.14c

OH

Ph CO2H
Ph

(48)
MnO2, H2O

30 min
52%

PhCOPh  +  CO2

Ph

Ph

Ph

Ph

Ph

Ph
(49)

MnO2, C6H6

71 min, 211 °C
81%

Ph

Ph

Ph

Ph
(50)O

MnO2

6 h, 125 °C
74%

First Update

Richard J. K. Taylor, Mark Reid & Jonathan S. Foot
University of York, York, UK

Alternative Reaction Conditions For Alcohol Oxidation.15

Various solvent-free oxidations using MnO2 have been developed
in recent years.15a–f Oxidation of activated and non-activated
alcohols has been accomplished by merely adding the substrate to
MnO2 and stirring at room temperature (eqs 51 and 52).15a These
reactions can be accelerated considerably by supporting the oxi-
dant on silica and exposing the mixture to microwave irradiation
(eq 51).15b

OH

MeO

 MnO2 O

MeO

Under microwave conditions:  30 sec, 83%

(51)
rt, 24 h

83%

OH O
(52)

rt, 72 h
62%

 MnO2

Oxidation of Non-activated Alcohols.16,17 The oxidation of
non-activated cyclic and acyclic alcohols using virtually stoichio-
metric MnO2 has been achieved through the addition of a catalytic
co-oxidant 2 and ruthenium catalyst 3 to THF (eqs 53 and 54).16

OH O
1.1 equiv MnO2, cat. 2
cat 3, cat K2CO3, THF

(53)
reflux, 28 h

66%

OH

O
(54)

1.1 equiv MnO2, cat 2
cat 3, cat K2CO3, THF

reflux, 17 h
80%

O

O
RuCl2

2

2 3

MnO2 has been found to facilitate the one-pot conversion
of both TMS- and TBDMS-protected allylic alcohols into their
respective aldehydes and ketones (eq 55).17

O
SiMe3

O
MnO2, AlCl3, CH3CN

(55)

reflux, 5 min
93%

Oxidation of Sulfur Compounds.18,19 Treatment of thiols
with MnO2 in hexane at reflux provides the symmetrical disulfides
in good yield (eq 56).18a This procedure has also been carried
out in solvent-free conditions at room temperature, affording the
oxidatively coupled products in shorter reaction times (eq 57).18b

SH S
S

MnO2, molecular sieves
             hexane

(56)
reflux, 1 h

100%

SH
 MnO2

S )2
(57)

rt, 5 min
92%

MnO2 has also been used to selectively oxidize thioethers
to their corresponding sulfoxides under acidic conditions. The
reaction can be carried out either in methanolic HCl (eq 58)19a or
using silica gel-supported sulfuric acid under solvent-free condi-
tions (eq 59),19b and gives the desired sulfoxides only.

S

S

O

MnO2, aq HCl, MeOH

(58)

0–10 °C, 1 h
98%

S S

O
MnO2, H2SO4/SiO2

(59)
35–40 °C, 1 h

85%

Oxidation of N–O Compounds.20 The preparation of disub-
stituted oxazolines from aldoximes has been accomplished via in
situ nitrile oxide formation using MnO2 (eq 60).20a Oxidation
of hydroxylamines and oximes to nitrones20b and aldehydes/
ket- ones,20c respectively, has been found to occur upon treatment
with MnO2 (eqs 61 and 62).
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O

MeO
N

OH

O
N

MeO

O

OAc

OAcMnO2, CH2Cl2,

(60)

rt, 18 h
84%

O
O O

N
HO

Ph

O

O

O
O O

N+
–O

Ph

O

O

MnO2, CH2Cl2

(61)

0 °C, 12 h
96%

N
OH

OMnO2, hexane
(62)

rt, 15 min
91%

α-Acylazo compounds (eq 63)15e and amides (eq 64)15f have
also been synthesized via MnO2 oxidation under solvent-free
conditions with silica-supported reagents.

N
H

O H
N

Cl

N

O
N

Cl

MnO2, H2SO4/SiO2

(63)

rt, 3–5 min
85%

Cl

N

NH2

O

Cl

    MnO2/SiO2

(64)

microwave conditions, 4 min
99%

Miscellaneous MnO2-mediated Reactions.21 Treatment of
a quinoxalinium salt with various alkenes in the presence of MnO2

has been found to effect a novel 1,3-dipolar cycloaddition reaction
to give the corresponding pyrrolo[1,2-a]quinoxalines (eq 65).21

N+

N

O

Ph

Br–
O

N

N

O

Ph
O

MnO2, Et3N, DMF,

(65)

90 °C, 4 h
52%

Use of MnO222 for In Situ Tandem Oxidation Processes
(TOP’s).

Using Stabilized Ylides.22–34 The use of MnO2 for in situ
tandem oxidation processes (TOP’s) was first reported by Wei
and Taylor for the synthesis of bromodienoate esters
(eqs 66 and 67),22,23 thus avoiding isolation of the toxic and
unstable bromoenal intermediates 4. Since this initial publication,
MnO2 oxidation–nucleophilic trapping reactions have been
extensively developed to encompass a range of functional group
transformations.

Br OH Br O

Br
CO2Et

81%

E,E:Z,E = 6.8:1

4

(66)

rt, 2 days

MnO2, CH2Cl2
Ph3P=CHCO2Et

Br OH Br O

Br CO2Et

Z,E:Z,Z = ca. 4:1

(67)

84%
rt, 2 days

MnO2, CH2Cl2
Ph3P=CHCO2Et

Good to excellent yields were also obtained using substrates
bearing diverse functionalities (eq 68), and also with activated
diols (eq 69).

OMe

OMe

OH

OMe

OMe

CO2Et

30 °C, 5 h
80%

>98% E

(68)

MnO2, CH2Cl2
Ph3P=CMeCO2Et
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HO
OH

Br

Br

EtO2C
CO2Et

Br

Br

>98% E,E,E

(69)

rt, 15 h
84%

MnO2, CH2Cl2
Ph3P=CHCO2Et

Along with carbonyl stabilized Wittig reagents, other stabilized
ylides have also been used to prepare unsaturated nitrile23 (eq 70)
and Weinreb amide24 (eq 71) adducts.

Br OH

Br

N

rt, 1–2 days

E:Z = 3:1

(70)

60%

Ph3P=CHCN
MnO2, CH2Cl2

OH

N

O

O

reflux, 21 h

> 95% E

96%

(71)

Ph3P=CHC(O)N(OMe)Me
         MnO2, CH2Cl2

This methodology was later applied by Nicolaou’s group to the
synthesis of a bromodieneoate intermediate required in the total
synthesis of Apoptolidin (eq 72),25 and by Mladenova et al. for
the synthesis of chloromethyltrienoic esters (eq 73).26

Br

OH

Br

OEt

O
rt, 42 h
91%

(72)

Ph3P=CMeCO2Et
MnO2, CH2Cl2

Cl

OH

Cl

CO2Et

rt, 5–48 h

E,E,Z:Z,E,Z = 87:13

(73)

75%

MnO2, CH2Cl2 
Ph3P=CMeCO2Et

Along with activated alcohols, so-called semi-activated alco-
hols have also been used in this methodology (eqs 74 and 75)
whereby proximal heteroatoms activate the alcohol—possibly
through inductive effects or by providing a coordination site for
the activated MnO2.27,28

O
OH

O CO2Etreflux, 24 h

E:Z = 6:1

(74)

66%

MnO2, CHCl3
Ph3P=CHCO2Et

NBocO

OH

NBocO

MeO2C

(75)

>95% E

reflux, 20 h
70%

MnO2, CHCl3
Ph3P=CHCO2Me

McKervey and co-workers have also used MnO2 for the in
situ oxidation–Wittig reaction of non-racemic, protected amino
acids to good effect, without any epimerization at the stereogenic
center (eq 76).28 These unsaturated ester products were then
further elaborated to afford various alkaloids.

N

H

Z

OH

Ph3P=CHCO2Me
MnO2, CH3CN

N

H

N

H

Z

CO2Me
reflux, 16 h

75%

(S)-(–) coniceine

(76)

Furthermore, in the presence of stabilized phosphorane
reagents, MnO2 has been shown to be an efficient oxidant of
unactivated alcohols to afford unsaturated esters in good yield
(eq 77).27
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CH3(CH2)8CH2OH

Ph3P=CHCO2Et 
MnO2, toluene

CH3(CH2)8
CO2Et

reflux, 24 h

>95% E

(77)

80%

Other sequential and one-pot oxidation–Wittig reactions have
been reported using Swern,29 Dess-Martin,30 and barium perman-
ganate31 oxidation.

Despite the use of different oxidizing agents in one-pot reaction
sequences, MnO2 has been established as the reagent of choice.
This is due, in part, to several practical considerations including
low toxicity, low cost, ease of handling and work-up (simple fil-
tration), recycling potential, and the commercial availability of
activated MnO2. These factors make MnO2 an ideal oxidant for
use in TOP sequences.

Another class of activated alcohols employed in the tandem
MnO2 reaction are α-hydroxyketones. The synthetic utility of the
intermediate α-ketoaldehydes had previously been limited by the
hyperreactivity of the aldehyde group.29 However, by employing
the TOP MnO2 protocol, good to excellent yields of the resulting
Wittig products may be obtained (eqs 78 and 79).32

O

H3C
OH

O

H3C CO2Etrt, 24 h
91%

E only (78)

Ph3P=CMeCO2Et
MnO2, CH2Cl2

O

O

OH

O

O

CO2Et

E:Z = 94:6

rt, 5 min
62%

(79)

Ph3P=CHCO2Et
MnO2, CH2Cl2

These α-hydroxyketones have now also been used as efficient
substrates in the synthesis of various N-containing heterocycles
(vide infra).

Aldehyde formation–trapping reaction sequences have also
been applied to vicinal diol systems employing MnO2 to carry out
oxidative cleavage.33 The intermediate aldehydes have then been
trapped using stabilized Wittig reagents (eq 80). Moderate yields,
however, were generally obtained using MnO2 and the reaction
appears to be very substrate dependent. Alternatively, the use of
silica-supported sodium periodate resulted in improved yields and
shortened reaction times (eq 81).34

OH OH

CO2Et

CO2Et

rt, 24 h

E,E:E,Z = 4.5:1

64%

(80)

Ph3P=CHCO2Et
MnO2, CH2Cl2

OH OH

CO2Et

CO2Et

rt, 1–3 h

E,E:E,Z = 7:1

73%

(81)

Ph3P=CHCO2Et
NaIO4, Et2O

Use of Non-stabilized Ylides.35–37 TOP sequences using non-
stabilized Wittig reactions have also been carried out to great
effect, generating the ylide in situ from the corresponding
phosphonium salt and the bicyclic-guanidine base, MTBD35

(1-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene) (5) (eqs 82 and
83).36

N

N

N

MTBD, 5

OH

O2N

O2N

reflux, 4 h
91%

(82)

Ph3PCH3Br
MnO2, 5 

THF, 4Å MS

C6H13

OH

C6H13 Ph

Z:E = 1:2

(83)

reflux, 4 h
62%

Ph3PCH3Br
MnO2, 5 

THF, 4Å MS

This work was later extended to provide a concise synthesis
of unsaturated aldehydes through the intermediacy of unsaturated
dioxolanes (eq 84).37
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R OH
MnO2, MTBD

O

O
Ph3P

Br

 H3O

R O

R O

R O

O

THF, reflux

(84)

_

+

+

R = 2-furyl,  76%
R = 3-pyridyl,  79%

Good to excellent yields were obtained over a range of
substrates without the need to isolate either the intermediate alde-
hyde or dioxolane.

Nitrogen Based Nucleophiles.38–41 Apart from Wittig
reagents, several other nucleophiles have been used in the in situ
trapping of intermediate aldehydes including amines to afford
imines (eq 85).38

Ph OH
MnO2, CH2Cl2, 4Å MS

H2N Ph

Ph N Ph (85)

89%
reflux, 24–48 h

The TOP sequence can also be carried out in the presence of a
heterogeneous reductant to effect an oxidation–imination–reduc-
tion process leading from activated alcohols to amines (eqs 86 and
87). Polymer-supported cyanoborohydride38 (PSCBH) or sodium
borohydride39 can be used as the reductant. The use of an oxidant
and reductant in the same one-pot procedure is noteworthy.

OH
HN

N

1. MnO2, PSCBH
    4Å MS, CH2Cl2
    reflux, 3–4 h

80%

2. AcOH, 24–64 h

(86)

1. MnO2, NaBH4

H2NPh OH

Ph N
H

4Å MS, CH2Cl2

71%

2. MeOH
    0 °C to rt, 20 min

rt, 16–21 h

(87)

These methods are complementary with the less expensive
sodium borohydride affording good to excellent yields with a
range of primary amines, but with the more sterically hindered

primary and secondary amines, PSCBH is generally higher
yielding.

Along with imines and amines, O-alkyl oximes have also been
prepared in a TOP sequence (eq 88).40

OH

HO

N

N

OMe

MeO

reflux, 18 h
84%

(88)

·
MnO2, 4Å MS

CH2Cl2

MeONH2 HCl

As alluded to above, α-hydroxyketones have also been used
in TOP sequences with 1,2-diamines to afford a diverse range of
nitrogen-containing heterocycles.41 Thus using MnO2 oxidation
and trapping in situ with 1,2-diamines, quinoxalines (eq 89) and
dihydropyrazines (eq 90) can be accessed in good to excellent
yield.

H2N

H2N

OH

O

N

N

78%

(89)

reflux, 90 min

MnO2, CH2Cl2 
4Å MS

OH

O

N

N

H2N

H2N

(90)

64%
reflux, 90 min

MnO2, CH2Cl2 
4Å MS

However, by applying the sodium borohydride conditions
described by Kanno and Taylor (vide supra),39 a rapid and
efficient route to substituted piperazines was achieved in a TOP
sequence (eq 91).
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O

HO

NH

HN

OH

O

HO

O

OH

OH
H2N

H2N

87%

reflux, 90 min
then MeOH

(91)

MnO2, CH2Cl2
NaBH4, 4Å MS

Finally, by the addition of methanolic potassium hydroxide
after the formation of the dihydropyrazines, aromatization was
achieved to afford the pyrazine adducts in fair to good yields
(eqs 92 and 93).

Functional Group Interconversions.42–46 Lai’s group
showed that aromatic aldehydes could be converted into the corre-
sponding nitriles by treatment with ammonia in isopropanol (IPA)
and THF containing MnO2, and magnesium sulfate at room tem-
perature (eq 94).42

MnO2, CH2Cl2, 4Å MS
OH

O

N

N

H2N

H2N

66%

reflux, 90 min
then ~0.4 M KOH/

MeOH

(92)

MnO2, CH2Cl2, 4Å MS
OH

O

N

N

H2N

H2N

64%

reflux, 90 min
then ~0.4 M KOH/

MeOH

(93)

O

O

CHO

O

MeO

CN

O

MeO

NH3, MnO2 
MgSO4, IPA, THF

rt, 20 h

91%

(94)

This work was later extended by Taylor’s group to the direct
conversion of activated primary alcohols into nitriles (eqs 95 and
96).43 Again good to excellent yields were obtained with a wide
range of activated alcohols.

OH
C6H13

MnO2, MgSO4

IPA, NH3

C6H13 N

rt, 18 h
87%

(95)

N
H

OH

N
H

N

(96)

MnO2, MgSO4

IPA, NH3

rt, 18 h
77%

A TOP synthesis of methyl esters and amides has also been
reported (extending on the Corey and Gilman methodologies, see
eqs 13–15),2b,3 employing sodium cyanide (eq 97).44,45

N

OH

N

CO2Me

reflux, 2 h
(97)

64%

MnO2, NaCN
THF–MeOH

Attempts to modify the conditions to prepare ethyl esters were
met with limited success but the synthesis of a wide range of
primary, secondary, and tertiary amide products was possible in
good to excellent yields (eq 98).

O

OH

O

CONHBui

rt, 23–26 h
59%

(98)

MnO2, NaCN 
iBuNH2,THF

Combination of MnO2 with triazidochlorosilane (SiCl4/NaN3)
affords a reagent capable of transforming activated aldehydes to
their appropriate acyl azides (eq 99).46
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O

Cl

Cl

N3

O

MnO2, SiCl4/NaN3, CH2Cl2

(99)

0 °C, 1 h
95%

Second Update
Lee Fader
Boehringer-Ingelheim (Canada) Ltd., Laval, Québec, Canada

Manganese dioxide has, in recent years, continued to be an
import reagent in synthetic organic chemistry. New advances and
applications of the reagent since the last update are dominated
by tandem oxidation processes, originally developed with this
reagent by Taylor and coworkers, although a few unrelated trans-
formations have also been described. The low toxicity, low cost,
availability and ease of handling of the reagent ensures that it will
continue to find application in place of more complex and sensitive
oxidants or for substrates found to be delicate in nature.

Tandem Oxidation Processes (TOP).47 Tandem oxidation
processes that employ manganese dioxide as the oxidant have
recently been reviewed.47 Oxidation-Wittig tandem sequences,
as described above, are the most explored process of this type.
Although recent applications have appeared in the literature, only
a few constitute improvements or enhancements to what is known.
Notable among these is the conversion of activated alcohols into
1,1-dibromoalkenes, a very mild process analogous to a Corey–
Fuchs approach to this type of compound (eq 100).48

O2N

OH

N

N

N

O2N
Br

Br

Ph3P+CHBr2 Br–

(100)

MnO2

4A MS
DCM

In recent years, a number of other practical tandem sequences
involving MnO2 oxidations have emerged.47,49 For example,
when alcohols are treated with MnO2 and a stabilized sulfur ylide,
the intermediate enone undergoes cyclopropanation to form the
corresponding ketocyclopropanes in good yields (eq 101). Note
that the terminal substituents of the olefin must be either hydrogen
or aryl for the in situ cyclopropanation to be successful.

OH
MeS COPh O

Ph
O

77%, trans/cis 3.1:1

MnO2
(101)

If an activated alcohol is treated with MnO2, a phosphorous
ylide and a stabilized sulfur ylide in a one-pot procedure, a tandem
oxidation–olefination–cyclopropanation sequence ensues giving
the cyclopropane products in modest to good yields (eq 102).47,50

At the current level of development, poor stereocontrol of the
cyclopropanation step is observed and only α-hydroxyketones
have been employed as substrates.

OH

PPh3 CO2Me

MeS CO2Et

MnO2 CO2Me

EtO2C

81%, trans/cis 3.5:1

(102)

Another attractive TOP sequence involves use of a combina-
tion of the Bestmann–Ohira reagent and MnO2.47,51 In these
examples, a range of activated alcohols are oxidized to the corre-
sponding aldehydes, which in turn are efficiently trapped by the
subsequently added alkynylating reagent (eq 103).

O2N

OH

O

N2

P(OMe)2

O

O2N

99%

(103)

MnO2

K2CO3

THF/MeOH

The tandem oxidation processes employing MnO2 continue to
be applied to functional group interconversions. A new entry in
this area is the direct conversion of activated alcohols to nitriles
via an intermediate aldehyde followed by its corresponding imine
(eq 104).47,52

O2N

OH

O2N

N

81%

(104)

MnO2

NH3-IPA
MgSO4

THF

Tandem oxidation processes have also been applied to five-
and six-membered heterocycle synthesis.47 New examples of
six-membered rings include pyrimides and pyridines.47 In one
approach, an α-arylpropargyl alcohol is oxidized to the corres-
ponding ynone, which then reacts with ethyl α-aminocrotonate or
an amidine to afford pyridines or pyrimidines, respectively (eqs
105 and 106).53 In both cases, the reactions were limited in scope,
but the former was subsequently improved by implementation of
β-keto esters and ammonium acetate in place of the α-amino cro-
tonate synthon (eq 107).53

OH H2N

EtO2C

N

CO2Et

64%

+

(105)

MnO2

ZnBr2



260 MANGANESE DIOXIDE

OH

NH

H2N

N

N

84%

+

(106)

MnO2

microwaves

OH

Cl

O

EtO2C

N

CO2Et

Cl 96%

+

(107)

MnO2

NH4OAc
AcOH

Synthesis of five-membered heterocycles via a TOP sequence
from activated alcohols affords 4,5-benzo-fused-2-substituted
imidazoles, oxazoles and thiazoles in synthetically useful yields
over the presumed oxidation–condensation–oxidation sequence
(eq 108).47,54

OH
NH2

XH

N

X

(plus HCl for X = NMe)

X = NMe    
X = O
X = S

90%
73%
66%

(108)
MnO2

4A MS

Related Reagents. Barium Manganate; Nickel(II) Peroxide.
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Osmium Tetroxide1

OsO4

[20816-12-0] O4Os (MW 254.20)
InChI = 1S/4O.Os
InChIKey = VUVGYHUDAICLFK-UHFFFAOYSA-N

(cis dihydroxylation of alkenes; osmylation; asymmetric and
diastereoselective dihydroxylation; oxyamination of alkenes)

Physical Data: mp 39.5–41 ◦C; bp 130 ◦C; d 4.906 g cm−3;
chlorine- or ozone-like odor.

Solubility: soluble in water (5.3% at 0 ◦C, 7.24% at 25 ◦C); solu-
ble in many organic solvents (toluene, t-BuOH, CCl4, acetone,
methyl t-butyl ether).

Form Supplied in: pale yellow solid in glass ampule, as 4 wt %
solution in water, and as 2.5 wt % in t-BuOH.

Handling, Storage, and Precautions: vapor is toxic, causing dam-
age to the eyes, respiratory tract, and skin; may cause temporary
blindness; LD50 14 mg/kg for the rat, 162 mg/kg for the mouse.
Because of its high toxicity and high vapor pressure, it should be
handled with extreme care in a chemical fume hood; chemical-
resistant gloves, safety goggles, and other protective clothing
should be worn; the solid reagent and its solutions should be
stored in a refrigerator.

Original Commentary

Yun Gao
Sepracor, Marlborough, MA, USA

Dihydroxylation of Alkenes. The cis dihydroxylation (os-
mylation) of alkenes by osmium tetroxide to form cis-1,2-diols
(vic-glycols) is one of the most reliable synthetic transformations
(eq 1).1
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The reaction has been proposed to proceed through a [3 + 2] or
[2 + 2] pathway to give the common intermediate osmium(VI)
monoglycolate ester (osmate ester), which is then hydrolyzed
reductively or oxidatively to give the cis-1,2-diol (eq 2). The
cis dihydroxylation of alkenes is accelerated by tertiary amines
such as Pyridine, quinuclidine, and derivatives of dihydroquini-
dine (DHQD) or dihydroquinine (DHQ) (eq 3).
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Due to the electrophilic nature of osmium tetroxide, electron-
withdrawing groups connected to the alkene double bond re-
tard the dihydroxylation.2 This is in contrast to the oxidation
of alkenes by Potassium Permanganate, which preferentially at-
tacks electron-deficient double bonds. However, in the presence of
a tertiary amine such as pyridine, even the most electron-deficient
alkenes can be osmylated by osmium tetroxide (eq 4).3 The more
highly substituted double bonds are preferentially oxidized (eq 5).
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Under stoichiometric and common catalytic osmylation condi-
tions, alkene double bonds are hydroxylated by osmium tetroxide
without affecting other functional groups such as hydroxyl groups,
aldehyde and ketone carbonyl groups, acetals, triple bonds,
and sulfides (see also Osmium Tetroxide–N-Methylmorpholine
N-Oxide).

The cis dihydroxylation can be performed either stoichiometri-
cally, if the alkene is precious, or more economically and con-
veniently with a catalytic amount of osmium tetroxide (or its
precursors such as osmium chloride or potassium osmate) in con-
junction with a cooxidant. In the stoichiometric dihydroxylation,
the diol product is usually obtained by the reductive hydroly-
sis of the osmate ester with a reducing agent such as Lithium
Aluminum Hydride, Hydrogen Sulfide, K2SO3 or Na2SO3, and
KHSO3 or NaHSO3. The reduced osmium species is normally
removed by filtration. Osmium can be recovered as osmium tetrox-
ide by oxidation of low-valent osmium compounds with hy-
drogen peroxide.4 In the catalytic dihydroxylation, the osmate
ester is usually hydrolyzed under basic aqueous conditions to
produce the diol and osmium(VI) compounds, which are then
reoxidized by the cooxidant to osmium tetroxide to continue the
catalytic cycle. Normally 0.01% to 2% equiv of osmium tetroxide
or precursors are used in the catalytic dihydroxylation. Common
cooxidants are metal chlorates, N-Methylmorpholine N-Oxide
(NMO), Trimethylamine N-Oxide, Hydrogen Peroxide, t-Butyl
Hydroperoxide, and Potassium Ferricyanide. Oxygen has also
been used as cooxidant in dihydroxylation of certain alkenes.5

Excess cooxidant and osmium tetroxide are reduced with a re-
ducing agent such as those mentioned above during the workup.
The stoichiometric dihydroxylation can be carried out in almost
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any inert organic solvent, including most commonly MTBE,
toluene, and t-BuOH. In the catalytic dihydroxylation, in order to
dissolve the inorganic cooxidant and other additives, a mixture
of water and an organic solvent are often used. The most com-
mon solvent combinations in this case are acetone–water and t-
BuOH–water. Because of the high cost and toxicity of osmium
tetroxide, the stoichiometric dihydroxylation has been mostly
replaced by the catalytic version in preparative organic chem-
istry (see also Osmium Tetroxide–tert-Butyl Hydroperoxide,
Osmium Tetroxide–N-Methylmorpholine N-Oxide, and Osmium
Tetroxide–Potassium Ferricyanide).

Diastereoselective Dihydroxylation. Dihydroxylation of
acyclic alkenes containing an allylic, oxygen-bearing stereocenter
proceeds with predictable stereochemistry. In general, regardless
of the double-bond substitution pattern and geometry, the rela-
tive stereochemistry between the pre-existing hydroxyl or alkoxyl
group and the adjacent newly formed hydroxyl group of the major
diastereomer will be erythro (i.e. anti if the carbon chain is drawn
in the zig-zag convention) (eq 6).6,7
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In the osmylation of 1,2-disubstituted allylic alcohols and
derivatives, cis-alkenes provide higher diastereoselectivity than
the corresponding trans-alkenes (eqs 7 and 8).6 Opposite se-
lectivities have been observed in the osmylation of (Z)-enoate
and (E)-enoate esters (eqs 9 and 10).8 High selectivity has also
been observed in the osmylation of 1,1-disubstituted9 and (E)-
trisubstituted allylic alcohols and derivatives10 and bis-allylic
compounds11 (eqs 11–13).
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The diastereoselective osmylation has been extended to
oxygen-substituted allylic silane systems, and the general rule
observed for the allylic alcohol system also applies (eq 14).12

High selectivity is also observed in the osmylation of allylsilanes
where the substituent on the chiral center bearing the silyl group
is larger than a methyl group (eq 15).13 These diastereoselec-
tivities have been achieved in both stoichiometric and catalytic
dihydroxylations. Slightly higher selectivity has been observed in
the stoichiometric reaction than in the catalytic reaction; this may
be due to less selective bis-osmate ester formation in the catalytic
reaction using NMO as the cooxidant. Use of K3Fe(CN)6 may
solve this discrepancy. Several rationales have been proposed for
the observed selectivity.14 The conclusion appears to be that the
osmylation of these systems is controlled by steric bias, rather
than by the electronic nature of the allylic system, and osmylation
will occur from the sterically more accessible face. The high di-
astereoselectivity of osmium tetroxide in the dihydroxylation of
chiral unsaturated compounds has been applied widely in organic
synthesis.8,15
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Sulfoxide groups direct the dihydroxylation of a remote dou-
ble bond in an acyclic system perhaps by prior complexation of
the sulfoxide oxygen with osmium tetroxide (eqs 16 and 17).16

Chiral sulfoximine-directed diastereoselective osmylation of cy-
cloalkenes has been used for the synthesis of optically pure di-
hydroxycycloalkanones (eq 18).17 Nitro groups also direct the
osmylation of certain cycloalkenes, resulting in dihydroxylation
from the more hindered side of the ring. In contrast, without the
nitro group the dihydroxylation proceeds from the less hindered
side (eq 19).18
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Enantioselective Dihydroxylation. The acceleration of os-
mylation by tertiary amines brought about the use of chiral amines

as chiral ligands for the asymmetric dihydroxylation (AD).1 The
AD can be classified into two types: (a) noncatalytic reaction,
where stoichiometric amounts of ligand and osmium tetroxide
are used, and (b) catalytic reaction, where catalytic amounts of
ligand and osmium tetroxide are employed in conjunction with
stoichiometric amounts of cooxidant. Generally, in the stoichio-
metric AD systems, chiral chelating diamines are used as chiral
auxiliaries with osmium tetroxide for the introduction of asymme-
try to the diol products.1,19 Although high asymmetric inductions
have been achieved in these systems, the stoichiometric ADs have
limited use in practical organic synthesis because of the cost of
both ligand and osmium tetroxide. The discovery of the ligand-
accelerated catalysis in AD made the transition from stoichio-
metric to catalytic AD possible.1c,1d,20 In the most effective cat-
alytic system, osmium tetroxide or its precursors and chiral ligands
derived from cinchona alkaloids, dihydroquinidine (DHQD), or
dihydroquinine (DHQ), are used catalytically in the presence of a
stoichiometric amount of cooxidant such as NMO or K3Fe(CN)6.
Besides alkaloid-derived ligands, other types of ligand have been
designed and used in the catalytic AD with moderate success.21

(see also Osmium Tetroxide–N-Methylmorpholine N-Oxide and
Osmium Tetroxide–Potassium Ferricyanide).

Double Diastereoselective Dihydroxylation. AD of
homochiral alkenes gives matched and mismatched diastereos-
electivities due to the steric interaction of the chiral osmium
tetroxide–ligand complex with the chiral center in the vicinity
of the alkene double bond. For example, in the noncatalytic
osmylation of the monothioacetal (eq 20),22 the ratio of (2S,3R)
to (2R,3S) diastereomers is 2.5:1 with the achiral quinuclidine
as ligand, 40:1 with Dihydroquinidine Acetate (DHQD-OAc)
as ligand in the matched case, and 1:16 with Dihydroquinine
Acetate (DHQ-OAc) as ligand in the mismatched case.
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Diastereoselectivities in the catalytic AD with OsO4–NMO of
several α,β-unsaturated uronic acid derivatives are significantly
enhanced when the alkenes are matched with the chiral ligands
DHQ-CLB (dihydroquinine p-chlorobenzoate) and DHQD-CLB
(dihydroquinidine p-chlorobenzoate) (eq 21).23 Using the chi-
ral ligands (DHQD)2-PHAL and (DHQ)2-PHAL, the double di-
astereoselective dihydroxylation of a chiral unsaturated ester has
been tested using Osmium Tetroxide–Potassium Ferricyanide
(eq 22).1c These results show that enhanced diastereoselectivity
in the dihydroxylation can be achieved by matching of alkene
diastereoselectivity with catalyst enantioselectivity. Double di-
astereoselective dihydroxylation with a bidentate ligand has also
been reported.24 Kinetic resolutions of racemic alkenes with OsO4
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in the presence of a chiral ligand have been demonstrated.25 An
elegant example is the kinetic resolution of the enantiomers of
C76, the smallest chiral fullerene, by asymmetric osmylation in
the presence of DHQD- and DHQ-derived ligands.26
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Oxyamination of Alkenes and Oxidation of Other Func-
tional Groups. Osmium tetroxide catalyzes the vicinal oxyam-
ination of alkenes to give cis-vicinal hydroxyamides with
Chloramine-T (eq 23)27 and alkyl N-chloro-N-argentocarbamate,
generated in situ by the reaction of alkyl N-chlorosodiocarbamate
(such as ethyl or t-butyl N-chlorosodiocarbamate) with
Silver(I) Nitrate (eq 24).28
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Since chloramine-T is readily available, the former method of-
fers a practical and direct method for introducing a vicinal hy-
droxyl group and a tolylsulfonamide to a double bond. While
the sulfonamide protecting group is difficult to remove (and un-
desirable in some cases), the N-chloro-N-argentocarbamate sys-
tem provides an alternative method, since the carbamate group
can be easily removed to give free amine. This latter system is
also more regioselective and reactive towards electron-deficient
alkenes such as Dimethyl Fumarate and (E)-stilbene than the
procedures based on chloramine-T. In all of these oxyamina-
tion reactions, monosubstituted alkenes react more rapidly than
di- or trisubstituted alkenes. In the presence of tetraethylammo-

nium acetate, trisubstituted alkenes can be oxyaminated with cat-
alytic OsO4 and N-chloro-N-metallocarbamates. So far, attempts
to effect catalytic asymmetric oxyamination have not been
successful.

Osmium tetroxide also catalyzes the oxidation of organic sul-
fides to sulfones with NMO or trimethylamine N-oxide (see
Osmium Tetroxide–N-Methylmorpholine N-Oxide). In contrast,
most sulfides are not oxidized with stoichiometric amounts of
OsO4. Oxidations of alkynes and alcohols with OsO4 without and
in the presence of cooxidants have also been reported.1a,1b How-
ever, these reactions have not found wide synthetic applications
because of the availability of other methods.

First Update

Timothy J. Donohoe, Robert M. Harris & Majid J. Chughtai
Dyson Perrins Laboratory, Oxford, UK

Asymmetric Dihydroxylation Reactions. A substantial
amount of work has been reported on the development of the
asymmetric dihydroxylation (AD) reaction as originally described
by Sharpless.29 A greater understanding has emerged of the func-
tional group tolerance of the AD reaction and also its applicability
towards differing alkene substitution patterns. The mechanism of
the AD reaction has been the subject of intense debate especially
with respect to the question of whether a [2 + 2] or [3 + 2] path-
way is followed, and some insightful mechanistic studies have
followed from this discussion.30

Two representative examples of the AD process are shown be-
low: the first (eq 25)31 helps to define the relative reactivity of the
two alkene units within geraniol with respect to asymmetric di-
hydroxylation (the electron rich C6,7 alkene reacts first), and the
second (eq 26)32 illustrates the compatibility of the AD process
with easily oxidized sulfides.
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Moreover, Sharpless has recently defined a series of bidentate
ligands that help to promote a reaction through the ‘second cat-
alytic cycle.’33 Addition of citric acid to a dihydroxylation reac-
tion gives excellent yields of diols from electron deficient alkenes
(eq 27). In addition to lowering the pH of the reaction, the citrate
additive is presumed to chelate to the transition metal throughout
the reaction so favoring turnover via the second cycle. Dihydrox-
ylation through this mechanism is commonly believed to destroy
any enantioselectivity imparted by the cinchona alkaloid ligands,
and clearly one consequence of the addition of citric acid to a
dihydroxylation reaction is, therefore, the formation of racemic
products when chiral amine additives are added.

      Conditions                                                           Yield (%)

10
           76

1. water/acetone/tBuOH (5:2:1)                                
2. water/tBuOH (1:1), citric acid (25 mol  %)

EtOOC
COOEt
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COOEt

OH

OH

0.2% OsO4, 1.1 equiv NMO

(27)

One possible solution to the lack of enantioselectivity observed
with citric acid additive is the addition of a chiral amino alcohol
(eq 28),34 which performs the same chelating role as the citrate
and locks the reaction into the second cycle. However, the chiral
backbone of the ligand is then capable of imparting enantiose-
lectivity during a subsequent dihydroxylation reaction. While this
area clearly has much potential for development, the enantiose-
lectivities obtained are not yet competitive with those commonly
realized with the conventional AD process.

OR

O

COOH

TsHN

OH

OR

OHO

OH

OH

OHO

NHTs

 0.2% OsO4, 2% ligand 
 1.1 equiv NMO, tBuOH/H2O

(28)

Me                                      48% (ee)                             51% (ee)

Et                                        50% (ee)                             48% (ee)

Ligand
R

Hydrogen Bonding Control During Dihydroxylation. The
reagent combination of OsO4 and TMEDA produces a complex
that acts as a hydrogen bond acceptor and dihydroxylates allylic al-
cohols and amides with control of both stereo- and regiochemistry

(eq 29).35,36 The selectivity observed during this oxidation is op-
posite to that normally observed under dihydroxylation with more
standard (i.e., Upjohn) conditions and is difficult to accomplish
by other means. For example, compare the oxidation of geraniol
under the action of OsO4/TMEDA (eq 30,35 oxidation of the C-
2,3 alkene ensues) with that observed under the action of an AD
mix (eq 25).

OH

NHCOCCl3

OH

OH

OH

NHCOCCl3

OH

OH

then NH2CH2CH2NH2
88%

dr ≥ 25:1

OsO4, TMEDA

dr ≥ 25:1

OsO4, TMEDA

(29)
then aq. Na2SO3

80%

OH

OH
HO

OH

OsO4, TMEDA

(30)

then aq. Na2SO3
74%

There is evidence (NMR, IR, X-ray) that TMEDA forms a (re-
active) bidentate complex with the osmium tetroxide whereby the
diamine ligand increases the electron density on both the osmium
center and also the outlying oxo ligands: this in turn makes them
more electron rich and better hydrogen bond acceptors and so
leads to the selectivity observed.36

The chelating nature of the diamine precludes osmate ester hy-
droysis in situ and means that the oxidation of an alkene requires 1
equiv of osmium tetroxide, followed by a step to release the glycol.
However, the use of catalytic amounts of transition metal in the di-
rected dihydroxylation of allylic amides was shown to be possible
(eq 31)37 by using a monodentate amine (quinuclidine, which is
released in situ from quinuclidine-N-oxide). These conditions are
catalytic in osmium but generally exhibit a less powerful directing
effect than stoichiometric osmium tetroxide and TMEDA.

NHCOCl3 NHCOCl3

OH

OH

1.3 equiv QNO·H2O

5% OsO4
95%

de = 20:1

(31)

In Situ Protection of Diols from Dihydroxylation. Sharp-
less recently examined the applicability of Narasaka’s dihydrox-
ylation reaction conditions (catalytic osmium tetroxide and NMO
in the presence of phenylboronic acid). The boronic acid reagent
replaces the water which is normally present in dihydroxylation
reactions to hydrolyze the osmate ester and liberate the diol.38 In
this case, however, the phenyl boronic acid promotes this reaction
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forming a cyclic boronate ester in the process (eq 32). Sharpless
discovered that these modified conditions could sometimes give
different stereoselectivities to that observed under UpJohn con-
ditions and also that conjugated dienes could be dihydroxylated
only once (something that is not possible with the UpJohn reac-
tion because overoxidation ensues). The cyclic boronate esters so
produced are useful protecting groups for the glycol unit and can
be easily cleaved with aqueous hydrogen peroxide.

Ph

Ph

O

O

O

O

BBPh Ph

Ph Ph

O

O

B

Ph

1% OsO4, 1 equiv NMO

1 equiv PhB(OH)2

42% (32)

4% OsO4, 2.2 equiv NMO

2.2 equiv PhB(OH)2

81%

Oxidative Cyclization of 1,5-Dienes. The oxidative cycliza-
tion of 1,5-dienes to produce cis-tetrahydrofurans has previously
been reported only with strong oxidants such as KMnO4 and
RuO4; yields are not usually above 50% probably because of
overoxidation of the products. This reaction is an interesting one
because addition of oxygen is (syn) stereospecific across both
alkenes and also stereoselective for the formation of 2,5-cis-
tetrahydrofuran; it is possible to make up to four new chiral centers
and one heterocyclic ring in one step. Recently, there have been
reports of osmium tetroxide promoting the same type of oxidative
cyclization, using either periodate39 or amine-oxides as reoxidants
(eq 33).40 The yields for such reactions (especially using amine-
N-oxides in conjunction with acidic conditions) are very high, and
this method promises to become a useful way of preparing heav-
ily substituted heterocycles in one step. The role of stereodirect-
ing groups on the 1,5-diene backbone was also probed.40 Studies
showed clearly that lowering the pH of the reaction was essen-
tial in promoting oxidative cyclization at the expense of simple
dihydroxylation.

OBn

OBn

OBn

O

HO H OH

OBn

O
HH

HO

OBnBnO

OH

5% OsO4
4 equiv Me3NO, TFA

95%

5% OsO4, 4 equiv Me3NO
6 equiv CSA

84%
(33)

New Reoxidants for Dihydroxylation. Bäckvall has intro-
duced some well thought out reoxidants for the dihydroxylation
and asymmetric dihydroxylation processes. Hydrogen peroxide
is the terminal oxidant that oxidizes osmium(VI) back to os-
mium(VIII) by first oxidizing flavin (the product flavin-OOH in
turn oxidizes an amine to its N-oxide in situ; this N-oxide then
acts conventionally in the dihydroxylation reaction). Originally,
N-methylmorpholine was the amine of choice and this additive
could be added in catalytic amounts. Recent developments have

seen the use of even cheaper amine additives such as triethylamine
(eq 34).41 This ‘triple catalytic’ system is also compatible with
Sharpless’ chiral ligands and allows oxidation of a range of alkenes
with high enantioselectivity.

N

N

N

N O

O

H

Ph Ph
OH

OH

flavin  =

75%
95% ee

2% OsO4, 1.5 equiv H2O2, 2 equiv TEA
6% (DHQD)2PHAL, 5% flavin

(34)

In another development, Krief has shown that selenoxides (es-
pecially aryl/alkyl selenoxides) are capable of replacing amine-
oxides as the reoxidant in the dihydroxylation reaction. An asym-
metric process based on (DHQD)2PHAL (named SeOAD) was
also developed and this gave good to excellent ee’s with a range
of alkenes.42

Aminohydroxylation of Alkenes. Asymmetric aminohy-
droxylation (AA) reaction is a powerful method for preparing
vicinal aminoalcohols in a stereospecific reaction from alkenes
using osmium catalysis; the use of cinchona based ligands enables
the products to be formed with high levels of enantioselectivity.43

It should be noted, however, that Sharpless’ aminohydroxylation
reaction does not usually involve the addition of osmium tetrox-
ide, rather potassium osmate [K2(OH)4OsO2] is employed as the
catalyst. There are several reasons for this, such as the ease of
handling and minimization of the diol side-product. Therefore,
this review will concentrate only on the recently published exam-
ples that use osmium tetroxide as the transition metal additive. The
first example shown below is unusual in that oxidation of a silyl
enol-ether means that one of the newly formed chiral centers is
lost as an amino-ketone is formed in situ (eq 35);44 however, good
levels of enantioselectivity were observed within these products.

OTMS O

NHTs

85% ee

(DHQD)2-PYR
45%

(35)

cat OSO4
Chloramine-T

Another example shown regards the regio- and stereoselective
hydroxyamination of chiral alkenes using a similar reagent com-
bination (eq 36);45 in this case the nitrogen was placed at the least
hindered end of the alkene (this is the commonly expected out-
come of the AA process, although exceptions are known). There
is no need for a chiral ligand here because the facial selectivity is
set by the steric bias of the bridged ring system.

cat OsO4, Chloramine-T

OH

NHTs

79%
(36)
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Oxidative Cleavage of Alkenes. An alternative to the ox-
idative cleavage of alkenes using ozone or the Lemieux–Johnson
protocol has been reported recently. Under the action of catalytic
osmium tetroxide, with oxone as a reoxidant, a variety of substi-
tuted alkenes were cleaved efficiently to furnish carbonyl com-
pounds (eq 37).46 Any of the aldehydes that are produced via this
sequence are immediately oxidized in situ to give the correspond-
ing acid; clearly this does not happen for any ketones so produced.
Even electron deficient alkenes such as α,β-unsaturated carbonyl
compounds could be conveniently oxidized, although the prod-
ucts then underwent a decarboxylation reaction to produce the
corresponding diacid.

OBn

O

O

OBn

O

HO2C CO2H

O

O

1% OsO4, 4 equiv Oxone

1% OsO4, 4 equiv Oxone

1% OsO4
2 equiv Oxone (37)

The authors postulate that vicinal diols are not produced as
intermediates during this reaction sequence, primarily because
the reintroduction of such diols does not lead to the formation of
cleaved products but leaves them unaltered.

Photoinduced Charge Transfer Osmylation. The reaction
of osmium tetroxide with benzenoid derivatives can only be
accomplished by irradiation of the mixture. This reaction had pre-
viously been shown to work (with stoichiometric osmium tetrox-
ide) by promotion of charge transfer between the two reactants to
form an ion-pair; this can then collapse to form an osmate ester of
benzene diol. Subsequent dihydroxylation of this intermediate ap-
pears to follow a more conventional (and stereoselective) course.
The use of catalytic osmium tetroxide (in conjunction with bar-
ium perchlorate as a reoxidant) for this reaction is noteworthy, as
is the formation of both inositol and conduritol derivatives in one-
pot (eq 38).47 The photoinduced osmylation of mono-substituted
arenes was possible although the yields were lower and the amount
of cyclitol-type products reduced.

AcO

AcO

OAc

OAc

OAc

OAc

OAc

OAc

OAc

OAc

1. 1.3% OsO4, hv, 0.22 M Ba(ClO4)2
2. Ac2O, Et3N, DMAP

36%

+ (38)

Immobilized Forms of Osmium Tetroxide. Several groups
have been actively searching for immobilized forms of osmium

tetroxide in order to overcome the problems of toxicity and volatil-
ity associated with this reagent. Ley has encapsulated osmium
tetroxide in a polyurea matrix forming a stable catalyst that is
completely insoluble in water or organic solvents (eq 39).48 This
catalyst is then capable of promoting the dihydroxylation reaction
of a range of alkenes using NMO as the reoxidant. The microcap-
sules (called Os EnCat) could be stored for long periods of time
without special precautions and could also be reused five times
without any loss in activity.

R

Ph

NMO

Ph

R

HO

OH

5% Os EnCat

80–85%R = Me, Ph, CO2Me

(39)

Kobayashi has recently encapsulated osmium tetroxide into a
polymer derived from acrylonitrile, butadiene, and polystyrene.
This catalyst (called ABS-MC OsO4) has also been used to give
geminal diols from alkenes using NMO as a reoxidant; it can be
easily recovered and then reused (eq 40).49 In addition, Kobayashi
has shown that this immobilized catalyst is compatible with con-
ditions for the AD reaction and gives diols with good levels of
enantioselectivity when (DHQD)2PHAL ligands are included in
the dihydroxylation reaction.

Ph

5% (DHQD)2PHAL
NMO

PhHO

OH

5% ABS-MC OsO4

81–97%, 84–96% ee

(40)

Other approaches to immobilization have included the use of
macroporous resins and functionalized silica solids that contain
residual vinyl groups which can be dihydroxylated as a means of
anchoring the transition metal to the solid support: the resulting
osmium(VI) complexes are then reoxidized in situ.50 The AD
reaction has also been investigated with polymeric versions of
Sharpless’ chiral cinchona based ligands.51

Oxidation of Alcohols and Amines using Osmium Tetrox-
ide. Recent reports have shown that benzylic amines can be ox-
idized to yield nitriles using an oxidizing system that includes
catalytic osmium tetroxide. Unfortunately, only benzylic amines
could be successfully oxidized, with aliphatic derivatives giving
rise to complex reaction mixtures (eq 41).52

NH2

Me3NO

CN

cat OsO4
50%

(41)

There have also been reports of the oxidation of alcohols into
aldehydes and ketones using oxygen and catalytic osmium tetrox-
ide in the presence of copper (eq 42).53 Remarkably, allylic alco-
hols are not dihydroxylated at all and the reagent does not lead to
any overoxidation to carboxylic acids. This reagent combination
will only oxidize activated alcohols (such as benzylic or allylic)
and is, therefore, a useful alternative to manganese dioxide.
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OH

OH O

O2% OsO4, 1% copper(II) 
2-ethylhexanoate

18% allyl ethyl ether, O2
98%

1% OsO4, 1.5% CuCl

5% py, O2
69%

(42)

Related Reagents. Sodium Periodate–Osmium Tetroxide.

Second Update

Jung Woon Yang, Sun Min Kim, Joong Suk Oh & Choong
Eui Song
Department of Chemistry and Department of Energy Science,
Institute of Basic Science, Sungkyunkwan University, Suwon,
Korea

Dihydroxylation of Alkenes: Synthetic Applications.

Using Upjohn condition (OsO4-NMO). The utility of the Up-
john protocol for the dihydroxylation was recently demonstrated
in the synthesis of bicyclic analogues of pentopyranoses,54a

(–)-anisomycin,54b trisubstituted γ-butyrolactone,54c 6-bromo-
4-(1,2-dihydroxyethyl)-7-hydroxycoumarine (Bhc-diol) as
a photoremovable protecting group,54d 3,4-dihydroxy-2-(3-
methylbut-2-enyl)-3,4-dihydronaphthalen-1(2H)-one,54e benzo-
[c]pyrano[3,2-h]acridin-7-ones,54f both enantiomers of conduri-
tol C tetraacetate and of meso-conduritol-d-tetraacetate.54g

Recently, Richarson and coworkers developed a convenient
method for in situ generation of NMO from NMM (N-
methylmorpholine) using CO2 and H2O2. The NMO is quantita-
tively formed in situ without isolation, and undergoes asymmetric
dihydroxylation of alkenes to yield the resulting diols with high
enantioselectivities.55

Using OsO4-TMEDA condition. Dihydroxylation of homoal-
lylic alcohol using stoichiometric OsO4 with TMEDA (tetram-
ethylethylene diamine) as a ligand predominantly provides syn
product. The enhanced syn selectivity can be ascribed to the coor-
dination of TMEDA to OsO4, thereby enhancing the electronega-
tivity of the oxo-ligand on osmium and favoring hydrogen bonding
to the homoallylic OH-group. This methodology was efficiently
applied to an enantioselective formal synthesis of (–)-Secosyrin 1,
a natural product isolated from Pseudomonas syringae, showing
an unusual response in resistant soybean plants (eq 43) .56

Donohoe et al. also studied the directed dihydroxylation of
homoallylic trihaloacetamide under OsO4−TMEDA conditions.
In particular, replacement of trichloroacetamide with trifluoroac-
etamide as a directing group produced syn selectivity that is re-
markably enhanced under OsO4-TMEDA conditions (eq 44).57

The Fuchs and coworkers approach to apoptolidin commenced
with a hydrogen-bonding directed dihydroxylation of a single (Z)-
allylic hemiacetal by employing Donohoe’s OsO4-TMEDA con-
dition to give Apoptolidin diols in quantitative yield with high syn
selectivity, whereas (E)-allylic acetal (if R = CH3) produced the
opposite selectivity (eq 45).58

O
OH

OCH3

1. OsO4 (1 equiv)

   TMEDA, CH2Cl2

O
OH

OCH3

OHHO

+ O
OH

OCH3

OHHO

syn (major) anti (minor)

syn:anti = 99:1

secosyrin 1

O
O

O

OCO(CH2)4CH3HO

(43)

2. MeOH, HCl

HN
X

O

HN
X

O

AcO OAc

HN
X

O

AcO OAc

+

1 or 2

X = CCl3; 1. OsO4-TMEDA, 1.2:1 (syn:anti), 92% yield
                 2. UpJohn, 1:1 (syn:anti), 99% yield

syn anti

X = CF3; 1. OsO4-TMEDA, >20:1 (syn:anti), 98% yield
                2. UpJohn, 1:1 (syn:anti), 98% yield

(44)

then, Ac2O/pyridine

Conversion of a spirodiene to the desired diol was also achieved
in 60% yield as a single diastereomer by employing Donohoe’s
OsO4-TMEDA complex (eq 46).59

New Cooxidants for Dihydroxylation. In recent studies, sev-
eral oxidants, O2,60a air,60b NaClO2 (sodium chlorite),60c NaOCl
(sodium hypochlorite),60d PhSe(O)Bn,60e Ba(ClO)3,60f and
Me3NO60g–i were successfully used as cooxidants in Os-
catalyzed dihydroxylation of olefins. For instance, Donohoe re-
ported on the use of Me3NO as a cooxidant in the dihydroxylation
process, which allows the synthesis of (±)-1-epiaustraline in 14%
overall yield from N-Boc-pyrrole 2,5-methyl diester (eq 47).61

The construction of syn-diol moiety is employed by means of
OsO4-Ba(ClO)3 oxidation (eq 48).62

Allylic hydroperoxides can be directly converted to the corre-
sponding triols upon treatment with a tiny amount of OsO4 (0.2
mol %) in aqueous acetone. Hydroperoxide acts as both a directing
group and an internal cooxidant (eq 49).63
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PhO2S

OTBS

OMe

O
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OTBS

CO2Me

OsO4 (1equiv)

TMEDA (1.1 equiv)

CH2Cl2, –78 ºC

PhO2S

OTBS

OMe

O
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OTBS

CO2Me
PhO2S

OTBS

OMe

O
OR

OTBS

CO2Me
+

OHOH OHOH

syn anti(syn:anti = 9:1)

Apoptolidin Diols

(R = H)

(45)

NH NH OH
OH

1. OsO4, TMEDA

   –78 to 25 ºC, 2 h

60% yield

(46)
2. MeOH, HCl, 2 h

NBoc

CO2Me

MeO2C

H

OsO4 (cat.)

NBoc

CO2Me

MeO2C

H

HO

HO

N

OH

HO

HO OHH

1-epiaustraline

(47)

CH2Cl2, Me3NO

OsO4 (cat.)

Ba(ClO)3
HN

NO2
O

O

H

H
N

H
H

O

OTBDMS

HN

NO2
O

O

H

H
N

H
H

O

OTBDMS
OH

OH
(48)

THF–H2O (4:1)

 rt, 24 h

OOH
OsO4 (0.2 mol %)

OH

OH

OH

30–94% yields

(49)
acetone–H2O (9:1), rt

Deprotection by Using OsO4/NMO. The selective cleavage
of propargyl ethers and tosyl groups can be achieved under OsO4-
catalyzed dihydroxylation conditions. For example, deprotection
of the propargyl ethers was achieved by isomerization to the corre-
sponding allenes with potassium tert-butoxide, followed by cleav-
age with catalytic amounts of OsO4 and NMO to release the parent
alcohols (eq 50).64a,b

O
O O

OPh

O
TBDMS

O O

OMe
BnO

OBn

BnO

O
O O

OHPh

O
TBDMS

O O

OMe
BnO

OBn

BnO

(β:α = 5:1)

80% yield

t-BuOK

OsO4, NMO

(50)

Deprotection of tosyl groups is highly dependent on the double
bond position during the course of dihydroxylation of olefins. For
instance, the tosyl group was deprotected to produce alcohol if the
numbers of methylene units are less than 2, while the tosyl group
was tolerated if the number of methylene units is greater than 2
(eq 51).65
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OsO4 (0.2–10 mol %)

NMO (1.0 equiv)
OTsR

n

OXR
n

OH

OH

n = 1 or 2; X = H

n = >2; X = OTs

(51)

acetone–H2O

Asymmetric Dihydroxylation: Synthetic Applications. Re-
cently, the synthesis of d-xylose-protected alkanediol,66a (S)-
oxybutynin,66b natural (−) and unnatural (+) glyceollin I,66c

l-DOPA, and (R)-Selegiline66d was realized by using Sharpless
asymmetric dihydroxylation as a key step.

Stereoselective Oxidative Cyclization of 1,5-dienes
Catalyzed by OsO4. There have been reports of osmium
tetroxide promoting the nonasymmetric oxidative cyclization
of 1,5-dienes to produce cis-tetrahydrofurans, using either
periodate67 or amineoxides68 as reoxidants. Stereoselective
oxidative cyclization of a 1,5-diene to furnish enantioenriched
cis-tetrahydrofuran was also reported by Donohoe et al.69

Os-catalyzed asymmetric dihydroxylation followed by oxidative
cyclization of 1,5-diene was accomplished with Me3NO (TMO)
as an oxidant under acidic conditions using catalytic OsO4. It
was postulated that the 1,2-diol was tightly bound to Os prior
to oxidation of the pendant alkene, leading to cyclization of
the conformationally rigid vicinal diol with a high level of
stereocontrol. This protocol was successfully applied to a formal
synthesis of (+)-cis-solamin (eq 52).69

O OH

H H

OH OH
O

O

Os

O

O

OH

H

H

R

H

OsO4 (5 mol %)

isoprene (5 equiv)

10

81% yield, >90% ee

(+)-cis-solamin

5 steps

OH11

OH

OH

OH

11

>90% ee

Sharpless

“AD-mix-α”

via

(52)
O

H H

OH OH

10

O

O

9

TMO, TFA/acetone/H2O, rt

The same group further extended this methodology to the enan-
tioselective total synthesis of the potent antitumor agent (+)-cis-

sylvaticin through double oxidative cyclization using OsO4 to
establish the bis-THF core. Synthesis of the bis-THF fragment
began with commercially available tetradecatetraene. Dihydrox-
ylation of the tetraene followed by in situ protection selectively
yielded terminal diene. Mono-dihydroxylation of the terminal di-
ene using the Sharpless AD-mix-β produced a diol. The aldehyde
was then generated using sodium periodate, followed by Wittig
reaction to produce a new diene that contained a long chain alkyl
group. The resulting diene underwent double oxidative cycliza-
tion in the presence of OsO4 to produce a single diastereomer of
the key bis-THF fragment (eq 53).70

O
H H

OH OH

OsO4 (5 mol %)

cinnamic acid

9

Sharpless “AD-mix-α”

then

O

O

O

O

37% yield, >98% ee, >90% de

H2C CH(OMe)CH3

        CSA

PPh3

1. NaIO4

9

O

O

O

O

9

O

OH

H H

HO

77% yield (as a single diastereomer)

(+)-cis-Sylvaticin

Sharpless “AD-mix-β”

O

O

O

O

HO

OH

59% yield

(53)

Me3NO (5 equiv)

TFA, acetone/H2O

2.

The same group also described a highly stereoselective synthe-
sis of pyrrolidines utilizing a OsO4-catalyzed oxidative cycliza-
tion strategy. Preferential mode of cyclization is most likely due to
the robust intramolecular coordination of osmium with nitrogen
and oxygen atoms of the N-tosylated aminoalcohol (eq 54).71

Aminohydroxylation of Alkenes. Sharpless’ asymmetric
aminohydroxylation (AA) allows for the catalytic and enantios-
elective synthesis of protected vicinal aminoalcohols in a single
step.72a This reaction is significant as it applies to the synthesis of a
wide variety of biologically active agents and natural products. For
example, new monoterpene β-amino alcohols can effectively be
synthesized from (+)-2-carene, (+)-3-carene, (−)-β-pinene, and
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(−)-camphene using commercially available chloramine-T as the
nitrogen source.72b

OsO4 (5 mol %)

trans-cinnamic acid

NHTs

OH

N
OH

HHO H

N
O

H

Ts

Os

O

O

61% yield

Ts

(54)

TMO, CSA (6 equiv)

CH2Cl2, rt

Aminohydroxylation Reaction using a New Nitrogen Source.
Luxenburger and coworkers reported a base-free, intermolecu-
lar asymmetric aminohydroxylation (AA) reaction of olefins with
alkyl 4-chlorobenzoyloxycarbamates as a nitrogen source that is
readily prepared.73 Generally, the reoxidant for an AA reaction is
typically carbamate salt prepared in situ by treatment of NaOH
with t-BuOCl. The addition of a base was mandatory for the pro-
motion of the AA reaction. However, Luxenburger’s reagent is
found to be effective under base-free reaction conditions. The reac-
tion proceeds under neutral conditions and various base-sensitive
functional substituents were not affected (eq 55).

R
R1

 (DHQD)2PHAL (5 mol %)

OsO4 (4 mol %)

carbamate (1.4 equiv)

R
R1

OH

NHR

+ R
R1

NHR

OH

43–96% yields, up to 97% ee
regioselectivity (up to 13.4:1)

RHN
O

O

Cl

R = CO2Et, Cbz, Boc, Fmoc

nitrogen source :

(55)

CH3CN:H2O (8:1), rt

Applications of Imido-Osmium (VIII) Complex to Diamina-
tion and Aminohydroxylation. Imidoosmium(VIII) compounds
are versatile reagents that can be used for the transformation of
olefins to vicinal diamines or vicinal aminoalcohols. Since the
pioneering work of Sharpless in the development of the diamina-
tion of olefins,74 Muñiz et al. reported the first example of asym-
metric diamination of alkene bearing an (−)-8-phenylmenthol es-
ter as a chiral auxiliary with bisimidoosmium complex at −15◦C
to give the corresponding osmaimidazolidine as a 94:6 dr (di-
astereomeric ratio). The stabilized osmaimidazolidine compound

can be purified by column chromatography, followed by reduc-
tion with LiAlH4 to give an enantiomerically pure vicinal diamine
(eq 56). They also investigated diamination of electron-deficient
olefins including amides, ketones, and aldehydes as the functional
groups with bis(imido) complex. As a result, the corresponding
osmaimidazolidines were obtained as a single product in high
chemical yields (84–92%).73a–c

O

Ph

Ph

O

+ Os

NtBu
O

O NtBu

O
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O

N
Os

N Ph

O

O
tBu

tBu

LiAlH4, THF, rt

Ph

tBuHN CH2OH

tBuHN

(56)

THF

–15 ºC, 56%

94% yield

Interestingly, the use of monoimidoosmium(VIII) complex in
combination with dimethyl fumarate provided complicated prod-
ucts such as diols and aminoalcohols. On the other hand, bis- and
tris(imido)osmium complexes displayed complete chemoselectiv-
ity and underwent diamination exclusively (eq 57).76
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CO2MeHO

HO CO2Me

CO2Me

MeO2C
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CO2MeHN

HO CO2Me

tBu

+

11% yield 52% yield
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CO2MeN
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N CO2Me

X

O
tBu

tBu

X = O; 90% yield
X = tBuN; 92% yield

(57)

then, Na2SO3/H2O

THF

rt

In particular, this protocol showed a highly chemoselective
diamination of vinyl acrylate. For example, the diaminated prod-
uct was the sole product with neither diol nor aminoalcohol being
detected. Diamination of the acrylate C=C double bond was ex-
clusive. (eq 58).76
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Os

NtBu
O

O
NtBu

+
THF, rt

N
Os

N

O O

tButBu

O

O

O

O

100:0

(58)

92% yield

Recycling of Osmium by Immobilization of Osmium
Tetroxide. Several groups have been actively searching for im-
mobilized forms of osmium tetroxide in order to overcome the
problems of toxicity and volatility associated with this reagent.
The following are some representative examples of immobi-
lization methods for a catalytic system (OsO4 and/or cinchona
alkaloid ligand).

Immobilization of Osmium Tetroxide onto Macroporous
Resins. Song and coworkers reported simple immobilization of
OsO4 onto macroporous resins such as Amberlite XAD-4 (di-
vinylbenzene and styrene copolymer) or XAD-7 (divinylbenzene
and acrylate copolymer) bearing residual vinyl groups via osmy-
lation. The osmylated resins are air-stable, nonvolatile, and much
easier to handle than their homogeneous counterpart. Moreover,
the resin-bound OsO4 exhibited excellent catalytic activity in the
asymmetric dihydroxylation (AD) of olefins. After reaction, the
recovered osmylated resins could be reused for five consecutive
reactions without any significant decrease in product yield. The
osmylated resin in particular maintained its catalytic efficiency
for almost three cycles even if the catalyst loading of Amberlite
XAD-7 was reduced to 0.2 mol % (eq 59).77

O

OsO

O
O

O

Os O

O
O

O
Os

O

O

O

XAD-4·OsO4 or XAD-7·OsO4

(0.1–1 mol %)

RL

RMRS

H HO OH

RMRS
H H (59)

(DHQ)2PHAL (0.1–1 mol %)

K3Fe(CN)6/K2CO3

t-BuOH:H2O(v/v=1:1), rt

Although this approach is highly efficient for recycling the
osmium component, an additional acid-base work-up procedure
is required to recover the cinchona alkaloid-derived chiral ligand.
For this reason, the same group attempted to develop an immobi-
lization method for simultaneous recovery and reuse of both cat-
alytic components (osmium and cinchona alkaloid-derived chiral
ligand).78 Addition of OsO4 to macroporous cinchona alkaloid
resin bearing residual vinyl groups resulted in the formation of
rigid Os-ligand complexes and partially osmylated product onto
resins. The catalytic system exhibited excellent activity and enan-
tioselectivity (up to 99% ee) in heterogeneous Os-catalyzed AD
reactions (eq 60).

N N
O

N
N

O

N

N
OMe

OMe

N N
O

N
N

O

N

N
OMe

OMe

OsO4

O

Os
O

O

O

O

Os
O

O

O

OsO4

macroporous alkaloid resin
bearing residual vinyl groups

(white-colored resin)

Os-complex of macroporous alkaloid resin
(black-colored resin)

(60)

Application of Osmylated Macroporous Resins for Asymmet-
ric Aminohydroxylation. Song and coworkers also examined
the utility of osmylated macroporous resins for the asymmetric
aminohydroxylation (AA) of olefins with AcNHBr/LiOH as the
oxidant/nitrogen source. Most of the reactions proceeded with
excellent enantioselectivity (>99% ee for trans-cinnamate deriva-
tives) and extremely high regioselectivity (>20:1). After reaction,
the osmylated resins can be quantitatively recovered and reused
in three consecutive reactions without any significant loss of cat-
alytic efficiency (eq 61).79

Macroencapsulation Method for Immobilization of Osmium
Tetroxide. Macroencapsulation is a technique for entrapping pre-
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cious metals in a polymeric coating of microspheres. Kobayashi
and coworkers introduced a phenoxyethoxymethyl-polystyrene
microencapsulation (PEM-MC) method for the immobilization
of OsO4. To examine the efficiency of the PEM-MC OsO4, the
AD of olefin was performed using (DHQD)2PHAL as a chi-
ral ligand and K3Fe(CN)6 as a cooxidant in acetone/H2O. The
microencapsulated OsO4 catalyst can be recovered quantitatively
by simple filtration and reused without loss of activity. However,
microencapsulated OsO4 exhibited somewhat inferior catalytic
activity and enantioselectivity compared with its homogeneous
analogue. Interestingly, when using PEM-MC OsO4 and Triton

©R

X-405 as a nonionic phase transfer catalyst, the reaction proceeds
smoothly and produces the desired product with water as the sole
solvent.80

CO2
iPr

XAD-4·OsO4 or XAD-16·OsO4

(4 mol %)

CO2
iPr

OH

NHAc

>99% ee, >20:1 (regioselectivity), 
93% yield (XAD-4·OsO4), 90% yield (XAD-16·OsO4)

(61)

(DHQ)2PHAL (5 mol %)

AcNHBr (1.1 equiv)/LiOH (1.0 equiv)

t-BuOH–H2O (1:1), 5 h, 4 ºC

Ley and Malla Reddy independently reported OsO4 microen-
capsulated in polymer matrices such as polyurea or polysulfone,
respectively. Polyurea-microencapsulated OsO4 has proven to be
extremely robust and long-term storable. High chemical yield and
excellent enantioselectivity was also achieved using polysulfone-
microencapsulated OsO4 even without the need for slow addition
of olefins.81a,b

Immobilization of Osmium Tetroxide into Ionic
Liquids. Room temperature ionic liquids (RTILs) have emerged
as powerful media for the immobilization of catalysts. Several
research groups have pursued AD reaction by immobilizing OsO4

into ionic liquids. In 2002, Yao initially studied the Os-catalyzed
dihydroxylation under standard Upjohn conditions (OsO4/NMO
in t-BuOH/H2O) in the presence of RTILs such as 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim]PF6). Both
the catalyst and the RTIL can be recycled and reused in the AD
reaction, but with a decrease of catalytic activity due to the Os
leaching. 4-dimethylaminopyridine (4-DMAP) as a ligand was
added to the reaction mixture for the creation of amine-OsO4

complex in order to prevent Os metal leaching. The resulting
complex strongly binds to cationic imidazolium moieties of
RTIL, which enhances its immobilizability in polar ionic liquids
(eq 62).82

OH

OH

NN OsO4

(2 mol %)
(62)

NMO, ionic liquid

t-BuOH-H2O

Yanada et al. also described the immobilization of OsO4 in
ionic liquid [Emim][BF4] applied to several substrates including
mono-, di-, and trisubstituted aliphatic olefins as well as aromatic
olefins.83

Song et al. employed 1,4-bis(9-O-quininyl)phthalazine
[(QN)2PHAL] as a chiral ligand for an AD reaction using NMO
in mixtures of [Bmim][PF6] and acetone–H2O. (QN)2PHAL can
also be converted into a new ligand bearing highly polar residues
(four hydroxy groups) during AD reactions. This highly polar
ligand can be strongly immobilized in the ionic liquid phases and
thus minimize Os leaching during the extraction of product. The
recovered ionic liquid phase containing Os and chiral ligand are
capable to reuse it three times even at a low catalyst loading of
Os (0.1 mol %). A distinctive feature of this methodology is that
it requires neither structural modification of the ligand nor high
catalyst loading of OsO4 (eq 63).84

N

MeO

O

N

H

HO

OH

NN
O

N

OMe

H

N

HO

OH

Ph
Ph

(QN)2PHAL (2.5 mol %)

OsO4 (1 mol %), NMO (1.5 equiv)

Ph
Ph

OH

OH

+

(63)
Ionic liquid, acetone–H2O (10:1)

92% yield, 98% ee

On the other hand, Afonso and coworkers described an AD
reaction in a biphasic solvent system ([Bmim][PF6]/H2O using
OsO4 (0.5 mol %), (DHQD)2PHAL (1.0 mol %), and K3Fe(CN)6
(3 equiv) as a cooxidant at room temperature.85

Immobilization of Osmium Tetroxide onto Sugar. Table sugar
(sucrose), a disaccharide of glucose and fructose, contains eight
free hydroxyl functional groups that can be used as a new me-
dia for convenient immobilization methods. Song and coworkers
demonstrated that the combination of sucrose and highly polar-
ized alkaloid ligands generated in situ from (QN)2PHAL during
the reaction provided a highly simple and efficient approach for
recycling both catalytic components (OsO4 and chiral cinchona
alkaloid ligand). The chiral catalyst is strongly bounded into sugar
moiety in aqueous phase and thus isolated chiral diol from organic
layers by extraction with Et2O. 0.1 mol % of Os-catalyst load-
ing was sufficient to reach excellent enantioselectivity (>99% ee)
(eq 64).86

Immobilization of Osmium Tetroxide onto Ionic Polymer
Support. The incorporation of OsO4 onto short-length PEGy-
lated (PEG: Poly(ethylene glycol)) ionic polymers was achieved
by Janda and coworkers. Immobilized OsO4 exhibited excellent
catalytic performance and recyclability in the AD reaction. The
high recyclability could be attributed to the interaction between
the induced dipole of OsO4 and the ions of the polymeric scaf-
folds in a manner similar to ionic liquids. Moreover, Os-bounded
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N

O
N N

O

N

N N

HH
OMe OMe

>99% ee  (Ether Phase)

(QN)2PHAL (2.5 mol %)

OsO4 (0.1 mol %)

NMO, acetone–H2O

Sucrose

N

O
N N

O

N

N N

HH
OMe OMe

OsO4

HO
OH HO OH

Sugar Phase

Total TON = ~3500

(QN)2PHAL

OH

OH

(64)

polymer is also able to effectively immobilize a significant amount
of chiral ligand (eq 65).87

MsO-PEG3-OMe (3 equiv)

PEG3

MsO

PEG3

BF4

PEG3

BF4

Os

(65)

P

P

P

P: poly(4-vinylpyridine/styrene)
MsO-PEG3-OMe: tri(ethylene glycol) monomesylate monomethyl ether

DMF, 80 ºC, 48 h

NH4BF4

DMF, rt, 1 h (x3)

OsO4

CH3CN, rt, 24 h

Immobilization of Osmium Tetroxide onto PEG Support.
PEG [Poly(ethylene glycol), molecular weight: 400] can be used
as an alternative recyclable medium for the AD reaction. Using
(DHQD)2 PHAL ligand, OsO4, and NMO in PEG, it was possi-
ble to reuse the catalytic system for up to five cycles, producing
the desired diols in high yields with excellent enantioselectivities
without any loss of catalytic activity.88

Immobilization of Osmium Tetroxide onto Other Supports.
Good performance in terms of chemical yield (up to 90%),
enantioselectivity (up to 86% ee), and recyclability of both compo-
nents (OsO4 and chiral ligand) was achieved by employing silica-
supported chitosan-OsO4

89a and wool-OsO4 complex in the AD
reaction of olefins.89b,c Fullerene was also shown to serve as a
support for efficient immobilization of OsO4, which was success-
fully recovered and recycled several times.90

Recycling of Osmium from Homogeneous Systems. Con-
ceptually new methodology for recycling of osmium species from
homogeneous systems was developed by Donohoe et al. For ex-
ample, the reaction of bis(imino)osmium(VI) complex, which
is synthesized by mixing trans-stilbene with OsO4, and trans-
stilbene with tert-butyl hydroperoxide (tBuOOH) in CH2Cl2
produced a corresponding osmium(VII) intermediate. This inter-
mediate was isolated by column chromatography, which was sub-
jected to hydrolysis in acetone:H2O (4:1) at 60 ◦C to produce a
stilbene diol (87% yield) and liberate bis(imino)osmium(VI) com-
plex for reuse (eq 66).91

N
R

Os

R
N

O

O R′′′

R′′

N
R

Os

R
N

O

OO

R′′′

R′′ acetone–H2O 

(4:1)

R′′HO

HO R′′′

+
N
R

Os

R
N

O

O

R′

R′

R′

Os(VI)

Os(VI)

Os(VII)

recycling system

tBuOOH

CH2Cl2, 5 min

60–91% yields

(66)

60 ºC

Oxidative Cleavage of Olefins. Oxidative cleavage of olefin
is used widely in organic synthesis. Most oxidative cleavage of
olefin reactions can be classified into two categories: direct cleav-
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age via ozonolysis; and dihydroxylation of olefin followed by diol
cleavage. Recently, Borhan and coworkers demonstrated that the
combination of OsO4/Oxone is an effective system for the oxida-
tive cleavage of alkenes, where Oxone plays three distinct roles
in this system: (i) reoxidation of Os(VI) to form Os(VIII) species;
(ii) promotion of oxidative cleavage to intermediate aldehyde be-
ginning with an attack of a peroxomonosulfate ion derived from
Oxone into Os(VIII) species; and (iii) oxidation of aldehyde into
carboxylic acid. The reaction can be considered as an alternative
to ozonolysis because the reaction proceeds without the interme-
diacy of 1,2-diols (eq 67).92

R R

R H

O

R OH

O

OsO4

R R

O O
Os

O O

R R

O O
Os

O OO

[O]

HO3SO2

R R

O O
Os

O
OO

O
OSO3H

Oxidative
Cleavage

[O]

OsO4 (0.01 equiv)

Oxone (4 equiv)

R R1

R OH

O
+

R1 OH

O

(67)

DMF, 3 h, rt

–

–

OsO4-mediated oxidative cleavage/oxidative lactonization of
alkenols with Oxone as the cooxidant in alcoholic solvents pro-
duced the corresponding lactones via the formation of aldehydes
as a key intermediate (eq 68).93

OH
n O

O
OsO4 (cat.)

n

(68)
Oxone/solvent

Borhan and coworkers described the stereoselective total syn-
thesis of (+)-tanikolide, a natural product isolated from the marine
cyanobacteria Lyngbya majuscula, using OsO4-mediated tandem
oxidative cleavage–lactonization of the alkenol in the presence of
soluble Oxone (n-Bu4NHSO5) to produce the lactone (eq 69).94

OH

OH
8

O

O
OH

1. OsO4 (1 mol %)

   n-Bu4NHSO5 (4.4 equiv)

   THF (73%)

(+)-tanikolide

(69)

2. Pd(OH)2/H2

    EtOAc, rt (87%)

Similarly, the importance of the tandem oxidative cleavage–
lactonization reaction using OsO4–Oxone was demonstrated by

Boland and coworkers during a short and efficient total synthe-
sis of several alkanolides, alkenolides, and dihydroisocoumarins.
For instance, micromolide was synthesized that is potent in vitro
activity against Mycobacterium tuberculosis (H37Rv) (eq 70).95

OH

C8H17
3

3

O
O

C7H15

1. OsO4, Oxone, DMF, rt

76% yield over two steps

>99% ee

Micromolide

(70)

2. H2, Lindlar catalyst, hexane, –5 to 0 ºC

Due to the high volatility and toxicity of OsO4, the same group
applied OsEnCatTM40 (microencapsulation of OsO4 in polyurea)
to oxidative cleavage of olefins. The OsEnCatTM40 catalyst was
recovered and reused three times but with a sacrifice of catalytic
activity (eq 71).96

Ph
Ph

OsEnCatTM 40 (2 mol %)

Oxone (4 equiv)

Ph OH

O
2 (71)

DMF, 12 h, 25 ºC

A catalytic amount of OsO4 in combination with H2O2 in
DMF has also been shown to efficiently cleave alkenes, producing
aldehydes rather than carboxylic acids. Aryl olefins are cleaved
in good yield, whereas alkyl olefins cleaved moderate yield for
di- and tri-substituted alkenes (eq 72).97

R
R′′

R′

OsO4 (1 mol %)

50% aq. H2O2 (4 equiv)

R H

O

R = Ph, alkyl
R′, R′′ = alkyl or H

(72)
DMF

Dias et al. reported that the oxidation of N-Boc-protected
homoallylic alcohols with OsO4 as a catalyst in the presence of
NaIO4 efficiently occurred in Et2O:H2O (1:1) to provide 4-N-
Boc-amino-3-hydroxy ketones in high yields (eq 73).98

R
C13H27

NHBoc

OH 1. OsO4 (2 mol %)
   Et2O/H2O (1:1), 2 h

R
C13H27

NHBoc

OH O

80–94% yield

R = Me, i-Pr, Bn, i-Bu, CH2OBn

(73)

2. then NaIO4, 18 h

Conventional oxidative cleavage of olefin can be achieved by a
two-step sequencing reaction of OsO4-mediated dihydroxylation
of olefin, followed by periodate cleavage of diol. The resulting
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aldehyde can be reduced to the desired alcohol with sodium boro-
hydride in a quantitative yield (eq 74).99

O

HO

O

O

O

O

O

O

O

O

O

1. OsO4 (cat.), NMO

(74)

furanofuran lignan

2. NaIO4

3. NaBH4

The main drawback of the oxidative cleavage of olefins by
OsO4-NaIO4 is the formation of side product such as α-hydroxy
ketone derivatives presumably formed via the overoxidation of
the diol intermediate. Jin and coworkers found that the use
of 2,6-lutidine in dioxane-H2O enables higher chemical yield of
the corresponding aldehydes by suppressing unwanted products
(eq 75).100

OsO4, NaIO4, 2,6-lutidine

Me

Me

OBn

OPMB

OHC Me

Me

OBn

OPMB

without 2,6-lutidine: 1 h, 44% yield

with 2,6-lutidine: 1 h, 83% yield

(75)

dioxane/H2O

An efficient method for the oxidative cleavage of solid-
supported peptide olefins into aldehydes using a combination
of OsO4/NaIO4/DABCO system was described by Meldal and
coworkers. The resulting aldehydes are subjected to intermolec-
ular N-acylium Pictet–Spengler reactions to furnish pyrroloiso-
quinoline derivatives in high purity (eq 76).101

HN
Gly

O
O

R1

R1

R3

1. OsO4 (0.01 equiv)

   DABCO (5 equiv)

   NaIO4 (10 equiv)

   THF:H2O (1:1)

Gly

O

R1

R2

R3

OH
N

O

H (76)

2. TFA:CH2Cl2 (1:1)

3. 0.1 M NaOH (aq) 

    then 0.1 M HCl (aq)

The 1-azabicyclo[3.1.0]hexane moiety is present relatively
often in biologically active compounds. A new synthetic route

of 1-azabicyclo[3.1.0]hexane is reported via dihydroxylation/
oxidative cleavage/reduction (eq 77).102

OsO4, NMO

1. NaIO4, H2O

   0 ºC, 30 min, 73%

N

CO2Bn

N

CO2BnHO

HO
N

HO

HO

CO2Bn

(77)

acetone–H2O (8:1)

 rt, 3 h, 57%

2. NaBH4, MeOH

     rt, 1.5 h, 34%

l-Hamamelose, which is used as a starting material for the syn-
thesis of potential glycosidase inhibitors, was also synthesized via
dihydroxylation/oxidative cleavage/reduction (eq 78).103

1. OsO4 (cat.)/NaIO4

   acetone-H2O (4:1), rt, 2 hO

HO

HO

O O

O

HO OH

HO

O O

O

OH
OHOH

HO
HOO

HO OH

HO

HO OH

71% yield

L -Hamamelose

(78)

2. NaBH4, MeOH, rt, 5 min

C–H and Si–H Bond Oxidation. Mayer and coworkers
reported selective C–H bond oxidation of unactivated alkanes,
including primary, secondary, and tertiary C–H bonds, using sto-
ichiometric amounts of OsO4 in aqueous pH = 12.1 solution at
85 ◦C. For example, isobutane can be oxidized to tert-butanol
(eq 79). The catalytic version of this reaction using NaIO4 as
a terminal oxidant exhibited unsatisfactory results. The turnover
number of OsO4 was only ca. 4.104

H + OsO4 + H2O 2 OH+
pH = 12.1

OH + OsO2(OH)4
2– (79)

–
H2O, 85 ºC, 7 d

The author proposed that the reaction presumably proceeded
via [3+2] mechanism, which is quite similar to [3+2] mechanisms
for olefin dihydroxylation. Insertion of OH− into OsO4 at pH
= 12.1 led to the formation of OsO4(OH)− species. Addition of
C–H bonds into two oxo-groups of OsO4(OH)− provided an in-
termediate, which can be hydrolyzed by aqueous base, and liber-
ated a corresponding alcohol and reduced osmate [OsO2(OH)4

2−]
(eq 80).
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–
–

–

–

–

Methane could also be oxidized to methanol at 50 ◦C by uti-
lizing OsO4 and NaIO4 in D2O. No methane oxidation product
was detected using either NaIO4 without OsO4 or OsO4 without
NaIO4. It was observed that the presence of methane noticeably
inhibited the further oxidation of methanol, which is a competi-
tor for methane oxidation. The overoxidation of methanol was
ca.1000 times slower in methane than in argon (eq 81).105

CH4

OsO4/NaIO4
CH3OH  +  CH2(OH)2  +  CO2 (81)

D2O, 50 ºC

Exposure of silanes (Et3SiH, i-Pr3SiH, Ph3SiH, or PhMe2SiH)
to OsO4 in the presence of an excess of pyridine ligand fur-
nished the corresponding silanols. In the cases of Et3SiH and
PhMe2SiH, OsO4(tBupy) complex derived from OsO4 and 4-tert-
butylpyridine (tBupy) gave superior yields (ca. 100%) in compar-
ison to OsO4(py) complex (40–60% yield). The relatively lower
yield of the OsO4(py) system could be attributed to the coprecip-
itation of osmium(VIII) with [Os(O)2py2]2(μ-O)2 (eq 82).106
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L
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,

N

(tBupy) (py)

1/2 (82)

tert-Amine and Sulfur Oxidation with OsO4. Ox-
idation of tert-amines to lactams, hydroxylactams, and
ketolactams107a and selective oxidation of optically pure 2-acyl-
2-alkyl-1,3-dithiolane-1-oxides to 2-acyl-2-alkyl-1,3-dithiolane-
1,1-dioxides107b were also performed by using conventional
Sharpless dihydroxylation protocol.

Osmylation on Carbon Nanotubes. The covalent linkage of
OsO4 to the sidewalls of single-wall carbon nanotubes (SWCNTs)
was achieved via base-catalyzed [2+3] cycloaddition.108 Osmy-
lation on the SWCNT sidewall can also be achieved with OsO4

from the gas phase under UV photoirradiation. The resulting os-
mate ester adduct led to an increase in the electrical resistance with
decreasing the π-electron density in the nanotubes. However, the
cycloaddition product can be cleaved by UV light in a vacuum or
under oxygen atmosphere due to the reversibility of cycloaddition
reactions, thereby restoring the original electronic properties.109
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Oxalyl Chloride

O

ClO

Cl

[79-37-8] C2Cl2O2 (MW 126.92)
InChI = 1/C2Cl2O2/c3-1(5)2(4)6
InChIKey = CTSLXHKWHWQRSH-UHFFFAOYAG

(versatile agent for preparation of carboxylic acid chlorides;1

phosphonic acid dichlorides;2 alkyl chlorides;3 β-chloro enones;4

acyl isocyanates5)

Physical Data: mp −12 ◦C; bp 63–64 ◦C/763 mmHg;
d 1.48 g cm−3; n20

D 1.4305.
Solubility: sol hexane, benzene, diethyl ether, halogenated

solvents, e.g. dichloromethane and chloroform, acetonitrile.
Form Supplied in: colorless, fuming liquid; widely available;

2 M soln in dichloromethane.
Handling, Storage, and Precautions: liquid and solution are

toxic, corrosive, and severely irritating to the eyes, skin, and res-
piratory tract. Use in a fume hood and wear protective gloves,
goggles, and clothing. Bottles should be stored in a cool, dry
place and kept tightly sealed to preclude contact with moisture.
Decomposes violently with water, giving toxic fumes of CO,
CO2, HCl.

Original Commentary
Roger Salmon
Zeneca Agrochemicals, Bracknell, UK

Preparation of Carboxylic Acid Chlorides (and Anhy-
drides). Oxalyl chloride has found general application for the
preparation of carboxylic acid chlorides since the reagent was in-
troduced by Adams and Ulich.1 Acid chlorides produced by this
means have subsequently featured in the synthesis of acyl azides,6

bromoalkenes,7 carboxamides,8 cinnolines,9 diazo ketones,10

(thio)esters,11 lactones,12 ketenes for cycloaddition reactions,13

intramolecular Friedel–Crafts acylation reactions,14 and the
synthesis of pyridyl thioethers.11

Like Thionyl Chloride, oxalyl chloride gives gaseous byprod-
ucts with acids and the chlorides can be readily isolated in a pure
form by evaporation of the solvent and any excess reagent, or used
in situ for further elaboration (eq 1).

O

ClO

Cl

(1)

O

R OH

O

OR O

OCl

O

ClR

+

+  CO2  +  CO  +  HCl

Prior formation of an amine or alkali metal salt, with or with-
out pyridine,1 has been used to advantage with substrates that are

sensitive to strong acids or are bases (see also Oxalyl Chloride–
Dimethylformamide for a procedure conducted under neutral
conditions using silyl esters). By adjusting the molar proportions
of oxalyl chloride to substrate, anhydrides can also be prepared
using these methods (eq 2).15 N-Carboxy-α-amino acid anhy-
drides can also be made this way.16

(2)

COCl

N

N

CO)2 O

CO2
– K+

N

(COCl)2 0.5 equiv (COCl)2

benzene, reflux
85%

benzene, reflux
85%

The use of nonpolar solvents such as hexane or toluene allows
for the removal of inorganic or amine salts which may otherwise
interfere with subsequent reactions.

Under the mild conditions employed (eqs 3 and 4),17 racemi-
zation of stereogenic centers, skeletal rearrangement, or byprod-
uct formation, seen with other reagents such as thionyl chloride/
pyridine,18 are seldom observed.

(3)
(COCl)2

CH2Cl2
refluxH

O

O O

OH Cl

OO

O

H

HO2C NHCOCF3 NHCOCF3
Cl

O

(4)
(COCl)2

pyridine
0 °C to rt

Conversion of β-bromoacrylic acid to the acid chloride
using thionyl chloride/DMF, Phosphorus(III) Chloride, or ben-
zotrichloride/zinc chloride also resulted in bromine for chlorine
exchange. Use of oxalyl chloride with the preformed ammonium
salt provided a mild, general method to β-bromoacryloyl chlo-
rides (eq 5)19 without halogen exchange or (E/Z) equilibration.
β-Fluoro- and iodoacrylic acids have been cleanly converted to
the acid chlorides without prior salt formation.

Br

O–NH4
+

O

Br

Cl
O

(5)
(COCl)2

hexane, reflux
80%

As well as forming acid chlorides, α-tertiary amino acids can
react with oxalyl chloride and undergo an oxidative decarboxy-
lation to give iminium salts, or ring expansion, depending on the
substituents and their stereochemistry (eq 6).20

R1

R2
HN

O

N+

R3

OH

R3

NR2

R1

O
R1

R2

R3

Cl

+ (6)

R3

t-Bu
c-Hex
Me

(A)

0
0

30

(B)

69
59
0

% Yield

(COCl)2

(B)(A)

R1

Me
H
H

R2

H
CO2Me
Me
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Preparation of Phosphonic Acid Chlorides. Phosphonic
acid dichlorides have been obtained in high yield (determined
by 31P NMR) at low temperature from the corresponding acids
using oxalyl chloride and Pyridine (eq 7).2

P

O

R OH
OH P

O

R Cl
Cl

1. THF, py, 25 °C
2. –78 °C, (COCl)2

(7)

R = Et, PhCH2, CF2H, arabinomethyl, phthalidyl

3. rt

Similarly, monoalkyl methylphosphonochloridates (eq 8)21

can be made from dialkyl esters; thionate acid chlorides could
not be made by this method. Thionyl chloride and PCl5 were also
used to make this type of compound (see also Oxalyl Chloride–
Dimethylformamide).

P

O

Me OR
OR P

O

Me Cl
OR

1. (COCl)2, Et2O

2. rt, 24 h
(8)+  RCl

R = Me, Et, Pr, i-Pr, Bu

Numerous other reagents such as PCl3, PCl5, POCl3, and Ph3P/
CCl4 are available for the preparation of acid chlorides and anhy-
drides but may not be as convenient as the byproducts are not so
easily removed, or the reactions require more vigorous conditions.

Direct Introduction of the Chlorocarbonyl Group (Halo-
carbonylation). Alkanes or cycloalkanes react with oxalyl chlo-
ride under radical conditions; typically, mixtures are produced.22

However, bicyclo[2.2.1]heptane undergoes regio- and stereo-
specific chlorocarbonylation, giving the ester on subsequent
methanolysis (eq 9).23

1. (COCl)2, (PhCO2)2
    PhCl, 85 °C

H

CO2Me (9)
2. MeOH

Certain alkenes such as 1-methylcyclohexene and styrene react
with oxalyl chloride, under ionic conditions without added cat-
alyst, to give alkenoic acid chlorides in variable yields. Alkenes
such as octene and stilbene did not react under these conditions.24

Reactions of aromatic compounds with oxalyl chloride/Lewis
acid catalysts have been reviewed.25 Anthracene is unusual as it
undergoes substitution without added catalyst (eq 10).26

(COCl)2, PhNO2

120–240 °C
(10)

COCl

Preparation of Chloroalkanes. Alcohols react with oxalyl
chloride to give oxalyl monoalkyl esters, which if heated in the
presence of pyridine give the alkyl chloride (eq 11).3

RO

O Cl

O
(11)ROH

(COCl)2

benzene, rt

pyridine

120–125 °C
RCl  +  CO  +  CO2

Tertiary alcohols have been converted to tertiary chlorides in
a Barton–Hunsdiecker type radical process using hydroxamate
esters (eq 12).27

RO

O Cl

O

(12)

ROH
(COCl)2

benzene, rt CCl4, reflux

RCl  +  2 CO2  +

N
O– Na+

S

N SCCl3

e.g. R = Me(CH2)16CMe2–

Chlorination of Alkenes. A novel stereospecific dichlorina-
tion of electron rich alkenes has been reported using a manganese
reagent generated from Benzyltriethylammonium Chloride and
oxalyl chloride (eqs 13–17).28 No oxygenation byproducts are
observed.

(13)
R1 R2

R1
R2

Cl

Cl
–45 °C

PhCH2NEt3+  MnO4
– 

+ (COCl)2
[Mn]

Ph

98%
[Mn] (14)

Ph

Cl

Cl

C5H11
(15)

69%
C5H11

Cl

Cl

[Mn]

80%
[Mn] (16)

Cl

Cl

96%
[Mn] (17)

O

O

O
O

Cl

Cl

Reactions with Carbonyl Groups. Unsaturated 3-keto
steroids give the corresponding 3-chloro derivatives with oxalyl
chloride (eq 18).4 Prolonged heating can give rise to aromati-
zation.4 Tropone gives the chlorotropylium chloride in high
yield.4 In a related reaction, 1,2-dithiol-3-ones and -3-thiones give
dithiolium salts when heated in toluene or chloroform with the
reagent.4 A range of β-chloro enones has been prepared from dike-
tones. Dimedone gives the β-chloro enone in high yield (eq 19).29

Keto esters did not react to give β-chloro esters.

(18)

O

O Cl

O

(COCl)2

rt, benzene
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(19)
(COCl)2, CHCl3

rt, reflux
92%

O

ClO

O

β-Keto aldehydes give a single regio- and stereospecific isomer,
the chlorine being cis to the carbonyl group (eq 20).

(20)
(COCl)2

CHCl3
83%

OO

CHO
H

Cl

Certain triketones give 3-chlorides with excess oxalyl chloride,
in good yield (eq 21).30

(21)
(COCl)2

O OH

O

MeO

MeO

O

ClO

Preparation of Acyl Isocyanates and Aryl Isocyanates. Cer-
tain primary carboxamides can be converted to acyl isocyanates
in yields from 36–97% with the reagent (eq 22);5 Phosgene
gives nitriles under similar conditions. Oxalyl chloride has found
limited application for the preparation of triazine and quinone
isocyanates.5

(22)
(COCl)2, reflux

ClCH2CH2Cl

R

O

NH2

O

NCOR

R = ClCH2, CCl3, PhCH2, 3,4-Cl2C6H3, Ph2CH

Miscellaneous Applications. Oxalyl chloride has been used
in the preparation of 2,3-furandiones from alkenyloxysilanes,31

o-aminophenols from N-aryl nitrones,32 dihydroquinolines
via a modified Bischler–Napieralski ring closure,33 2,3-β-
furoquinoxalines from quinoxazolones,34 sterically hindered
salicylaldehydes from phenoxyoxalyl chlorides,35 and in mild
cleavage of 7-carboxamido groups in cephalosporin natural prod-
ucts, without cleavage of the lactam ring or disruption of optical
centers.36

First Update
Ivan V. Efremov
Pfizer Inc., Groton, CT, USA

Preparation of Carboxylic Acid Chlorides. As described in
the original article, oxalyl chloride is widely need for the synthesis
of carboxylic acid chlorides. This general approach has found use
in new chemistry fields such as combinatorial chemistry37 and
dendrimer synthesis.38–40 An interesting downstream application
was formation of macrocyclic diamides without resorting to high
dilution.41

Source of Other Oxalyl Derivatives. A variety of other oxa-
lyl derivatives is known—oxalyl diimidazole can serve as an

example (see also Oxalyl Bromide and Diethyl Oxalate). Re-
cently, the preparation of new reagents starting from oxalyl chlo-
ride has been reported. Thus, reaction of 1H-benzotriazole with
oxalyl chloride led to formation of the corresponding dibenzotri-
azole derivative which, in turn, was shown to be an excellent tool
for the preparation of unsymmetrical tetrasubstituted oxamides.42

Drawing upon the utility of Weinreb amides, N, N′-dimethoxy-N,
N′-dimethylethanediamide was prepared from oxalyl chloride and
demonstrated to have utility for the synthesis of α-keto amides and
1,2-diketones.43

Formation of Chloroiminium Salts. Oxalyl chloride reacts
readily with amides or lactams to afford chloroiminium salts
that have many synthetic applications (eq 23) (see also Oxalyl
Chloride-Dimethylformamide).

R1 N

O

R2

R3

NR1

Cl

R2

R3

(COCl)2

Cl

(23)+

–

For example, efficient syntheses of thioamides and thio-
lactams are based on this methodology.44,45 Certain types of
chloroiminium salts can serve as precursors for high-energy syn-
thetic intermediates. Thus, azomethine ylides were obtained by
treatment of β-acylamino carboxylic esters with oxalyl chloride
(eq 24).46

(COCl)2

R1 N

O

Me

COOR2
R1 N

Cl

Me

COOR2

R1 N

Cl

Me

COOR2
(24)

Chloroiminium salts prepared from formaldehyde led to amino-
chlorocarbenes when treated with base (eq 25).47,48

R1
N

Me

H

O

R1
N

Me

Cl

1. (COCl)2
2. base

(25)

Oxalyl Chloride as a C2 Synthon. Oxalyl chloride has found
widespread use as a C2 building block in organic synthesis. Ap-
plications of this reagent in such a fashion for the synthesis of
heterocycles have been reviewed.49 A particular area of interest
involves the synthesis and utility of oxazolidine-4,5-diones.50

A general synthesis of butenolides taking advantage of one-pot
cyclization of silyl enol ethers with oxalyl chloride was developed
by Langer and applied to a number of synthetic problems. This
useful methodology has recently been reviewed.51

Additional examples of the utilization of oxalyl chloride as a
C2 synthon include preparation of maleic anhydrides,52,53 1,4-
dioxane-2,3-diones54,55 and 1,2-diketones.56–58 A useful in situ
reduction of the latter was developed to allow for a streamlined
synthesis of vicinal diamines (eq 26).59
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N

H

N N (26)

(COCl)2
NaBH4

TFA

62%

Oxalyl Chloride as a C1 Synthon. Although oxalyl chlo-
ride is mainly employed as a C2 equivalent in organic synthesis,
there are successful examples of using this reagent for the intro-
duction of a single carbon functionality. Thus, in addition to the
expected formation of 1,4-dioxane-2,3-diones when reacted with
1,2-diols, the reaction can also lead to the preparation of cyclic
carbonates.55,60 Also, oxalyl chloride can react with ambident
dianions as a C1 synthon (eq 27).61

N

N
CH2 N

N

O
O

Ph

Ph2 Li

Ph2CO
(COCl)2

(27)
46%

Miscellaneous Applications. Oxalyl chloride has been used
as a reagent for stereospecific synthesis of 2-azetidinones from
aziridine-2-carboxylates (eq 28).62

N

R2

R1 COONa

N

Cl R1

O R2

(28)

(COCl)2, NEt3
25 °C

Another interesting stereospecific transformation is the con-
version of enantiomerically pure α-Li alkyl sulfoxides to vicinal
chloroamines (eq 29).63 The “nonoxidative” chloro-Pummerer re-
arrangement was proposed as the mechanism. The final products
can be converted to the corresponding aziridines by treatment with
sodium borohydride followed by sodium hydride.

Ar
S

NHCOOR5

R1
R3

O

R2

R4

Cl

N
S COOR5

R1 R3

R2 R4

Ar

(29)

(COCl)2
symm-collidine

Treatment of serine-containing peptides with oxalyl chloride
resulted in mild dehydration to afford the corresponding α-Ala
derivatives (eq 30).64

Z
N

N COOMe

OH

HR

H

OH

Z
N

N COOMe

OH

HR

(30)

0 °C

(COCl)2
NEt3

CH2Cl2

N-Formylimidazole was shown to be a convenient formylat-
ing agent for a variety of amines and could be prepared in situ
from oxalyl chloride, formic acid, and imidazole. The reaction

occurs through initial formation of formyl chloride.65 Symmet-
rical tetrasubstituted oxamides could be prepared from N-alkyl
cyclic amines. The postulated first step is the formation of an N-
acyltrialkylammonium salt followed by selective loss of the alkyl
substituent most capable of forming a stable carbocation. The
observed substituent effects were consistent with the proposed
mechanism.66 Aryl isocyanates could be obtained directly from
aniline hydrochlorides by treatment with oxalyl chloride. The
final products result from thermal decomposition of initially
formed oxamic chlorides.67

Related Reagents. Dimethyl Sulfoxide–Oxalyl Chloride;
Oxalyl Chloride–Aluminum Chloride.
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Oxalyl Chloride–Dimethylformamide

O

ClO

Cl
N

O

H

Me

Me
N

Me

Me

H

Cl
+

+

Cl–

(COCl)2

[79-37-8] C2Cl2O2 (MW 126.92)
InChI = 1/C2Cl2O2/c3-1(5)2(4)6
InChIKey = CTSLXHKWHWQRSH-UHFFFAOYAG
(DMF)
[68-12-2] C3H7NO (MW 73.11)
InChI = 1/C3H7NO/c1-4(2)3-5/h3H,1-2H3
InChIKey = ZMXDDKWLCZADIW-UHFFFAOYAS

(versatile agent combination for in situ generation of Vilsmeier
reagent used in preparation of carboxylic acid chlorides and
other acid derived products,1 phosphonic acid chlorides,2

β-chloro enones,3 ketoximes4 and formyl derivatives5)

Physical Data: see entries for Oxalyl Chloride and N,N-
Dimethylformamide.

Form Supplied in: generated in situ under anhydrous condi-
tions from oxalyl chloride and either catalytic or stoichiomet-
ric dimethylformamide, typically in halogenated solvents such
as dichloromethane; acetonitrile, or hexane. The intermediate
dimethylforminium chloride (DMFCl) can be isolated as a hy-
groscopic solid, mp 140 ◦C (see also Thionyl Chloride, Phos-
phorus Oxychloride).

Handling, Storage, and Precautions: (see also Oxalyl Chloride);
reagent generated in situ under anhydrous conditions; corrosive,
toxic. Oxalyl chloride should be used in the fume hood.

Synthesis of Carboxylic Acid Chlorides and Anhydrides.
Carboxylic acids, including amino acids,6 readily react with
DMFCl generated in situ to produce acid chlorides on heating
(eq 1).1 The procedure has been shown to be general, and may
provide acid chlorides not available with oxalyl chloride alone.7,8

O

ClO

Cl
N

O

H

Me

Me
N

Me

Me

H

Cl
+

Cl– +  CO2  +  CO

N
Me

Me

H

O COR

+

+

RCOCl  +  DMF  +  HCl (1)

RCO2H

The mild reaction conditions employed enables the preparation
of chlorides without disrupting chiral or other sensitive function-
ality. The use of hexane has been found particularly suitable for
microscale preparation of high purity Mosher’s acid chloride as it
enables residual DMFCl to be filtered from solution (eq 2).9

Ph
OMe

CO2H
CF3 Ph

OMe

COCl
CF3 (2)

(COCl)2
cat DMF

+    DMFCl
hexane, rt

DMFCl has been used to prepare carboxylic esters (eq 3),10

N-hydroxycarboxamides and O,N-dimethylcarboxamides,11 and
α-hydroxycarboxamides (eq 4),12 via a one pot process.

Et O

OH

CO2H(EtO)2PO
+

O

PO(OEt)2

Et O

O (3)

(COCl)2, DMF

py, MeCN, –20 °C

R
OH

OH

O

R
Cl

OTMS

O

R
NHPh

OH

O

PhNH2
(4)

1. TMSCl, py

e.g. R = Ph, i-Pr, octyl

2. (COCl)2, DMF
    CH2Cl2

A procedure using silyl esters, developed to allow synthesis
of acid chlorides under neutral conditions, has been applied to a
range of substrates (eq 5),13 including amino acid anhydrides.1

OO

O

OTBDMS
OO

O

Cl
(COCl)2

DMF (5)
+  TBDMSCl

Reduction of the intermediate generated from a carboxylic acid
and DMFCl provides aldehydes with Lithium Tri-tert-butoxy-
aluminum Hydride,14 and alcohols with Sodium Borohydride,15

both in high yield and chemoselectivity.

Preparation of Phosphonic Acid Chlorides. Disilyl esters
of phosphonic acids react with oxalyl chloride–DMF to give
the phosphonyl chlorides and silyl chlorides under mild condi-
tions (eq 6).2 Prior treatment of an acid-sensitive phosphonate
monoester with Trimethylsilyldiethylamine was used to minimize
exposure to HCl (eq 7).16

Br P

O

OTMS

OTMS
Br P

O

Cl

Cl
(6)

(COCl)2, DMF

CH2Cl2, 20 °C
83%

P

O

OMe
OH P Cl

OMe

O

(7)
1. TMSNEt2

2. (COCl)2, DMF

A general process suitable for large scale synthesis of phospho-
nic acid dichlorides, which avoids the need for preforming silyl
esters, has been reported (eq 8).17

R
P

O

Cl
ClR

P

O

OH
OH

(8)
(COCl)2, DMF

CH2Cl2, reflux

βββ-Chloro (or Bromo) Enones. Cyclic diketones in solu-
tion with DMF and dichloromethane react with oxalyl chloride
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(or bromide) to give β-halo enones in high yield (eq 9).3 The
reported procedure reduces overall reaction time and avoids
solubility problems.

O

O

O

Cl

(9)
(COCl)2, DMF

CH2Cl2, 20 °C
94%

Formylation. Vilsmeier formylation reactions have been
reviewed.1 Oxalyl chloride–dimethylformamide has found occa-
sional use; one application has been preparation of a piperidine
substituted dialdehyde (eq 10).5

N

N OHC
OH

N (10)

1. (COCl)2, DMF
    CHCl3, –5 to 65 °C

2. aq K2CO3

 20%

Alkyl Chlorides. N,N-Diphenylformamide is reported to be an
improvement on DMF when used with oxalyl chloride to prepare
primary and secondary alkyl chlorides from alcohols.18

Ketoximes. Lithium salts of nitroalkanes react with DMFCl,
preformed from oxalyl chloride and DMF, to give intermedi-
ates which on reaction with Grignard reagents give ketoximes
on workup (eq 11).4

N
O N

Me

O–

Me

+
+

N

OH

PrNO2

RMgBr
(11)

1. BuLi

2. DMFCl R = c-hexyl
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Ozone1

O O
O
+

–

[10028-15-6] O3 (MW 48.00)
InChI = 1/O3/c1-3-2
InChIKey = CBENFWSGALASAD-UHFFFAOYAY

(powerful oxidant; capable of oxidizing many electron rich func-
tional groups;1c,d most widely used to cleave alkenes, affording a

variety of derivatives depending on workup conditions1b,2)

Physical Data: mp −193 ◦C; bp −111.9 ◦C; d (0 ◦C, gas)
2.14 g L−1.

Solubility: 0.1–0.3% by weight in hydrocarbon solvents at −80
to −100 ◦C.3

Preparative Methods: ozone is a colorless to faint blue gas which
is usually generated in the laboratory by passing dry air or oxy-
gen through two electrodes connected to an alternating current
source of several thousand volts. From air, ozone is typically
generated at concentrations of 1–2%; from oxygen, concentra-
tions are typically 3–4%. Several laboratory scale generators
are commercially available. In addition, it is possible to gen-
erate ozone by reacting O2+ salts with aq hydrogen fluoride
at low temperature.4 This method allows for the incorporation
and control of isotopically labeled ozone depending on whether
labeled oxygen or water is employed in the reagent formation.

Analysis of Reagent Purity: the amount of ozone generated can
be determined based on the liberation of iodine from potas-
sium iodide solution followed by thiosulfate titration to deter-
mine the amount of iodine produced.5 Photometric detectors
are available which can determine the concentration of ozone
in a metered gas stream. In this manner, exact amounts of ozone
introduced into a reaction can be determined.

Handling, Storage, and Precautions: ozone is irritating to all
mucous membranes and is highly toxic in concentrations greater
than 0.1 ppm by volume. It has a characteristic odor which
can be detected at levels as low as 0.01 ppm. All operations
with ozone should be carried out in an efficient fume hood
and scrubbing systems employing thiosulfate solutions can be
used to destroy excess ozone. Liquefied ozone poses a severe
explosion hazard.

Original Commentary
Richard A. Berglund
Eli Lilly and Company, Lafayette, IN, USA

Ozonolysis of Alkenes. Ozone has been most widely used
for cleavage of carbon–carbon double bonds to produce carbonyl
compounds or alcohols, depending on workup conditions. These
reactions usually are performed by passing a stream of ozone in
air or oxygen through a solution of the substrate in an inert sol-
vent at low temperature (−25 to −78 ◦C). Useful solvents include
pentane, hexane, ethyl ether, CCl4, CHCl3, CH2Cl2, EtOAc, DMF,
MeOH, EtOH, H2O, or HOAc. The solvents most commonly used
are CH2Cl2 and MeOH or a combination of the two. Reaction

endpoint can be determined using photometric monitors to detect
ozone in the exit gas stream, or by the appearance of a blue color
in the reaction medium, which indicates excess ozone in solu-
tion. A wide variety of alkenes undergo ozonolysis, and those in
which the double bond is connected to electron-donating groups
react substantially faster than alkenes substituted with electron-
withdrawing groups.1b,6 With haloalkenes, the rate of ozone
attack is decelerated and a greater variety of products are obtained,
although double bond cleavage is still prevalent.7

The reaction mechanism for ozonolysis has been studied
extensively and is thought to involve a 1,3-dipolar cycloaddition
to afford an initial 1,2,3-trioxolane or primary ozonide, which
cleaves to a carbonyl compound and a carbonyl oxide (eq 1).8

The carbonyl oxide generally forms at the fragment containing
the more electron donating group. Recombination of the frag-
ments affords a 1,2,4-trioxolane or ozonide which is sometimes
isolated, but due to the danger of explosion is usually directly con-
verted to carbonyl compounds via either a reductive or oxidative
procedure. If alcoholic solvents are used, trapping of the carbonyl
oxide can occur to afford an α-alkoxy hydroperoxide.

O O
O

R2C CR2

O
O

O

O O
CR2

O
R2C

+
– +    R2C=CR2

R2C=O  +  R2C=O–O
+ –

(1)

Reductive workup procedures afford aldehydes, ketones, or
alcohols. An extensive number of reducing agents have been used
including catalytic hydrogenation, sulfite ion, bisulfite ion, iodide,
phosphine, phosphite, tetracyanoethylene (TCNE), Zn–HOAc,
BH3, SnCl2, Me2S, thiourea, or, to obtain alcohols, LiAlH4

or NaBH4.1a,b,9 Dimethyl Sulfide offers several advantages. It
rapidly reduces peroxidic ozonolysis products to carbonyl com-
pounds, it operates under neutral conditions, excess sulfide is eas-
ily removed by evaporation, and the oxidation product is DMSO.10

In cases where the odor of Me2S is a problem, Thiourea is a con-
venient substitute: results are comparable to those obtained with
Me2S, and thiourea S,S-dioxide separates out from the reaction
mixture.11 A polymer-based diphenylphosphine system also has
been developed which offers the advantage of a simple filtration
and evaporative workup and eliminates potential product contam-
ination by PPh3 or its oxide.12 A comparison of these workup
options is shown in eq 2.

Ph (2)
1. O3

Me2S, 89%
(NH2)2CS, 81%
poly-PPh2, 80%

PhCHO
2. [H]

Oxidative workup procedures convert peroxidic ozonolysis
products to ketones or carboxylic acids. Typical oxidative reagents
include peroxy acids, silver oxide, chromic acid, permanganate,
molecular oxygen, and the most widely used reagent, Hydrogen
Peroxide.1a,b,9

Additional terminal functionalization can be accomplished by
several methods. Schreiber has developed general ozonolysis and
workup procedures which enable a variety of products to be pre-
pared from cycloalkenes (eq 3).13 Also, iron or copper salts can be



291OZONE

used to convert ozonides or α-alkoxy hydroperoxides to chlorides
or alkenes with one less carbon atom than in the original alkene
(eqs 4 and 5),14 and treatment of ozonides with hydrogen and an
amine in the presence of a catalyst provides a direct route for the
production of amines from alkenes (eq 6).15 In a more specific
case, stilbenes can be converted to alkyl benzoates by treatment
of the intermediate α-alkoxybenzyl hydroperoxides with amines
or DMSO.16

CHOOH

CH(OMe)2

OMe

CHOOH

CHO

OMe

NaHCO3
Me2S

Ac2O
Et3N

Ac2O
Et3N

CHO

CH(OMe)2

CO2Me

CH(OMe)2

CO2Me

CHO

(3)

O3, MeOH
NaHCO3

O3, MeOH
p-TsOH

96%

83%

93%

(4)
MeO Cl

OMe

1. O3, MeOH, –30 °C

47%
2. FeCl3 · 6H2O

(5)
MeO

OMe

1. O3, MeOH

22–34%
2. FeSO4

(6)

1. O3, MeOH
2. H2, cat

R1R2N(CH2)6NR1R2

R1, R2 = H, 50%
R1 = Me, R2 = H, 70%
R1, R2 = Me, 57–60%

3. H2, R1R2NH, cat

Vinyl ethers are more reactive toward ozone than alkenes due
to the electron-donating oxygen substituent and double bond
cleavage products are often obtained.17 Notably, the ozonolysis
of cyclic vinyl ethers provides a path to aldol and homoaldol
type products.18 In addition, silyloxyalkenes undergo clean
oxidative cleavage with ozone to afford diacids by using oxidative
workups (eq 7),19 or hydroxyl or oxo derivatives by using reduc-
tive workups (eqs 8–10).20 Overall, the two-step process of form-
ing and cleaving a silyloxyalkene provides a method for regio-
specific cleavage of an unsymmetrical ketone. Eq 10 shows that the
silyloxyalkene double bond is sufficiently nucleophilic to allow
for selective oxidative cleavage of this bond in the presence of less
activated double bonds; with appropriate workup conditions, the
method can thus complement Baeyer–Villiger oxidation.

(7)
1. O3

OTMS

OTMS

CO2HHO2C

OH79%
2. HCO3H

1. O3, MeOH, –78 °C
OTMS

CO2H
HO (8)

(  )4

94%
2. NaBH4

OTMS
O

CO2H (9)
(  )4

90%

1. O3, MeOH, –78 °C

2. Me2S

TMSO

H

O

O
H

(10)

1. O3
2. NaBH4

93%
3. H+

While ozone generally reacts with vinyl sulfides and enamines
to provide both the expected products of double bond cleavage
and anomalous products,21,22 ketene dithioacetals have been effi-
ciently cleaved to ketones using ozone (eq 11).23

S

S
H

O

O
H

O

OHC

(11)

1. O3
2. Me2S

65%
3. HOAc, H2O

The reaction of α,β-unsaturated ketones with ozone usually
affords keto acids containing one less carbon than in the original
molecule (eq 12).24

(12)

O

HO2C
O

O3, EtOAc, HOAc
H2O, –15 °C

55%

In the ozonolysis of 1,3-dienes, one double bond often can be
cleaved selectively, and in 1,3-cyclodienes, the regioselectivity in
fragmentation of the primary ozonide depends upon the size of
the rings (eq 13).25 Eq 13 shows that as the ring size contracts
from cyclooctadiene to cyclohexadiene, the α,β-unsaturated ester
becomes favored over the enal.

(  )n (  )nCHO CO2Me

CO2Me CHO

(13)(  )n

1. O3, MeOH
+

n = 4, 71%
n = 2, 50%

15:1
  1:8

2. Ac2O, Et3N

Hindered alkenes often afford epoxides upon ozonation due
to difficulty in forming the primary ozonide by a cycloaddition
process.26 Examples are displayed in eqs 14 and 15.27,28



292 OZONE

(14)

O3, MeOH
–78 °C

H

t-But-Bu

t-Bu H

t-But-Bu

t-Bu

O

82%

1. O3, 0 °C
   ClCH2CH2Cl

O

(15)
2. Zn, HOAc

92%

Overall, ozone compares favorably with other approaches for
oxidative alkene cleavage involving Osmium Tetroxide, Potas-
sium Permanganate, Ruthenium(VIII) Oxide, Sodium Perio-
date, or chromyl carboxylates which are costly, toxic, involve
metal wastes, and may require detailed workup procedures.

Ozonation of Alkynes. Reactions of alkynes with ozone
afford either carboxylic acids or, if reductive procedures are
used, α-dicarbonyl compounds.1c For the production of carboxylic
acids, MeOH has been shown to be superior to CH2Cl2 as reaction
solvent.29 As with alkenes, a number of reducing agents can be
used to produce α-dicarbonyl compounds. An easy option which
results in high yields of α-dicarbonyl compounds involves the
addition of Tetracyanoethylene directly to an ozonation reaction
mixture as an in situ reducing agent (eq 16).30

(16)
Ph R

O O
Ph R

O3, TCNE

R = Ph, 92%; H, 60%; Pr, 71%

EtOAc, –78 °C

Alkynes react slower with ozone than do alkenes and selective
reaction of alkenes can be achieved in the presence of alkynes
(eq 17).31 Conversely, the example of eq 18 shows that alkynes
are more reactive toward ozone than aromatic rings.32

CO2Et

O

H

CO2Et

OHC

O

H

1. O3, CH2Cl2
   –78 °C

(17)

94%
2. Zn, HOAc

HO CO2HHO

O3, CHCl3, 0 °C
(18)

73%

The ozonation of terminal alkynes to afford α-oxoaldehydes is
significant (see eq 16). While reagents such as KMnO4, RuO4,
OsO4, and Thallium(III) Nitrate can be used to convert inter-
nal alkynes to α-dicarbonyl compounds, terminal alkynes are
generally cleaved to carboxylic acids. Only Mercury(II) Acetate-
catalyzed oxidations using a molybdenum peroxide complex
afford α-oxoaldehydes.33 However, high catalyst loads are
required, the oxidant is not commercially available, and metal
wastes are generated.

Oxygenated alkynes also can be ozonated. The reaction of
ozone with alkynyl ethers followed by reductive workup provides
a convenient method for the production of α-keto esters in mod-
erate yields (eq 19).34

(19)
R OR′

O O
R OR′

1. O3, MeOH
    –40 to –60 °C

R = Me, R' = Et, 25%
R = Pr, R' = Et, 30%

2. NaI

Ozonation of Aromatic Systems. Aromatic compounds are
less reactive toward ozone than either alkenes or alkynes. As a
consequence, more forcing conditions are required to ozonize
aromatic systems. These conditions typically involve the use of
acetic acid as solvent, excess ozone, and oxidative decomposition
often using H2O2. Electron-withdrawing groups deactivate aro-
matic systems toward electrophilic ozone attack, while electron-
donating groups activate aromatic systems toward ozone attack.
An example of this is provided in Woodward’s strychnine synthe-
sis where methoxy substitution allows for selective oxidation of
one aromatic ring over two others to afford an often difficult to pre-
pare, terminally functionalized, conjugated (Z,Z)-diene (eq 20).35

N

N

O

SO2C6H4Me

OMe

OMe

N

N

O

SO2C6H4Me

CO2Me

CO2Me

CO2Et

CO2Et (20)

O3, HOAc, H2O

29%

With polycyclic aromatic hydrocarbons, the site of ozone attack
may be dependent upon substrate structure and reaction solvent
(eq 21).36

Br

Br

O

O

Br

Br

CO2H

CO2H

HO2C

HO2C

(21)

1. O3, CH2Cl2

2. H2O2

75–82%

1. O3, MeOH
    CH2Cl2

2. H2O2

79–80%

Synthetically useful ozonolyses of heteroaromatic systems
include the preparation of pyridine derivatives from quinolines
(eq 22),37 the preparation of versatile N-acyl amides by the ozono-
lysis of imidazoles (eq 23),38 and the unmasking of a latent car-
boxylic acid function by the ozonolysis of a furan system (eq 24).39

1. O3, HOAc
    H2O, H2SO4

(22)

N N CO2H

CO2H

70%
2. H2O2

N

N

H N H

O O

Me Me

(23)
O3, MeOH, –78 °C

80%
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(24)

1. O3, MeOH, –78 °C

55%

O

OMe OBn

OMOM

MeO2C

OMe OBn

OMOM

2. CH2N2

Ozonation of Heteroatoms. Phosphines are converted to
phosphine oxides and phosphites to phosphates by ozone.40,41

These reactions are quite general and a wide range of sub-
stitutents can be tolerated. Phosphine oxides also can be pro-
duced by the ozonation of alkylidenetriphenylphosphoranes or
of thio- or selenophosphoranes.42,43 Organic sulfides are con-
verted to sulfoxides and sulfones by ozonation.41,44 Tertiary
amines are converted to amine oxides, while nitro compounds
can be produced in modest yields by ozonation of primary
amines.44,45 This preparation of nitroalkanes compares well
with alternate approaches using peroxides, peroxy acids, per-
manganate, or Monoperoxysulfuric Acid, but ozonation on sil-
ica gel has proven to be superior (see Ozone–Silica Gel).
Selenides are converted to selenoxides by ozone and this
reaction is often used to achieve overall production of unsaturated
carbonyl compounds. An example is shown in eq 25.46

O

O

H

H

O

PhSe

O

O

H

H

O

OBz OBz

O3, pyridine
(25)

–78 to –23 °C
80%

Modification of Ozone Reactivity. The reactivity of ozone
toward various unsaturated moieties can be moderated by the
addition of either Lewis acids or pyridine to the ozonations.
Enhanced electrophilic ozone reactivity toward aromatic sub-
strates is observed when the Lewis acids Aluminum Chloride or
Boron Trifluoride are added to reaction mixtures.47 Conversely,
an apparent decrease in ozone reactivity and a concurrent increase
in the regioselectivity of ozone attack can be achieved by adding
small amounts of pyridine to ozonolyses (eq 26).48 It is thought
that coordination of either the Lewis acid or basic pyridine to
ozone results in the modified reactivity.

O

O

CHO

(26)

O3, CH2Cl2

70% without pyridine

pyridine
95%

In a related procedure, ozonizable dyes have been used as end-
point indicators for selective ozonation of substrates containing
multiple unsaturated linkages.49 The dye affords colored solutions
and the ozonation is carried out just until the color is discharged. If
the dye is of suitable reactivity such that the most reactive substrate

unsaturated linkage reacts first, and the dye second, the reaction
can be stopped before further oxidation of the substrate occurs.

Interestingly, addition of BF3 etherate to the ozonolysis of
o-dimethoxybenzene derivatives results in increased yields of
(Z,Z)-dienes (eq 27, compare to eq 20).50 In this case, it is thought
that coordination of the Lewis acid to the diene reduces its elec-
tron density and suppresses further attack by ozone. Also, the fact
that the BF3 is already coordinated to ether may limit its ability
to coordinate to ozone and increase its electrophilic reactivity.

MeO

MeO

OH

OMeO2C

O

(27)

MeO2C

MeO2C

OH
O3, CH2Cl2

20% without BF3·OEt2

54%–78 °C, BF3·OEt2

Ozonation of Acetals. Ozone reacts very efficiently with
acetals to afford the corresponding esters (eqs 28 and 29).51 The
aldehyde and alcohol components of the acetal function can be
varied and yields are excellent. Cyclic acetals react much faster
than acyclic acetals as a result of conformational effects.

(28)
O3, EtOAc

R = Me, 15 h, 91%
R = Et, 8 h, 94%

C6H13CH(OR)2 C6H13CO2R
–78 °C

O3, EtOAc
(29)C6H13CO2(CH2)nOH

n = 2, 10 min, 98%
n = 3, 2 h, 97%

C6H13

H

O

O
(CH2)n

–78 °C

Miscellaneous Ozonations. Ozonation offers a simple
neutral alternative for oxidation of secondary alcohols to ketones
(eq 30).52

OH

R1 R2

Me
Me

O

R1 R2
(30)

Me
Me
-(CH2)4-
-(CH2)5-

83
72
53
65

O3, CH2Cl2

0 °C

R1 R2 %

Upon reaction of allene with one equivalent of ozone, trisec-
tion occurs to provide carbon monoxide derived from the central
carbon atom and carbonyl compounds from the remaining carbon
atoms.53 In the example of eq 31, allene ozonolysis is used to
prepare a versatile protected α-hydroxyaldehyde.54

O3, CH2Cl2

R

TBDMSO

•
R CHO

TBDMSO
(31)

R = C5H11, Ph, t-Bu, 89–99%

–78 °C

Ozonation of benzyl ethers affords high yields of benzoate
esters (eq 32).55 Coupled with deacylation by NaOMe, this
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reaction offers a mild alternative for removal of benzyl ether pro-
tecting groups (eq 33).56 However, due to the higher reactivity
of alkenes, selective oxidative cleavage of carbon–carbon dou-
ble bonds can be accomplished in the presence of benzyl ethers
(eq 34).57

OCH2Ph OCOPh (32)

1. O3, CH2Cl2
    –78 to 0 °C

76–80%
2. Me2S

O

BnO
BnO

OMe

OBn

O

HO
HO

OMe

OH

OBn OH (33)

78%

1. O3, CH2Cl2
    0 °C

yield for β-anomer, 75%

2. NaOMe, MeOH
3. Amberlite MB3

(34)

BnO CHO

O O

BnO

O O 1. O3, MeOH, –78 °C

88%
2. Me2S

Ozone has been used to cleave nitronate anions, resulting in the
high yield production of either aldehydes or ketones.58 An exam-
ple of this reaction is shown in eq 35.58a This is a very general
method and has advantages over the Nef reaction which requires
strong acid conditions, and other procedures utilizing perman-
ganate or Titanium(III) Chloride.

(35)

NO2

O

O

O

1. NaOMe
    MeOH
2. O3, –78 °C

83%
3. Me2S

Aldehydes can be converted to peroxy acids via ozonation in
methyl or ethyl acetate,59 or to methyl esters via ozonation in
10% methanolic KOH (eq 36).60 Ethyl esters can be produced
analogously, but the use of higher alcohols results in low KOH
solubility and poor conversion. This problem can be overcome by
adding the aldehyde to a solution of lithium alkoxide in THF at
−78 ◦C and treating this mixture with ozone (eq 37). Additionally,
the direct preparation of methyl esters can be accomplished via
alkene ozonolysis in methanolic NaOH or by addition of NaOMe
to a MeOH–CH2Cl2 ozonolysis solvent system.61

(36)R1CHO
R2OH, KOH

R1CO2R2 Cy

Ph

3-Oxobisnor-
  4-cholenyl

58
60
66
60
85
87

Me
Et
Me
Et
Me
Et

O3, –78 °C

%R2R1

CHO

CO2CHMe2 (37)

Me2CHOLi, O3
THF, –78 °C

36%

First Update
Matthew M. Kreilein
University of North Carolina, Chapel Hill, NC, USA

Additional Ozonolysis Quenching Reagents. The reduction
of the intermediate ozonide can be achieved via several methods
to deliver various products as reviewed previously.62 Dimethyl
sulfide and triphenylphosphine are very commonly employed to
deliver aldehydes from the olefins due to their availability and
cost; however, these two and other methods can sometimes
require long reaction times, substantial amounts of reagent, and
the need to remove the by-products formed during the quench.
Two newer methods allow for inexpensive and more rapid quen-
ching of ozonide intermediates and form little to no by-products
that need to be removed from the reaction medium. Triethylamine
can be used to decompose the peroxide intermediates formed in
ozonolysis reactions to deliver aldehyde products in less time
using less equivalents than required for the same workup with
dimethyl sulfide (eq 38).63 The cleavage is achieved through
deprotonation of the intermediate ozonide rather than through
attack of one of the peroxidic oxygens. The isolation of carboxylic
acid derivatives in the cyclic alkenes used shows that no oxygen
is being incorporated into the quenching agent. This method of
quenching by deprotonation was also observed when Me2S was
used, as some examples gave the aldehydo-acid products in minor
yield.

Since an oxygen atom is not bonded to the reducing agent,
the use of triethylamine seems best suited to acyclic olefins as
the resulting carboxylic acid fragment generated can be removed
from the reaction mixture if the keto- or aldehydo-acid is not
desired (eq 39). The time required to quench the intermediate is
cut up to twenty-fold in certain cases, and only 2 equiv of Et3N
were necessary to quench the reaction instead of the 10 equiv
used in the comparison experiment with Me2S. In addition, the
yields for several reactions were significantly higher and there
was no noticeable epimerization of chiral centers positioned α to
the aldehyde.

O

O O

R1

H

H

H

O
R1

H
O

HO

H

R1

O3

CH2Cl2

O

O O

R1

Me2S

O
H

H

Me2S or Ph3P

+

Base

base

+

(38)

O
R1

H
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Ph

COR

COPh

O O

O

O
N

Boc

MeO2C

O
N

Boc

MeO2C

O

Starting Material Product Et3N Treatment Me2S Treatment

12 h
R = H 9%

R = OH 73%

48 h
R = H 83%

R = OH 11%

3 h
88%

72 h
54% aldehyde
20% ozonide

3 h
78%

24 h
78%

Starting Alkene
then 2 equiv Et3N or 10 equiv Me2S

Carbonyl Compounds

(39)

O3, CH2Cl2, −78 °C

Clean cleavage of the intermediate ozonide from ozonolysis in
MeOH was also achieved in high yield using 3,3′-thiodipropionic
acid or its mono- or disodium salts. The desired aldehydes were
isolated without quenching reagent by-products and required
only solvent evaporation and extraction.64 For several systems,
the time required to quench the ozonide was shortened as well
as the equivalents necessary to achieve the transformation. The
sodium salts proved to be more useful than the parent diacid as
they provided the desired aldehydes that were isolated as their
dimethyl acetal derivative when the acidic diacid or Me2S was
used (eq 40).

Deprotection of Aziridines. Previous work by Ito showed
that ozone cleaved the benzyl groups of dibenzylaniline. In addi-
tion, it was observed that cleavage of the nitrogen-benzyl bonds
in substituted aziridines was thwarted and that cleavage of the
nitrogen substituent resulted without fragmentation of the aziri-
dine ring (eq 41).65 This was also observed, albeit in lower yield,
for N-alkylated aziridines.

XO2C
S

CO2X

CO2Et

OHC CHO

CO2Et

Me2S

Starting Alkene
O3, MeOH, −78 °C

Aldehyde

then
X = H, H or Na, H or Na, Na

Starting Material Product Quench Time Yield

2 equiv Me2S 1.5 h 60%

2 equiv 
with X = H, H

18 h 62%

2 equiv 
with X = Na, Na

<1 h 93%

1-undecene decanal only dimethyl
acetal

2 equiv
with X = Na, Na

95%

2 equiv
with X = H, H

only dimethyl
acetal

(40)

N

Ph Ph

R
O3

H
N

Ph Ph

Ph N Ph

Ph
O3

O

Ph H
Ph N

H

Ph

R = Ph, n-Bu

78%

+

20%

(41)

This effect seems to be due to the lessened reactivity of the
benzylic carbons when incorporated adjacent to the aziridine
ring. In similar systems, use of Pearlman’s catalyst, palladium(II)
hydroxide on carbon, to remove the useful benzhydryl protecting
group led to fragmentation of the aziridine ring in certain cases
(eq 42).

N

R CO2Et

PhPh

R

n-Pr
Cy
t-Bu
Ph

H
N

R CO2Et

Ph
CO2Et

HH2N (42)

10% Pd(OH)2/C

or

Aziridine Amine

83%
93%

100%
79%N/A
N/A
N/A
N/A

H2 (1 atm)
MeOH, rt, 3 h

Borrowing from Ito’s original work, smooth removal of the
benzhydryl group was achieved in moderate yield (40–60%) after
ozonolysis followed by workup with 10 equiv of sodium boro-
hydride in MeOH at low temperature (eq 43).66 Since there is no
aziridine bond breaking in the reaction sequence, the deprotected
aziridines are recovered without loss of enantiopurity.

N

R CO2Et

PhPh H
N

R CO2Et

(43)
2.  NaBH4 (10 equiv), MeOH, −78 °C

R = Cy, t-Bu, -(CH2)5-, 4-Me-C6H4, 4-Ph-C6H4, 4-Br-C6H4

1.  O3, CH2Cl2, −78 °C, 3 h

Use in Solid Phase Synthesis. Solid phase synthesis offers the
ability to perform transformations that involve little to no workup
and purification. Ozone, possessing the same properties in certain
cases, seems well suited to solid phase synthesis. Undec-10-enoic
acid was coupled to merrifield resin under standard conditions
using 1,3-dicyclohexylcarbodiimide (DCC).67 The terminal olefin
was then subjected to ozonolysis at low temperature in CH2Cl2.
The intermediate secondary ozonide could be converted into an
alcohol, aldehyde, or carboxylic acid depending on the workup
conditions.
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When treated with sodium borohydride in i-PrOH, the termi-
nal alcohol was obtained after the substrate was released from the
resin via hydrolysis (eq 44). Reductive workup using triphenyl-
phosphine yielded the aldehyde product after release from the
resin using chlorotrimethylsilane in MeOH/i-PrOH. This removal
condition proved very mild and useful as it did not interfere with
the aldehyde generated in the reaction. If the ozonolysis was con-
ducted with acetic acid in the medium and was followed by stir-
ring in an oxygen atmosphere overnight, the carboxylic acid can
be obtained after release from the resin using the aforementioned
TMSCl-mediated removal condition (eq 45).

OH O

O

O

O

O

O
O

O

O

OH

O

O

O

H

undec-10-enoic acid 7

O3, CH2Cl2
−78 °C, 10 min

7

1.  NaBH4, i-PrOH, rt
     sonication, overnight
2.  KOH, EtOH, H2O
     dioxane

1.  PPh3, CH2Cl2, rt
     sonication, overnight
2.  TMSCl, MeOH
     i-PrOH

7
(44)

DCC, DMF

7

O

O

O

O

OH

O

7

1.  O3, CH2Cl2/HOAc

     −78 °C, 10 min

7
(45)

2.  O2, rt
3.  TMSCl, MeOH/i-PrOH

Synthesis of Substituted Methyl Esters. Cleavage of double
bonds using ozone with MeOH as a solvent is known to give
methyl esters. A useful application of the formation of methyl
esters uses ozonolysis with a workup employing either sodium
hydroxide and MeOH or sodium methoxide.68,69 This condition
offered the controlled synthesis of α- and β-amino and α- and
β-oxygenated methyl esters. All of the products were obtained
from aldehydes in four to six steps in good overall yield. The
α-oxygenated esters were obtained from protected allylic alcohols
and no loss of the protecting group was observed, including an
acetate ester (eq 46). In addition, the reaction conditions did not
disturb chiral centers present in the substrates (eq 47).

R1

OR2

R1 CO2Me

OR2

CH2Cl2, O3, −78 °C

63–79%

R1 = n-C6H13, n-C10H21, c-C6H11

R2 = Me, Bn, TBS, Ac

(46)
NaOH, MeOH

C10H2
1

O

O

Ph

OMeH

C10H21 CO2Me

O

O

Ph

OMeH

TBSO

OBn

OBn

OAc

OMOM

TBSO CO2Me

OBn

OBn

OAc

OMOM

CH2Cl2, O3, −78 °C

CH2Cl2, O3, −78 °C

(47)

NaOH, MeOH

NaOH, MeOH

When simple aldehydes were converted to allylic alcohols, they
could be transformed to the corresponding trichloroacetimidates
and subjected to thermal rearrangement to provide allyl amines.
The allyl amine functionality was also accessible from enantio-
selective reduction of propargyl ketones followed by conversion
to the phthalamide derivative and reduction of the triple bond.
Ozonolysis of these substrates provided the corresponding
α-amino methyl esters in good yield (eq 48). As with the allyl alco-
hols, optically active substrates were treated with ozone without
loss of enantiopurity of the chiral center.

C10H21

N
R2R1

N
RR

C10H21

N

CO2Me

R2R1

N

CO2Me

RR

O3, NaOH, MeOH
(48)

Synthesis of the β-amino methyl esters was accomplished by
Grignard addition to aldehydes or epoxides to deliver the ho-
moallylic alcohols. After conversion to the homoamino derivative
as prescribed in the allylic alcohol to allylic amine conversion,
ozonolysis delivered the targets in good yield, without loss of
optical activity or nitrogen protection (eq 49). Numerous
additional examples as well as synthetic possibilities exist for the
synthesis of natural product fragments utilizing this methodology.
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C10H21

N

R3

R4

R2R1

C10H21

N

CO2Me

R2R1

O3, NaOH, MeOH

R1 = Cbz, Ac, Ts/R2 = H

R1 = R2 = o-C6H4(CO)2

R3/R4 = H or Me

(49)

Preparation of Tertiary Amines from Alkenes and
Secondary Amines. A useful preparation of tertiary amines from
alkenes can be achieved when a secondary ozonide is treated with
a secondary amine (eq 50).70 The reaction is quite versatile and
provides tertiary amines when the reaction is carried out at re-
flux after addition of the amine. When the reaction medium was
kept at room temperature, isolation of the enamine was observed,
making this a clean, four-step, one-pot preparation of morpholino
enamines and tertiary amines for use in synthesis. Overall, the
reaction performed best with morpholine; some problems were
encountered with methylenecyclohexane and piperidine, as it
seems the enamine intermediate is difficult to form in such a
hindered system.

R1

R2

R1

R2

O

OO

N
R1

R2

R4

R3

N

R1

R2

O

O3, CH2Cl2

4 Å MS, CH2Cl2, Δ

(50)

morpholine (2.1 equiv)

−78 °C

2 equiv R3R4NH

4 Å MS, rt, 6 h

Mechanistically, the first step mimics the quench with Et3N
proceeding through deprotonation of the intermediate ozonide
(eq 51). The second equivalent of the amine then forms the enam-
ine intermediate observed if the reaction is not kept at the re-
flux point. The enamine intermediate undergoes a modified Wal-
lach reduction with piperidinium formate that is generated during
the initial deprotonation step of the reaction to give the target
amine.

Ozonolysis of Carbon–Heteroatom Bonds and Heterocyclic
Compounds. The ozonolysis of nitrogen, phosphorus, sulfur,
and selenium to form N-oxides, phosphine oxides and phospho-
nates, sulfoxides, and selenoxides that can be used to functional-
ize various substrates has been well documented.62,71,72 A useful
application of the power of ozonolysis is to cleave carbon hetero-
atom bonds for conversion into carbonyl compounds. A useful

conversion of silicon- and tin-containing molecules has been
reported to provide a variety of carbonyl compounds (eq 52).73,74

Treatment of (α-hydroxyalkyl)trialkylsilanes with ozone provided
the corresponding carboxylic acids. Ozonolysis of the silicon
component was more rapid than direct ozonolysis of other func-
tional groups such as sulfur. In addition, a library of (α-alkoxy-
alkyl)trialkylstannanes were prepared and treated with ozone to
arrive at the corresponding esters. The cleavage of the carbon tin
bond was also possible without the α-alkoxyalkyl group to arrive
at carbonyl compounds and tertiary alcohols.
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H
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O
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O
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Ph NOH

NOH

N

N

O

O

HO N N

H OMe

O3

O

HO O

NO2

NO2

MeOH, 1 h
+PhCHO

50%
PhCO2H

33%

CH2Cl2, 2 h

94%

(H2N)2CS

40%

(53)

−78 °C, 93%

O3

O3, MeOH

O3, CDCl3

In addition to tin and silicon, carbon-nitrogen double bonds as
hydrazones, oximes, and nitrones can be treated with ozone to
form carbonyl compounds (eq 53).75–77 While the transforma-
tion can be accomplished on several types of substrates, ketone-
derived starting materials (e.g., ketoximes) perform better in
the reaction, as the aldehyde-derived starting materials have the
potential for overoxidation to the corresponding carboxylic acid
product.

Phosphorus-containing compounds provide useful substrates
for ozonolysis reactions as well and can provide several prod-
ucts depending on the reaction workup. Several biological uses
exist for β-amino-α-hydroxy phosphonic acid derivatives and they
can be readily prepared by ozonolysis of N-(ethoxycarbonyl)-
β-amino-α-methylene phosphonic esters after reductive workup
with sodium borohydride (eq 54).78 When the reaction mixture is
treated with sodium hydroxide in MeOH, an anomalous ozono-
lysis reaction occurs and cleavage of the methylene as well as the
carbon-phosphorus bond occurs to yield N-(ethoxycarbonyl)-α-
amino methyl carboxylic esters.

(Cyanomethylene)phosphoranes also provide useful and easy
to obtain substrates for ozonolysis reactions. Acid chlorides and
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O
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H
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O
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P(OR1)2
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OMe

NHCO2Et
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(54)

MeOH

NaOH

carboxylic acids can be reacted with (cyanomethylene)triphenyl-
phosphorane in the presence of N,O-bis(trimethylsilyl)acetamide
(BSA) or 1-ethyl-3-(3-dimethylaminopropyl)carbodimide (EDC
or EDCI) and N,N-dimethylaminopyridine (DMAP), respectively,
to yield the starting phosphoranes (eq 55).79
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1.  O3

2.  BnNH2

69%

1.  O3

2.  ROH

R = Bn (83%)
R = H (78%)

1.  O3, CH2Cl2
2.  L-Phe-OEt

(56)

(7:3)
92%

The resulting (cyanomethylene)phosphoranes can be treated
with ozone followed by nucleophiles to yield an array of
carbonyl compounds (eq 56). Addition of alcohols to the reac-
tion medium yields α-keto esters while addition of water leads to
α-keto acids. Addition of amines leads to α-keto amides thereby
offering another method for the synthesis of amides, a common
structural motif in natural products.
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4, 13a

3, 8, 12a–d 6, 10, 14a

1, 2, 3, 4, 6:  R = OH, R1 = R2 = -CH=CH-CH=CH-

7, 8, 9, 10:  R = R1 = R2 = H

11, 12, 13, 14:  a R = OH, R1 = n-C8H17, R2 = CH3; b R = OH, R1 = i-C4H9, R2 = CH3

                         c R = OH, R1 = R2 = -CH2CH2CH2CH2-; d R = OH, R1 = H, R2 = CH3

Method A:  HOAc, rt, 0.5 h; Method B:  HOAc:H2O (1:1), rt, 1 h;

Method C:  CH2Cl2:EtOH (1:1), rt, 1 h; Method D:  dry CH2Cl2, rt, 0.5 h

O3

Numerous heterocyclic compounds can be oxidized with ozone
to deliver derivatives useful in synthesis and the reaction prod-
ucts can be tuned according to the additives and conditions in the
reaction medium. When treated with ozone, pyrimidine-2-thiones
and 2-thiouracils react to give several pyrimidine derivatives
(eq 57).80 Use of aprotic solvents or ozonolysis without an active
nucleophile yields dimerization products, whereas ozonolysis in
protic solvents or in the presence of a nucleophile leads to the
sulfinic acid derivative that can then be converted to several prod-
ucts depending on workup conditions. The parent pyrimidine can
be isolated when acid is introduced into the medium, and with
an equal volume of water the pyrimidinone product is isolated.
While a protic solvent, EtOH in the medium acts as a nucleophile
to deliver the 2-ethoxypyrimidine.

In a similar manner, 2-thiouracils can be converted to numerous
products when treated with ozone in the presence of dimethyl-
dioxirane (DMDO or DDO). Again, a sulfinic acid intermediate
is observed and the products of the reaction are dependent on the
additives in the system. This methodology allows for the arrival
at functionalized uracils in a manner akin to the reactivity pattern
observed with pyrimidine-2-thiones (eq 58).81

A novel fragmentation of N-arylidene- or N-(alkylideneamino)-
β-lactams can be induced by ozone to lead to various enol ethers
after a reductive workup with sodium borohydride.82 The starting
β-lactams can be prepared via [2 + 2] cycloaddition of alkoxy
ketenes and an azine and upon treatment with ozone at low temper-
ature, yield the expected secondary ozonides (eq 59). Reduction
of the ozonide leads to the corresponding N-nitroso intermediate,
which is susceptible to fragmentation of the C4–N1 bond to give
a zwitterion intermediate that rearranges to yield the product enol
ethers. In the reaction sequence, trans-β-lactams yield predomi-
nantly the E-enol ether while the cis-β-lactams preferentially form
the Z-configured enol ethers.

α-Amino-β-hydroxy esters are another set of useful build-
ing blocks that can be obtained from the ozonolysis of het-
erocyclic compounds.83 Addition of lithiated alkoxyallenes to

carbohydrate-derived aldonitrones yields 1,2-oxazines, which are
treated with ozone in MeOH and fragmented across the enol ether
resident in the molecule to yield the target esters after treatment
with acetic anhydride and triethylamine (eq 60). In the series of ox-
azines studied, only the cis-oriented oxazines yielded useful prod-
ucts. The trans-series yielded products from addition of a methoxy
substituent across the enol ether double bond. The target esters can
also be functionalized into useful amino triols after N-benzyl de-
protection with concomitant N-protection via hydrogenation in
the presence of palladium on carbon and Boc2O, ester reduc-
tion with lithium aluminum hydride, selective protection of
the resulting primary alcohol with t-butylchlorodiphenylsilane
(TBDPSCl), and removal of the isopropylidene protecting group
with Amberlist-15 acidic resin.

Nitration of Aromatic Rings. Ozone can serve as a coreagent
for the nitration of aromatic rings in the kyodai-nitration protocol,
which is achieved by treating an aromatic substrate with nitro-
gen dioxide. This method is especially useful as the use of ozone
with NO2 allows for the nitration of deactivated aromatic sys-
tems, even a low temperature (eq 61).84−92 A wide range of prod-
uct ratios has been observed insofar as the amount of mono- and
di-nitro products. In addition, varying degrees of ortho- and para-
substitution patterns have emerged and can be substrate, solvent,
or concentration dependent.

The kyodai-nitration has some very useful advantages over
traditional conditions that require the use of high heat or strong
protic acids to achieve nitration. In addition to mildly deac-
tivated systems such as acetanilides and phenolic esters, the
kyodai-nitration protocol is “forcing” enough to induce nitration
of many deactivated aromatic systems such as halogenobenzenes,
polyhalogenobenzenes, aromatic carbonyls, aryl chlorides, aryl
carboxylic acid salts, nitrobenzenes, dinitrobenzenes, nitrophe-
nols, and polyaromatic systems. While this heightened reactivity
is observed, the conditions are gentle enough to be used for nitra-
tion of more sensitive aromatic systems such as aromatic acetals
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(58)

O3

and acylals. Aryl sulfides can be subjected to kyodai-nitration
to deliver nitrated aryl sulfoxides. In some highly deactivated
systems, the addition of Lewis acids such as boron trifluoride
etherate or aluminum trichloride or protic acids such as methane-
sulfonic acid is necessary to achieve successful nitration.

Miscellaneous and Anomalous Ozonolysis. Numerous cases
of nearby alcohols and other functional groups participating in
novel fragmentation of the ozonide can be found; however, their
general use in synthesis is somewhat limited. In addition, “anoma-
lous” ozonolysis, usually defined as an ozonolysis reaction where
the double bond as well as an adjacent single bond is cleaved, can
be found throughout the literature. Most of these miscellaneous
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O3, CH2Cl2, −78 °C

and anomalous ozonolysis reactions do not fit into a general class
of reactivity. There are, however, several cases where general re-
activity patterns can be found and these reactions can be used to
form useful albeit specific structural motifs. Cyclic allylic alcohols
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can be treated with ozone in the presence of NaOH to form the
intermediate ozonide, which is fragmented after deprotonation of
the allylic alcohol. Migration of the group on the alcohol carbon
can be achieved when the group is larger than methyl to give a
variety of products resulting in oxidation of the alcohol to the
ketone (eq 62).93

X X

NO2

(61)
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temps (0 °C or lower)
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R = Me, R1 = H; R = Et, R1 = Me

R = n-Pr, R1 = Et; R = i-Bu, R1 = i-Pr

R = Bn; R1 = Ph

(62)
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During the course of a synthesis of the steroid ouabain, a methy-
lene cyclobutane was synthesized and treated with ozone followed
by reductive workup with Me2S. In the event, the expected ketone
was not obtained. Instead, the primary ozonide was fragmented
via a Grob-like fragmentation initiated by the neighboring alcohol
(eq 63).94
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The resulting α-hydroxy ketones were obtained in good yield
and could be useful building blocks for synthesis. The ozonolysis
of a similarly functionalized camphor-derived starting material
provides additional proof for the suggested mechanism (eq 64).
In addition, it was possible to control the stereochemistry of the
alcohol.

When a Z-configured methylenecyclobutene was subjected to
ozonolysis at low temperature, only ozonolysis from the more
accessible exo-face of the bicycle occurred thereby allowing for
stereoselective installation of the hydroxyl group. Interestingly,

the corresponding E-configured starting material provided the
expected bicyclic ketone in good yield and no explanation for
the difference of reactivity was offered. The participation of the
neighboring hydroxyl group was also verified by ozonolysis of
the starting materials with the neighboring amine and alcohol pro-
tected. In these cases, the neighboring group could not participate
in the fragmentation due to protection and only the ketone result-
ing from normal ozonolysis was obtained.
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Me2S

While the ozonolysis of the camphor-derived substrate gave
insight into the probable mechanism for formation of the
α-hydroxy carbonyls, the course of the reaction cannot be consid-
ered general since the ozonolysis of a slightly different bicyclo-
alkan-1-ol led to a 4:1 mixture of products favoring the pinacolic
Wagner-Meerwein rearrangement over the Grob-like fragmenta-
tion pathway (eq 65).95
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Some biologically active natural products contain the 1,2-
dioxolane and 1,2-dioxane structural motif (eq 66). In studies
aimed at the formation of this functional group, Dussault was
able to afford 1,2-dioxolanes in a single step in good yield via the
spontaneous 5-exo-cyclization of hydroperoxyacetals after their
treatment with ozone at low temperature (eq 66).96 Use of this
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methodology for the synthesis of the 1,2-dioxanes was not as
successful as incorporation of a methoxy substituent allowed
for oxocarbenium ion formation and then slow cyclization to
mixtures of isomers of several products.
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As discussed previously, the ozonolysis of selenium in organic
molecules leads to formation of the selenoxide, which is typically
eliminated to form carbon-carbon double bonds. It is possible
to use ozone in systems containing a selenium atom provided a
more reactive functional group is present. Several examples of the
successful ozonolysis of a carbon-carbon double bond in systems
containing a phenylseleno moiety allow for functionalization of
double bonds while preserving the synthetic handle resident in the
starting olefin (eq 67).97
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Pinacolborane

O
B

O
H

[25015-63-8] C6H13BO2 (MW 127.98)
InChI = 1S/C6H13BO2/c1-5(2)6(3,4)9-7-8-5/h7H,1-4H3
InChIKey = UCFSYHMCKWNKAH-UHFFFAOYSA-N

(monofunctional hydroborating agent, also used in transition
metal catalyzed aryl couplings)

Alternate Name: 4,4,5,5-tetramethyl-1,3,2-dioxaborole.
Physical Data: bp 42–43 ◦C, 50 mm Hg; fp 5 ◦C; d 0.882 g cm−3.
Solubility: soluble in ether, THF, CH2Cl2, and other organic

solvents.
Form Supplied in: neat colorless liquid and also as 1.0 M solution

in THF.
Analysis of Reagent Purity: 1H NMR, 11B NMR (δ 28.0, d).
Preparative Methods: reaction of borane-methyl sulfide with

pinacol at 0 ◦C in CH2Cl2 furnishes pinacolborane.1 This solu-
tion can be used directly for further reactions or can be distilled
to obtain a colorless liquid (bp 42–43 ◦C, 50 mm Hg) (eq 1).

Alternatively, the reaction of H3B·N(Ph)Et2 with pinacol at
room temperature and subsequent distillation produces the title
compound in 75% yield (75 mmol scale).26

O
B

O
H

OH

OH
(1)

or BH3.Me2S

BH3.THF

Purity: distillation.
Handling, Storage, and Precautions: packaged under nitrogen.

Store and handle under a nitrogen atmosphere and refrigerate.

Original Commentary

P. Veeraraghavan Ramachandran & J. Subash Chandra
Purdue University, West Lafayette, IN, USA

Hydroboration. Pinacolborane is a stable, easily prepared
and stored hydroborating agent. Unlike catecholborane2 which
requires harsh reaction conditions for hydroboration of alkenes
(100 ◦C) and alkynes (70 ◦C), hydroboration with pinacolborane
proceeds under mild conditions furnishing the boronates. Knochel
and co-workers1 observed an excellent level of regioselectivity
for hydroboration of alkynes with pinacolborane at room temper-
ature (eq 2). Alkenes, however, react slowly with pinacolborane
and often require heating for 2–3 days to furnish the terminal
pinacolboronates as the major regioisomer (>98%) (eq 3).

O
B

O
H

(2)
OB

O

25°C, 7 h

C8H17
O

B
O

H

(3)OB

O

50°C, 48 h C8H17

Metal-catalyzed Hydroboration. Pereira and Srebnik dis-
covered that HZrCp2Cl is an excellent catalyst for hydroboration
of alkynes3 (eq 4) and terminal alkenes4 (eq 5) with pinacolb-
orane. However, HZrCp2Cl is not compatible with many func-
tional groups and hence the effect of other catalysts, such as
Rh(PPh3)3Cl and Rh(PPh3)2(CO)Cl was studied. Wilkinson’s cat-
alyst [Rh(PPh3)3Cl] hydroborates alkynes with very poor regios-
electivity (eq 6), however, terminal alkenes undergo facile hy-
droboration (eq 7). Hydroboration of internal alkenes with pina-
colborane in the presence of HZrCp2Cl or Rh(PPh3)3Cl leads to
isomerization furnishing the terminal pinacolboronates4 (eq 8).
Changing the catalyst system to Rh(PPh3)2(CO)Cl4 overcomes
this problem and the expected internal boronate is obtained as the
major product (eq 9). This catalyst also dramatically increases
the regioselectivity in the hydroboration of alkynes5 (eq 10). Re-
cently Pt(dba)2/P(2,4,6-MeO-C6H2)3 has also been reported as an
efficient catalyst for hydroboration of alkynes with pinacolborane
under mild reaction conditions and in good yields.6,7

O
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O
H

OB

O

Cp2ZrHCl
C6H13 C6H13

(4)

O
B

O
H

OB

O

Cp2ZrHCl
C6H13 C6H13

(5)
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O

C6H13

C6H13

(6)
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O

C6H13

71% 29%

+

Rh(PPh3)3Cl
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OB

O

C6H13
C6H13
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Rh(PPh3)3Cl
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OB

O

Cp2ZrHCl
or

Rh(PPh3)3Cl

(8)
C6H13
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O
B

O
H

O
B

O
(9)

Rh(PPh3)2COCl

O
B

O
H

OB

O
C6H13

C6H13

(10)
Rh(PPh3)2COCl

Vinylic ethers, acetals, and esters, also undergo catalytic
hydroboration with pinacolborane without difficulty.

Vinyl bromides, however, do not provide the expected hydro-
boration product under these conditions. Instead, initial hydrob-
oration occurs β- to the bromine atom and is followed by a fast
syn-elimination to furnish the terminal alkene. This then under-
goes hydroboration to provide the debrominated boronate. The
intermediate B-bromopinacolborane cleaves the ether C–O bond
in the solvent THF to provide 4-bromobutanol upon oxidation4,8

(eq 11).

R Br
O

B
O

H

O
B

O

R

RhCl(PPh3)3

R

THF

THF

THF

O
B

O

Br
R

O OB

O

O
B

O
Br

O

+

(11)

O
B

O
H

Br

Hydroboration of allenes with pinacolborane provides the
allylboronate or vinylboronates regioselectively depending on the
bulk and basicity of the supporting phosphine ligand6 (eq 12).

Recently Miyaura and co-workers9 have reported a trans-
hydroboration of terminal alkynes using [Rh(COD)Cl]2[P(iPr)3]4

or [Ir(COD)Cl]2[P(iPr)3]4 (eq 13). Mechanistic studies via deu-
terium labeling show that after the oxidative addition of the alkyne
to the metal, the acetylenic deuterium undergoes migration to the
β-carbon resulting in the formation of a vinylidene metal com-
plex. Oxidative addition of borane to the metal complex and 1,2-

boryl migration to the α-carbon results in the stereospecific for-
mation of thermodynamically stable alkenylmetal complex. This
subsequently undergoes reductive elimination to provide the Z-
vinylboronate as the sole product (eq 14).
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phosphine
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B C

A
56
1
0

B
0
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                    Pd(C6H11)3

P[2,4,6-(OCH3)3C6H2]3

                  P[C(CH3)3]3
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Et3N, cyclohexane

O
B

O

(13)

H

[M]
D

R

H

B
[M]

H

B

D
R

B

H

D

RB

H
[M]

D

R

[M] [M]

D

R
R D

(14)

Generation of Boron Enolates. Mukaiyama and co-
workers10 have reported the formation of boron enolates from
α-iodoketones by reaction with pinacolborane in the presence of
a base (pyridine or Et3N). The resulting enolborates upon reaction
with aldehydes furnished the aldol products in moderate yield and
diastereoselectivity (eq 15). Cyclic α-iodoketones provided higher
diastereoselectivities (>98% syn) than the acyclic α-iodoketones
(syn:anti 83:17). The moderate yields were ascribed to the decom-
position of the highly labile boron enolates during their isolation
or during their reaction with aldehydes.
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pyridine, toluene

(15)

syn:anti >98:<2

Suzuki–Miyaura Cross Coupling. Arylboronates are valu-
able reagents in organic synthesis owing to their widespread use
in Suzuki-Miyaura cross coupling reactions.11,12 Pinacolborane
is extensively used in the borylation of aryl halides in the pres-
ence of a base (typically pyridine, Et3N, or KOAc) and a catalytic
amount of PdCl2(dppf) affording arylboronates13,14 (eq 16).

X
O

B
O

H

Et3N, PdCl2.(dppf)

dioxane, 80°C

O
B

O

R R

X = Br, I, OTf
R = Alkyl, Aryl, nitrile, ester, ketone, ether, amine, etc.

(16)

Pinacolborane is tolerant towards several functional groups in-
cluding esters, ketones, ethers, tertiary amines, nitriles, etc. The
resulting pinacolboronates are stable to air and moisture and can
be purified by column chromatography. Hence the reaction has
broad scope and can be used on a variety of substrates. Aryl io-
dides react faster than bromides or triflates. The typical solvents
are dioxane, toluene, acetonitrile, and 1,2-dichloroethane. Pina-
colborane reacts with polar solvents such as DMF, decomposing
to pinacolatodiboron. Electron donating groups such as -NMe2

increase the reactivity of the aryl halides in this reaction.
Aryl chlorides typically do not react under these conditions.

However, Miyaura15 has been able to extend the scope of this
reaction to include aryl chlorides by changing the catalyst
system to Pd(dba)2 and PCy3 and replacing pinacolborane with
bis(pinacolato)diboron. Vinyl iodides and triflates undergo bory-
lation with pinacolborane under similar conditions in the pres-
ence of triphenylarsine (AsPh3)16 (eq 17). Benzylic halides re-
act with pinacolborane in the presence of PdCl2, PPh3, and N,N-
diisopropylethyl amine17 (eq 18). Borylation of allylic halides in
the presence of Pt(dba)2, AsPh3, and Et3N leads to highly regio-
and stereoselective allylboronates18 (eq 19).
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B

O

(19)

Cl

Dehydrogenative Borylation. Murata and co-workers19,20

observed that the reaction of pinacolborane with olefins in
the presence of bis(chloro-1,5-cyclooctadienylrhodium) at room
temperature provides vinyl pinacolboronate. It is interesting to
note that dehydrogenative borylation occurs in the presence of
phosphine-free rhodium catalyst whereas olefin hydroboration is
the predominant reaction with phosphine-containing rhodium cat-
alysts such as Rh(PPh3)2COCl and Wilkinson’s catalyst (eq 20).
However, Westcott and co-workers21 were successful in achiev-
ing dehydrogenative borylation of vinyl ethers under refluxing
conditions in the presence of Wilkinson’s catalyst (eq 21).

O
B

O
H

[RhCl(COD)]2

toluene, 25°C RR

O
B

O

(20)

O
B

O
H

RhCl(PPh3)3

THF, reflux

O
B

O

O
R

O
R (21)

Smith and Marder reported the dehydrogenative borylation of
arenes, yielding arylboronates, with pinacolborane in the presence
of rhodium and iridium catalysts such as Cp*Rh(η4-C6Me6),22,23

CpIrPMe3,24 and [RhClP(iPr)3]2N2
25 (eq 22). Toluene and other

methyl substituted arenes react with pinacolborane in the presence
of [RhClP(iPr)3]2N2 and furnish benzylboronates via benzylic
C–H activation and dehydrogenative borylation25 (eq 23).

O
B

O
H

Cp*Rh(η4-C6Me6)

O
B

O

R

R

R

R

R = Alkyl, OR, NR2 etc.

(22)

O
B

O
H

[RhClP(iPr)3]2N2

140 °C

O

B
O

(23)
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Related Reagents. Catecholborane (benzo-1,3,2-dioxa-
borole); bis(pinacolato)diboron.

First Update

Abel Ros, Rosario Fernández & José M. Lassaletta
Instituto de Investigaciones Químicas (IIQ), Sevilla, Spain

Transition-metal-catalyzed Hydroboration of Alkynes. It
has been observed that alkynes can be hydroborated at room tem-
perature using HBpin (2 equiv) to afford the corresponding anti-
Markovnikov products with high regio- and E-stereoselectivity. Z-
Vinylboronates could be obtained with complete regio- and stere-
oselectivity via hydroboration of terminal alkynes catalyzed by a
nonclassical ruthenium hydride (eq 24).27 Geometrically defined
Z-vinylboronates bearing a synthetically useful α-alkoxycarbonyl
group have been obtained by a CuH-catalyzed 1,2-addition/
transmetalation sequence from acetylenic esters (eq 25).28

O
B
H

O
+

(24)

R H
Toluene, –15 °C

R = Ph, n-hex, i-Pent
CH2OPh, CH2NMeBn

R

Z selectivity >95%
52–95% yield

Cat. (0.1–0.2 mol %)

RuN

H
H

PtBu2

P
t-Bu2

H H

Cat.:

PinB

O
B
H

O R CO2R′
THF, rt

R = Ph, Et, n-Pr
n-C5H11, TMS

R′ = Me, Et

R

PinB

[(PPh3)CuH] (2 mol %)

PPh3 (3 mol %)

R′O2C

+

(25)

Z/E 5:1 to >25:1
80–95% yield

Hydroboration of Alkenes. Pinacolborane is able to hydrob-
orate a wide variety of alkenes in the presence of rhodium cata-
lysts, with the major product being the linear adduct (eq 26).29

Linear regioselectivity is attributable to the greater steric de-
mand of the pinacol group relative to the catechol analog. Pina-
colborane is also able to hydroborate cyclopropenes in the pres-
ence of Wilkinson’s catalyst, affording cyclopropylboronates with
good trans/cis selectivities.30 The introduction of a coordinating
alkoxycarbonyl or alkoxymethyl groups in the cyclopropene sub-
strate in presence of [Rh(COD)Cl]2/(R)-BINAP or related chiral
catalysts lead to the corresponding cis-cyclopropylboronates as
single diastereomers in nearly quantitative yields and with ex-
cellent enantioselectivities (eq 27). Although rhodium-catalyzed
hydroboration of alkenes have demonstrated that the linear

pinacolboronate is formed as the major product,29 it has been31

demonstrated that cationic rhodium complexes bearing chelating
phosphines catalyze the formation of branched pinacolboronates
as the major isomers. Hydroboration of styrene derivatives cat-
alyzed by the system (R,S)-Josiphos/[Rh(COD)2]+BF4

− (1.2:1)
at 25 ◦C afforded the corresponding branched pinacolboronates
in moderate to excellent yields and with high levels of regio-
and enantioselectivity (eq 28). Interestingly, a reversal in the
sense of enantioselection was observed relative to catecholb-
orane. It has also been observed that iridium-based catalysts
such us [Ir(COD)Cl]2/dppb promoted the hydroboration of viny-
larenes with HBpin to give the linear isomer as the only observed
product (eq 29). The change in regioselectivity was attributed to
a change in mechanism from Rh–H insertion to Ir–B insertion.
Based on this observation and exploiting that hydroboration in
the β-position (linear product) of 1,1-disubstituted olefins gen-
erates chiral boronates,32 an iridium-catalyzed asymmetric hy-
droboration of terminal olefins using the system [Ir(OMe)COD]2/
phosphinooxazoline ligand as the catalyst was developed (eq 30).
Hydroboration reactions occurred with complete regioselectivity
at β-position, yielding the desired pinacolboronates in excellent
yields and with enantioselectivities up to 92%.

Rh(PPh3)3Cl (1 mol %)

CH2Cl2, 25 ºC

R = Ar, alkyl
CH2OPh, CH2Si(OEt)3

OCOCH3

linear product >90%
>80% yield

+ (26)
R

R

BPin

O
B
H

O

THF, rt, 20 min

[Rh(COD)Cl]2 (3 mol %)

(R)-BINAP (6 mol %)
+

(27)

R1

R

R1

R

BPin

R = Ph, Me, TMS, CO2Me
R1 = CO2Me, CO2Et, CH2OMe

cis/trans >99:1, ee 87–98%
92–99% yield

O
B
H

O

(28)

[Rh(COD)2]BF4 (5 mol %)

(R,S)-Josiphos (6.5 mol %)

DCE, rt

Ar = Ph, Tol, 2-Naph 
 p-OMe-C6H4

 p-Cl-C6H4, p-Br-C6H4

Ar

Ar

BPin

linear:branched 80:20
 ee 80–88%

40–90% yield

+O
B
H

O
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Ar = Ph, Tol, 2-Naph 
 p-OMe-C6H4

 p-Cl-C6H4, p-Br-C6H4

Ar

[Ir(COD)Cl]2 (2.5 mol %)

Dppb (5 mol %)

THF, rt

linear product >99%
>90% yield

Ar

BPin
(29)

+O
B
H

O

+

Ar = Ph, Tol, p-OMe-C6H4, p-F-
C6H4 p-Cl-C6H4, p-Br-C6H4

R = Me, Et, Cy

Ar

R
[Ir(COD)OMe]2 (1.25 mol %)

L (2.5 mol %)

hexane, 23 ºC

Ar

R
BPin

Ph2P N

O
L:

linear:branched >99:1
 ee 31–92%

55–98% yield

(30)

O
B
H

O

1,4-Hydroboration of 1,3-Dienes. Allylboranes are versa-
tile intermediates in organic synthesis employed mainly in the
synthesis of allylic alcohols after oxidation, allylation of alde-
hydes and imines to give homoallylic alcohols and amines, and
Suzuki–Miyaura cross-coupling reactions. The hydroboration of
1,3-dienes constitutes an elegant and efficient methodology for
the synthesis allylboranes. The introduction of the pinacolborane
moiety provides air and water stability, and allylpinacolboronates
can be conveniently purified by chromatography on silica gel.
An iron-catalyzed methodology for the 1,4-hydroboration of 1,3-
dienes has been developed that was reported to be chemo-, regio-,
and stereoselective.33 The linear (E)-γ-disubstituted allyl pinacol-
boronates were produced in 66–92% yields, with linear:branched
ratios of 90:10 to 99:1 and >99:1 E:Z ratios (eq 31).

The combination of a nitrogen-based ligand, FeCl2, and a cat-
alytic amount of activated Mg as reducing agent was necessary
for catalysis. In certain cases, the 1,4-hydroboration to the linear
or branched product was controlled by modulation of R2 sub-
stituent of the ligand. The 1,4-hydroboration reaction tolerates
electrophilic functionalities, such as esters and acetals in the 1,3-
diene substrates, and can also be used in a one-pot hydroboration–
allylation reaction. Though the reported methodology is efficient,
it is limited to the hydroboration of 2-substituted 1,3-dienes and
is less general for terminally substituted substrates. As such,34

a complementary methodology was developed for the 1,4-
hydroboration of 1-substituted dienes with HBpin catalyzed by
nickel complexes. The system Ni(COD)2/PCy3 (1:1) catalyzes,
at room temperature in a few hours, the 1,4-hydroboration of a
wide family of 1-substituted dienes containing different functional
groups to give, after oxidation, the corresponding Z-allylic alco-

hols in 29–93% yields (eq 32). This methodology was extended
to 1,4-substituted 1,3-dienes, and the borylation took place with
high regioselectivity at the less hindered carbon.

Ligand·FeCl2 (4 mol %)

10 mol % Mg

Et2O, 23 ºC

R = H, Me
R1 = H, Me, Cy
SiMe2Ph, (CH2)2CO2t-Bu

linear:branched 90:10–99:1
E:Z  >99:1

66–92% yield

(31)

R
R1

R
R1

H

BPin

N N R2
Ligand:

R2 = CH(3,5-dimethylphenyl)2 
        2,6-diisopropylphenyl

+
O

B
H

O

+

(1) Ni(COD)2 (2.5 mol %)

     PCy3 (2.5 mol %)

     Toluene, rt

(2) H2O2, NaOH

     THF

R = Ph, n-hex, n-pent
CH2OTBDPS, (CH2)2CO2Et

(CH2)2OH
R1 = H, Me; R2 = H, Me

Z:E  >99:1
29–93% yield

(32)

R1 R2

OHR

R
R1

R2

O
B
H

O

Complete stereoselectivity was obtained, and following ox-
idation the corresponding substituted Z-allylic alcohols were
obtained in 54–91% yields (eq 33).

(1) Ni(COD)2 (2.5 mol %)

      PCy3 (2.5 mol %)

      Toluene, rt

(2) H2O2, NaOH

      THF
R= Ph, n-hex, Cy

R1 = n-pent, CH2OTBS
CH2OH, Me

Z:E >99:1
56–99% yield

R

R R1

R1
HO

(33)

+O
B
H

O

In a similar manner to the Fe-catalyzed 1,4-hydroboration,33

a one-pot hydroboration–allylation procedure was carried out to
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give the corresponding homoallylic alcohol with a quaternary
stereocenter in good yield and with high diastereoselectivity.

C–H Borylation on Arenes. The transformation of a C–H
bond to a C–B bond is an elegant and useful methodology, access-
ing valuable boronic esters in an atom-economical manner.35,36

Various direct C–H borylation of arenes and heteroarenes have
been reported using HBpin as the boron source and the 1:2
[Ir(OMe)COD]2/dtbpy (dtbpy = 4,4′-di-tert-butyl bipyridine) sys-
tem as the catalyst (eq 34). The corresponding borylation reactions
were performed at room temperature using 1.1 equiv of HBpin to
afford the desired pinacol boronic esters in 22–99% yield. The
regioselectivity was governed by steric factors, furnishing a sin-
gle regioisomer only for substrates with C–H bonds with well-
distinguished levels of steric hindrance.

[Ir(OMe)(COD)]2 (1.5 mol %)

dtbpy (3 mol %)

hexane, 25 ºC

(34)

22–99% yield

H
R

Bpin

R = 2,5-di-Cl, 4,5-Cl2,  3,5-di-Cl, 
3-Cl-5-I, 3-Br-5-CF3, 3-Br-5-CN

R

+
O

B
H

O

A catalytic system based on the use on hemilabile nitrogen
ligand was designed able to catalyze the nitrogen-directed ortho-
borylation of aromatic N,N-dimethylhydrazones (eq 35).37 The
system (1:2) [Ir(OMe)COD]2/pyridinohydrazone catalyzed the
borylation of a broad family of aromatic N,N-dimethylhydrazones
giving the ortho-borylated products in good to excellent con-
versions. A partial decomposition of these products was regu-
larly observed during chromatographic purification on silica gel

+

(35)

(1) Ligand (2 mol %)

      [Ir(OMe)(COD)]2, (1 mol %)

      THF, 80 ºC

(2) [PdCl2(dppf)] (3 mol %)

      ArBr, K3PO4

      DMF, 80 ºC

R = H, 4-OMe, 4-F, 4-Cl 
3-Me, 3-OMe, 3-Cl, 2-OMe 

3,4-di-Cl, 3,4-di-OMe

R

N

NMe2

R

Ar

N

NMe2

Ar = p-Me-C6H4, p-CHO-C6H4

56–99% yield

N

Me2N

N NBn2

Ligand:

O
B
H

O

or alumina, but a one-pot borylation/Suzuki–Miyaura coupling
was developed to afford functionalized biaryl products in moder-
ate to excellent yields (56–99%). The overall procedure tolerates
both electron donating and withdrawing groups in ortho, meta,
and para positions of the phenyl ring, as well as disubstituted
derivatives.

Pinacolborane as Reducing Agent. Although pinacolborane
has been extensively used as borylating agent, it has been also
successfully employed as a mild hydride source. A borylated Ru
complex analog to Shvo’s catalyst was applied for the hydrobo-
ration of aldehydes, imines, and ketones.38 It was reported that
a Ru-dimer (2 mol %) in the presence of 1.5 equiv of pinacolbo-
rane generates a catalytically active species for the hydroboration
of aldehydes in a very efficient manner (eq 36). The hydrobora-
tion reaction was applicable to a variety of aromatic and aliphatic
aldehydes to afford, after workup, the corresponding alcohols in
moderate to good yields. The methodology was also extended to
the hydroboration of imines and ketones although with a limited
scope.

PhRu

Toluene, 50–70 °C

(36)

58–91% yield

R
R1

X

R1

X
H

(2) Workup

OC
CO

O

Tol

Tol

Ph

Ph

O
Ru CO

CO

Tol
Tol

Ph

(1) Cat. (2 mol %)

R

X = O, NPh; R1 = H, Me
R = H, 4-Me, 4-OMe 
4-Cl, 4-NMe2, 2-Cl

Cat. =

+
O

B
H

O

+
Toluene/THF 40 °C

(37)

R

R1

(2) H2O
O O

R

R1

O O

(1) CuTc (3 mol %)

R = H, 6-Me, 6-OMe, 7-OMe
R1 = Me, Ph, p-Me-C6H4 
p-OMe-C6H4, p-F-C6H4

ee 92–98%
80–89% yield

O
B
H

O

(R,R)-QuinoxP (3.3 mol %)

A Cu-catalyzed asymmetric 1,4-reduction of coumarins was
developed employing pinacolborane as the reducing agent.39

Screening led to the identification of the 1:1.1 copper(I)
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Ar

O

+ OR

O

THF –20–0 °C

(2) H2O

(1) Cat.

OH

CO2R

Me

Ar

Cat: Taniaphos (5 mol %)/CuF·3PPh3·2EtOH (2.5 mol %)
only α product, syn/anti 6:1–10:1, ee 66–84%, 86–91% yield

OH

Me

Ar

CO2Et

(38)

Cat: (R)-DTBM-SEGPHOS (5 mol %)
PCy3 (5 mol %), CuOAc (2.5 mol %)

γ /α 3:1–25:1, ee 84–99%, 70–96% yield

(39)

O

B

H

O

+

thiophene-2-carboxylate/(R,R)-QuinoxP combination as the
most active and selective catalyst to afford 4-aryl- and 4-alkyl-
substituted dihydrocoumarins with full conversions and excellent
ee values (92–98%) (eq 37). The role of pinacolborane as reducing
agent was crucial, as reactions did not take place when catecholb-
orane, diethylborane, or 9-BBN was used as the reagents. It was
also delineated that the chiral boron enolate could be trapped with
another electrophile instead of water, and a 3,4-substituted dihy-
drocoumarin as single diastereoisomer can be obtained.

An asymmetric reductive aldol reaction of allenic esters with
ketones using pinacolborane has also been reported.40 Employing
a chiral copper(I) complex as the catalyst, the reaction proceeds
with complete chemoselectivity (allenic ester vs. ketone in the ini-
tial reduction step), but the α,γ-regioselectivity in the vinylogous
aldol reaction step was highly dependent on the structure of chiral
diphosphine ligands used. The combination CuOAc/(R)-DTBM-
SEGPHOS/PCy3 (1:2:2) afforded the γ − cis-adducts in excel-
lent yields, good γ:α regioselectivities (3:1–25:1), and excellent
enantioselectivities (84–99%) (eq 38). The regioselectivity could
be switched to α:γ > 99:1 when Taniaphos-type ligands were
used. After a ligand screening, the system CuF·3PPh3·2EtOH/
Taniaphos (1:2), where the Taniaphos ligand contains a bulky di-
(3,5-xylyl)phosphine and a morpholine unit, showed to be the
most active and selective catalyst affording the α-adducts in >86%
yields with complete regioselectivity, good syn/anti diastereose-
lectivities (6:1–10:1), and moderate to good enantioselectivities
(eq 39).
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Potassium Hexamethyldisilazide

KN(SiMe3)2

[40949-94-8] C6H18KNSi2 (MW 199.53)
InChI = 1/C6H18NSi2.K/c1-8(2,3)7-9(4,5)6;/h1-6H3;/q-1;+1
InChIKey = IUBQJLUDMLPAGT-UHFFFAOYAI

(sterically hindered base)

Alternate Names: KHMDS; potassium bis(trimethylsilyl)amide.
Solubility: soluble in THF, ether, benzene, toluene.1

Form Supplied in: commercially available as moisture-sensitive,
tan powder, 95% pure, and 0.5 M solution in toluene.

Analysis of Reagent Purity: solid state structures of
[KN(SiMe3)2]2

3 and [KN(SiMe3)2·2 toluene]2
4 have been

determined by X-ray diffraction; solutions may be titrated
using fluorene,2 2,2′-bipyridine,5 and 4-phenylbenzylidene
benzylamine6 as indicators.

Preparative Methods: prepared and isolated by the procedure of
Wannagat and Niederpruem.1 A more convenient in situ gen-
eration from Potassium Hydride and Hexamethyldisilane is
described by Brown.2

Handling, Storage, and Precautions: the dry solid and solutions
are inflammable and must be stored in the absence of moisture.
These should be handled and stored under a nitrogen atmo-
sphere. Use in a fume hood.

Original Commentary
Brett T. Watson
Bristol-Myers Squibb Pharmaceutical Research Institute,
Wallingford, CT, USA

Use as a Sterically Hindered Base for Enolate Generation.
Potassium bis(trimethysilyl)amide, KN(TMS)2, has been shown
to be a good base for the formation of kinetic enolates from
carbonyl groups bearing α-hydrogens.7 For example, treatment
of 2-methylcyclohexanone with KN(TMS)2 at low temperature
followed by trapping with Triethylborane and Iodomethane gave
good selectivity for 2,6-dimethylcyclohexanone (eq 1). In com-
parison, the use of Potassium Hydride for this transformation
gave good selectivity for 2,2-dimethylcyclohexanone, which is
the product derived from the thermodynamic enolate (eq 2).8

O OBEt3K O

(1)
1. KN(TMS)2

2. BEt3

93% 2,6-
86% yield

MeI

O

(2)
1. KH

2. BEt3

OBEt3K O

90% 2,2-
79% yield

MeI

This reagent has been shown to be a good base for the generation
of highly reactive potassium enolates;9 for example, treatment of
various ketones and esters bearing α-hydrogens with KN(TMS)2

followed by 2 equiv of N-F-saccharinsultam allowed isolation of
the difluorinated product (eq 3).

(3)

O

OMe

O

OMe
F F

1. 2.4–3.6 equiv KN(TMS)2
    THF, –78 °C

2. N-F-saccharinsultam
    THF, –78 °C

53%
mono-:difluorination = 2:98

In a study on the electrophilic azide transfer to chiral enolates,
Evans10 found that the use of potassium bis(trimethylsilyl)amide
was crucial for this process. The KN(TMS)2 played a dual role
in the reaction; as a base, it was used for the stereoselective gen-
eration of the (Z)-enolate (1). Reaction of this enolate with trisyl
azide gave an intermediate triazene species (2) (eq 4). The potas-
sium counterion from the KN(TMS)2 used for enolate formation
was important for the decomposition of the triazene to the
desired azide. Use of other hindered bases such as Lithium Hexa-
methyldisilazide allowed preparation of the intermediate triazene;
however, the lithium ion did not catalyze the decomposition of the
triazene to the azide.10a This methodology has been utilized in the
synthesis of cyclic tripeptides.10b

Treatment of carbonyl species bearing acidic α-hydrogens with
potassium bis(trimethylsilyl)amide has also been shown to gen-
erate anions which, due to the larger, less coordinating potassium
cation, allow the negative charge to be stabilized by other features
in the molecule rather than as the potassium enolate. Treatment
of 9-acetyl-cis,cis,cis,cis-cyclonona-1,3,5,7-tetraene with this
reagent gave an anionic species which was characterized by spec-
troscopic methods to be more like the [9]-annulene anion than
the nonafulvene enolate. In this case the negative charge is more
fully stabilized by delocalization into the ring to form the aro-
matic species rather than as the potassium enolate. Use of the
bis(trimethylsilyl)amide bearing the more strongly coordinating
lithium cation led to an intermediate which appeared to be lithium
nonafulvene enolate. Addition of Chlorotrimethylsilane to each
of these intermediates gave the same nonafulvenesilyl enol ether
(eq 5).11

O

N

O
K

O

Bn O

Xp

N

N

N

SO2Ar

O

Xp

(4)

N

N

N

SO2Ar

H

H

O

Xp

N3

(1)

(2)
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O

O
(5)

OLi

OTMS

–

KN(TMS)2 LiN(TMS)2

TMSClTMSCl

K+

Selective Formation of Linear Conjugated Dienolates. Pota-
ssium bis(trimethylsilyl)amide has been shown to be an efficient
base for the selective generation of linear-conjugated dienolates
from α,β-unsaturated ketones.12 As shown in eqs 6 and 7, treat-
ment of both cyclic and acyclic α,β-unsaturated enones with
KN(TMS)2 in a solvent mixture of DMF/THF (2:1) followed by
quenching with Methyl Chloroformate gave excellent selectivi-
ties for the products derived from the linear dienolate anion. In
comparison, the use of lithium bases for this reaction gave products
derived from the cross-conjugated dienolate anions. This method-
ology, however, did not work for 1-cyclohexenyl methyl ketone, in
which case the product from the cross-conjugated dienolate anion
was isolated exclusively (eq 8).

O OCO2Me OCO2Me

(6)
1. base

2. ClCO2Me
+

Base

KN(TMS)2
LiN(TMS)2
LDA

Linear

>99
   75
  –

Cross

–
25
99

Yield (%)

34
68
44

1. base

2. ClCO2Me

+

Base

KN(TMS)2
LDA

Linear

99
16

Cross

–
84

Yield (%)

34
50

(7)

O

OCO2Me OCO2Me

1. KN(TMS)2

2. ClCO2Me

(8)

O

OCO2Me OCO2Me
+

25%

not detected >99

Stereoselective Generation of Alkyl (Z)-3-Alkenoates.
Deconjugative isomerization of 2-alkenoates to 3-alkenoates oc-
curs via γ-deprotonation of the α,β-unsaturated ester to form

an intermediate dienolate anion. In most cases, the α-carbon is
more reactive to protonation13 and allows for the isolation of
the 3-alkenoate. If the C-4 position bears a methyl group, this
transformation is usually stereospecific, leading to the (Z)-3-
alkenoate; however, when groups larger than a methyl occupy the
C-4 position, the reaction becomes increasingly stereorandom.13d

Potassium bis(trimethylsilyl)amide, however, was shown to be a
good base for the stereoselective isomerization of 2,4-dimethyl-
3-pentyl (E)-2-dodecenoate, which bears a long C-4 substituent,
to the corresponding (Z)-3-dodecenoate (eq 9).14a

(  )7

(9)
CO2CH(i-Pr)2 CO2CH(i-Pr)2

base

THF, –78 °C
(  )7

Base

LDA/HMPA
KN(TMS)2

(Z):(E)

84:16
97:3  

Yield (%)

85
64

This reagent has been used to stereoselectively prepare
(Z)-3-alkenoate moieties for use in the syntheses of insect
pheromones.14

Generation of ααα-Keto Acid Equivalents (Dianions of Gly-
colic Acid Thioacetals). Potassium bis(trimethylsilyl)amide was
found to be the optimal reagent for the generation of the dianion
of glycolic acid thioacetals. This reagent may be used to effect a
nucleophilic α-keto acid homologation. Treatment of the starting
bis(ethylthio)acetic acid with KN(TMS)2 proceeded to give the
corresponding soluble dianionic species. This underwent alkyla-
tion with a variety of halides and tosylates (eq 10) and subsequent
hydrolysis allowed isolation of the desired α-keto acids.15

(10)EtS

SEt

O

OH
EtS

R

O

OH
EtS

1. 2 equiv KN(TMS)2
2. RX

3. H3O+

Yield (%)

100
100
  72
  64
100

RX

MeI
EtOTs
i-PrOTs
CyOTs
PhCH2Cl

The dianion was also shown to undergo ring-opening reactions
with epoxides and aziridines (eq 11).

Generation of Ylides and Phosphonate Anions.

Ylides. In the Wittig reaction, lithium salt-free conditions
have been shown to improve (Z/E) ratios of the alkenes which
are prepared;16 Sodium Hexamethyldisilazide has been shown
to be a good base for generating these conditions. In a Wittig-
based synthesis of (Z)-trisubstituted allylic alcohols, potassium
bis(trimethylsilyl)amide was shown to be the reagent of choice
for preparing the starting ylides.17 These were allowed to react
with protected α-hydroxy ketones and depending upon the sub-
stitution pattern of the ylide and/or the ketone, stereoselectivities
ranging from good to excellent were achieved (eqs 12–14).
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EtS

SEt

O

OH

O

O
O

SEtEtS

EtS

SEt

O

OK

N
Ts

HO

O

NHTs

(11)

SEt
SEt

2 equiv KN(TMS)2

1. 

2. H3O+
90%

–

95%

K+

(12)
R OTHP

O
OTHP

(Z):(E)

60:1
  6:1

Yield (%)

87
45

Ph3P=CHR

R

n-Pr
i-Pr

(13)

(Z):(E) = 200:1

OTHP
O

OTHP Ph3P=CHMe

95%

PPh3

OH

1. THF

2. AcOH
O

O

OMe

(14)

+

85%

>99% stereoisomeric purity

Phosphonates. In a Horner–Emmons-based synthesis of
di- and trisubstituted (Z)-α,β-unsaturated esters, the strongly dis-
sociated base system of potassium bis(trimethylsilyl)amide/18-
Crown-6 was used to prepare the desired phosphonate anions.
This base system, coupled with highly electrophilic bis(trifluoro-
ethyl)phosphono esters, gave phosphonate anions which, when
allowed to react with aldehydes, gave excellent selectivity for the
(Z)-α,β-unsaturated esters (eq 15).18

Intramolecular Cyclizations.

Haloacetal Cyclizations. Intramolecular closure of a carban-
ion onto an α-haloacetal has been shown to be a valuable method
for the formation of carbocycles.19a Potassium bis(trimethylsilyl)
amide was found to be the most useful base for the formation of
the necessary carbanions. This methodology may be used for the
formation of single carbocycles (eq 16), for annulation onto
existing ring systems (eq 17), and for the formation of multiple ring
systems in a single step (eq 18). In the case of annulations forming
decalin or hydrindan systems, this ring closure proceeded to give

largely the cis-fused bicycles (eq 17). For the reaction shown in
eq 18, in which two rings are being formed, the stereochemistry
of the ring closure was found to be dependent upon the counter
ion of the bis(trimethylsilyl)amide; use of the potassium base al-
lowed isolation of the cis-decalin system as the major product
(95%), whereas use of lithium bis(trimethylsilyl)amide led to the
isolation of the trans-decalin (95%).19

R2 CO2Me
(TFEO)2

P

O

R1

(15)CO2Me
R1

1. KN(TMS)2
    18-crown-6
    THF

2. R2CHO

R2CHO

Me(CH2)6CHO
Me(CH2)6CHO
Me(CH2)2CH=CHCHO
Me(CH2)2CH=CHCHO
CyCHO
CyCHO
PhCHO
PhCHO 

(Z):(E)

12:1
46:1

>50:1  
>50:1  
   4:1

>50:1  
>50:1  
 30:1

Yield (%)

90
88
87
79
71
80
95
95

R1

H
Me
H
Me
H
Me
H
Me

O

O

Br
CN O

O
(16)

CNKN(TMS)2

(17)
O

O
Br

MeO2C MeO2C

O

O

H

KN(TMS)2

O

O O

O
N
C

(18)

Br Br
O

O O

OCN

H

95% cis + 5% trans

KN(TMS)2

Intramolecular Lactonization. In a general method for the
formation of 14- and 16-membered lactones via intramolecular
alkylation,20 potassium bis(trimethylsilyl) amide was shown to
be a useful base for this transformation (eq 19).

O

O

PhS

(CH2)n

X

O

O

SPh

KN(TMS)2

THF, 40 °C
(19)

(CH2)n

n = 5, 0%; 7, 75%; 8, 71%

Intramolecular Rearrangement. Potassium bis(trimethyls-
ilyl)amide was shown to be a good base for the generation of
a diallylic anion which underwent a biogenetically inspired in-
tramolecular cyclization, forming (±)-dicytopterene B (eq 20).21
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OP(O)(OEt)2

OP(O)(OEt)2

–
H

(20)

70%

KN(TMS)2
THF, –78 °C

warm to 0 °C
5–8 h

Synthesis of Vinyl Fluorides. Addition of potassium bis(tri-
methylsilyl)amide to β-fluoro-β-silyl alcohols was shown to
selectively effect a Peterson-type alkenation reaction to form vinyl
fluorides (eq 21).22 Treatment of a primary β-fluoro-β-silyl
alcohol with KN(TMS)2 led cleanly to the terminal alkene. Use of
a syn-substituted secondary alcohol led to the stereoselective
formation of the (Z)-substituted alkene (eq 22); reaction of the
anti-isomer, however, demonstrated no (Z:E) selectivity.

TMS

OH

C13H27

F

C13H27 F
(21)

KN(TMS)2

THF
68%

C6H13

HO C6H13

TMS
F

C6H13

C6H13

F C6H13

F

C6H13

+
KN(TMS)2

THF
72%

(22)

98:2

Oxyanionic Cope Rearrangement. Potassium bis(trimethyl-
silyl)amide/18-crown-6 was shown to be a convenient alternative
to potassium hydride for the generation of anions for oxyanionic
Cope rearrangements (eq 23).23

OH

S

S

O

S

S

H

H

H (23)
KN(TMS)2

18-crown-6
THF

Stereoselective Synthesis of Functionalized Cyclopentenes.
Potassium bis(trimethylsilyl)amide was shown to be an effec-
tive base for the base-induced ring contraction of thiocarbonyl
Diels–Alder adducts (eq 24).24 Lithium Diisopropylamide has
also been shown to be equally effective for this transformation.

R2

R3

R1

S

R2

R3

CO2Et
CO2Et

R1
SSO3Na

CO2EtEtO2C

CO2Et
CO2Et

R1

R2

R3

(24)

1. KN(TMS)2

2. MeIEt3N

First Update
Hélène Lebel
Université de Montréal, Montréal, Quebec, Canada

Nitrogen Source: Synthesis of Amines. KHMDS has been
exploited as a nitrogen source in a few systems. For instance, the
ring opening of (trifluoromethyl)oxirane with KHMDS, followed
by acidic hydrolysis produced the desired amino alcohol in 61%
yield without any variation in the enantiomeric purity (eq 25).25

F3C

O

F3C

OH

NH2 (25)
1. KHMDS, rt

2. HCl/ether
96% ee 96% ee61%

KHMDS was shown to be as effective as LHMDS26 in the
boron-assisted displacement of secondary chloride which led to
the corresponding protected amine with inversion of configura-
tion (eq 26).27 The chemoselective displacement of the chloride
is greatly facilitated by the α-boro substituent, which is known to
cause a rate acceleration on the attack of nucleophiles of approx-
imately two orders of magnitude relative to the primary halide.28

Br B
O

O

H

Cl

Br B
O

O

H

NH2•HCl

53%

(26)

1. KHMDS/THF

2. HCl•Dioxane

KHMDS was also used in the synthesis of aminocinnolines
from trifluoromethylhydrazones (eq 27).29 The deprotonation of
the hydrazone is followed by the spontaneous loss of the fluoride
anion to produce the corresponding difluoroalkene. Subsequent
nucleophilic attack of KHMDS and cyclization with loss of the
second fluoride leads to an intermediate that upon aromatization
produces the desired product.

N
H

N

F3C Ar

N
N

Ar

NH2

(27)

1. KHMDS/THF
    −78 °C to rt

2. H3O+

63−75%

Both LHMDS and KHMDS have been successfully utilized
as nitrogen sources in palladium(0) catalyzed aminations of allyl
chlorides (eq 28). Up to 90% conversion and 55% isolated yield
were obtained for the synthesis of allyl hexamethyldisilazide and
no cyclization via deprotonation or significant hydrolysis during
the work-up was observed.30
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Pd(PPh3)4 rt
Cl N

TMS

TMS
(28)

KHMDS/toluene

55%

Deprotonation of Imidazolium and Pyrazolium Salts: Syn-
thesis of N-Heterocyclic Carbene Ligands. Potassium bases,
such as potassium t-butoxide31 and KHMDS, have been selected
for the deprotonation of imidazolium and pyrazolium salts to gen-
erate N-heterocyclic carbene ligands, which have emerged over
the last decade as an important part of transition metal-catalyzed
homogeneous catalysis.32,33 For instance, 1,1′-methylene-3,3′-
di-tert-butyldiimidazole-2,2′-diylidene and 1,2-ethylene-3,3′-di-
tert-butyldiimidazole-2,2′-diylidene were prepared in good yields
(ca. 60%) by deprotonation of the corresponding imidazolium
dibromides with KHMDS in THF (eq 29).34 It is important to
note that this base leaves methylene and ethylene bridges intact.

N

n(H2C)

N

N

N

t-Bu

t-Bu
2Br

N

N

N

t-Bu

t-Bu

N

n(H2C)
(29)

KHMDS/THF

n = 1, 2

KHMDS was also used in the preparation of pyridine- and
phosphine-functionalized N-heterocyclic carbenes (eqs 30 and
31),35 as well as for the synthesis of N-functionalized pincer bis-
carbene ligands (eq 32).36

N

N
N

TMS
i-Pr

i-Pr
Br

N

N
N

TMS
i-Pr

i-Pr

(30)

KHMDS/THF

75−80%

A series of chiral triazolium salts have been reacted with
a base to form the corresponding chiral carbenes, which was
shown to catalyze the Stetter reaction efficiently and to provide
1,4-dicarbonyl products in high yields and enantioselectivities
(eq 33).37 A survey of common bases identified KHMDS as pro-
viding an optimal balance between the yield and selectivity in this
reaction. The reaction is sensitive to the nature of the Michael
acceptor: while electron deficient E-alkenes provided the desired
product in good yields and enantioselectivities, no reaction was
observed in the case of Z-alkenes.38

N

N
Ph2P

i-Pr

i-Pr
Br

N

N
Ph2P

i-Pr

i-Pr

(31)

KHMDS/THF

60−70%

2Br

NN N
N

Ar
N Ar

NN N
N

Ar
N Ar

(32)

KHMDS/THF

70−80%

(20 mol %)

BF4

N

N N

O

OMeO

X

CO2R2

R1

O

X

CO2R2

R1

(33)

KHMDS (20 mol %)

Xylenes, 25 °C, 24 h

63−94%
82−96% ee

Palladium-catalyzed ααα-Arylation of Carbonyl Compounds.
A variety of bases have been used in the palladium-catalyzed
α-arylation of carbonyl derivatives.39,40 The pKa of the carbonyl
moiety determines the choice of the base. The preferred bases
for the α-arylation with ester derivatives are either NaHMDS
(t-butyl propionate) or LiHMDS (t-butyl acetate); as KHMDS was
reported to lead to lower yield because of competing hydrodehalo-
genation.41–43 More sensitive substrates such as α-imino esters,44

malonates, or cyanoesters45 required the use of a milder base, as
decomposition was observed with HMDS bases.

Both sodium t-butoxide and potassium hexamethyldisilazide
were used in palladium-catalyzed ketone arylations.46,47 While
reactions involving electron-neutral or electron-rich aryl halides
were more selective for monoarylation when KHMDS was used,
sodium t-butoxide gave good selectivity with electron-poor aryl
halides, without direct decomposition of the aryl halide. Bis(diph-
enylphosphino)ferrocene-ligated palladium complexes were
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active catalysts and led to the formation of a variety of substituted
ketones in excellent yields (eq 34).

Fe

PPh2

PPh2

Pd(dba)2
R1

R2

O

ArBr

Me
N

SO

R1

R2

O

Ar

(34)+
KHMDS, 70 °C

51−94%

,

Ar = Ph, 2-MePh, 4-MeOPh

R1 = H, Me

R2 = Ph, t-Bu,

More recently, the use of potassium phosphate has also been
reported for the α-arylation of ketones with chloroarenes.48

KHMDS was the most effective base for the intermolecular
arylation of N,N-dialkylamides (eq 35).49 Higher yields were
observed with KHMDS compared to LiTMP. Use of NaOt-Bu
resulted in low conversion together with a high level of undesired
side products, while LDA appeared to deactivate the system. Cou-
pling of unfunctionalized and electron-rich aryl bromides with
N,N-dimethylacetamide afforded α-aryl amides in moderate to
good yields when the reaction was conducted with at least 2 equiv
of KHMDS base. Diarylation of acetamides as well as hydro-
dehalogenation of the aryl halides were side reactions that limited
this process.

NMe2

O

ArBr Ar
NMe2

O

(35)+
BINAP, Pd(dba)2

KHMDS, 100 °C

48−72%
Ar = 4-MePh, 2-MePh,
4-MeOPh, 2-naphthyl

Alkylation of Nitrile Derivatives. Tertiary benzylic nitriles
were prepared from aryl fluorides and secondary nitrile anion.50

In the presence of 4 equiv of nitrile and 1.5 equiv of a base, the
nucleophilic aromatic substitution of fluoroarenes led to tertiary
benzylic nitriles (eq 36). KHMDS was the best base for this reac-
tion, as LiHMDS and NaHMDS provided lower yields. The
desired product was not observed when Cs2CO3, LDA, or t-BuOK
were used. With KHMDS, the reaction proceeded in high yields
with a variety of substrates.

Treatment of readily available arylacetonitriles with KHMDS
and subsequent alkylation with α,ω-dibromo or dichloroalkanes
produces cycloalkyl adducts in good yields and short reaction
time (eq 37).51 In this process, the nitrile moiety serves as a
masked aldehyde, which could be revealed upon reduction with
DIBAL-H.

CN CN

F R2

R3 CN

KHMDS

R2

R3 CN

Me

Me CN
CN

CN

R2

R3

(36)
THF or Toluene

60−100 °C

+

66−95%

R1 = 2-OMe, 3-OMe, 4-OMe, 3,5-OMe, 2-Cl, 4-Cl, H, 3-Me,

        4-CN, 4-CF3

= , , ,

R1
R1

Synthesis of Pyridines. The annulation of α-aryl carbonyl
derivatives with vinamidinium hexafluorophosphate salts in the
presence of a base gave access to the corresponding 3-arylpyri-
dine.52 While potassium t-butoxide was used with ketones, the
annulation of aldehydes was performed with KHMDS (eq 38).

N

OMe

MeO

X KHMDS

N

OMe

MeO

(37)

THF, 0 °Cn
+

n
n = 1, 58%
n = 2, 64%
n = 3, 88%
n = 4, 94%

X

O

H

N
Me

Cl

N
Me

Me

Me

PF6

N

Cl (38)

1. KHMDS/THF, −78 °C

2. NH4OH, TFA
+

80%

Deprotonation of Oxazolines. New chiral oxazoline-sulfoxide
ligands have recently been prepared and utilized as chiral ligands
in copper(II)-catalyzed enantioselective Diels–Alder reactions.53

These new ligands were prepared via sulfinylation of chiral 1,3-
oxazoline to lead to unsubstituted oxazoline sulfoxide derivatives.
While the first methylation was conducted using LDA and methyl
iodide, the introduction of the second methyl was carried out
using KHMDS and methyl iodide to afford the desired chiral lig-
and (eq 39).
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N

OS

O

OMe

R

N

OS

O

OMe

R

(39)

1. LDA, MeI, −78 °C to rt

2. KHMDS, MeI, 0 °C to rt

R = t-Bu, Ph, Bn

Deprotonation of Alkyne and Propargylic Derivatives.
KHMDS is a strong enough base to deprotonate terminal alkynes.
It has been particularly useful for the intramolecular condensation
of alkyne anions with aldehydes. For instance, the final cycliza-
tion in the synthesis of a new bicyclic tetrahydropyridine system
was carried out in the presence of KHMDS (eq 40).54 The same
reaction failed when using LDA in THF.

N
CHO

CO2Et N

CO2Et

OH

(40)

KHMDS/THF, −78 °C

42%

In a tandem cyclization of propynyloxyethyl derivatives,
KHMDS is as efficient as LDA or NaHMDS (eq 41).55 This cyc-
lization proceeded through the formation of an alkynyl metal,
followed by a cyclization which led to a carbenic species that
underwent an intramolecular C–H insertion.

Ph

O
O

O2
S

Cl

KHMDS O
Ph

H

THF, rt
(41)

58%
92:8

A convenient method for the preparation of 1-phenylthio-3-
alken-1-ynes from 4-tetrahydropyranyloxy-1-phenylthio-2-alky-
nes in the presence of base was reported (eq 42).56

R
SPh

OTHP

KHMDS
SPh

RTHF, −78 °C
(42)

R = Ph, Me, PhCH2CH2, c-C6H11,
       1-naphthyl, 9-anthryl

64−91%
1:1.3 to 17:1 (E:Z)

The use of KHMDS led mainly to the formation of the
E-isomer, whereas the Z-isomer was formed as the major product
in the presence of MeLi. The presence of the masked hydroxyl
group at the 4-position of the substrate is essential, as treatment of
corresponding 4-hydroxy-1-phenylthio-2-alkynes with KHMDS
produced 4-hydroxy-1-phenylthio-1,2-alkadienes (eq 43).

R
SPh

OH

• SPh
R

OH

THF, −78 °C

KHMDS (2 equiv)
(43)

R = Ph, Me, PhCH2CH2

58−87%

Cyclization of 1,1-Disubstituted Alkenes to Cyclopentenes.
A general method for the cyclization of an unactivated 1,1-disubs-
tituted alkene to the corresponding cyclopentene has been des-
cribed.57 Bromination followed by the addition of KHMDS in
the same pot gave the vinyl bromide intermediate, which reacted
further in situ to give the alkylidene carbene. This is then inserted
in a 1,5-fashion into a C–H bond to yield the corresponding cyclo-
pentene (eq 44). KHMDS proved to be superior in this process as
compared to LiHMDS and NaHMDS.

O

O

OO

2. KHMDS
(44)

72%

1. Br2

Darzens Reaction. KHMDS was used to deprotonate bro-
momethylketones to generate the corresponding bromoenolate
that upon reaction with various carbonyl derivatives produced a
variety of epoxides. This method has been particularly useful to
synthesize epoxides derived from amino acids with high yields and
selectivity (eq 45).58 Both lithium and sodium enolate produced
lower yields and diastereoselectivities.

R1 Br

O

NBn2

R1

O

NBn2
O

R3

R2
1. KHMDS/THF, −100 °C

(45)
2. R2COR3

68−87%
90 to >95% de

Deprotonation of Amino Acid Derivatives. The direct asym-
metric α-methylation of α-amino acid derivatives was recently
reported to proceed with good efficiency and enantioselectivity
when using KHMDS in toluene (eq 46).59 It was established that
the chiral induction was based on the dynamic chirality of eno-
lates, as the di-boc derivative and the cyclic acetal gave racemic
products.60

R
OEt

O

N
CH2OMet-BuO2C

R
OEt

O

N
CH2OMet-BuO2C

Me
1. KHMDS

(46)

2. MeI/THF, toluene, −78 °C

83−96%
76−93% ee

An intramolecular version of this process has been also re-
ported, for which it was also shown that KHMDS provided supe-
rior results than LHDMS.61 The corresponding cyclic amino acids
could be recovered in 61–95% yield and with 94–98% enantio-
meric excess.
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Epoxidation with Alkylhydroperoxide. The epoxidation of
quinone monoacetals in the presence of tritylhydroperoxide us-
ing KHMDS was shown to produce the desired epoxides in good
yields (eq 47).62,63

O

O O

O

Br
O O

OPh3COOH, KHMDS

 THF, −35 °C
 56%

(47)

85:15

Br

Alkylation of Phosphorus Derivatives. The formation of
diethyl phosphite anions has been achieved successfully with
KHMDS and LiHMDS.64 The following reaction with acid chlo-
rides is strongly influenced by the counter-ion, as only the rear-
rangement product was observed with the lithium base, whereas
the desired hydroxybisphosphate was the major product when us-
ing the potassium base (eq 48).

2 (EtO)2P(O)H

R P

HO P

O

(OEt)2

O

(OEt)2

R P

H O

O

(OEt)2

P (OEt)2

O

1.  KHMDS (2 equiv)

(48)

2. RC(O)Cl/THF,  −100 °C
68−93%

6−7:1

+

A series of new phosphinooxazoline ligands65 have been
recently prepared and tested in the asymmetric Heck reaction.66,67

Synthesis of the ligands involved the aromatic nucleophilic sub-
stitution of aryl fluorides with phosphide nucleophile generated
from the corresponding phosphine and KHMDS (eq 49). The
reaction proceeded in good yields, but proved to be more slug-
gish with electron-rich aryl fluorides and failed completely when
the addition of electron-deficient phosphines was attempted.

Ar2P-H

F N

H
N

Ph

Ph

Ar2P N

H
N

Ph

Ph

1.  KHMDS/Toluene, −78 °C
(49)

2.

42−90%THF/65 °C

Acetal Fission in Desymmetrization of 1,2-Diols. The asym-
metric desymmetrization of cyclic meso-1,2-diols was accom-
plished via diastereoselective acetal fission. After acetalization
of meso-1,2-diols with the C2-symmetric bis-sulfoxide ketone,
the resulting acetal was subjected to base-promoted acetal fission,
followed by acetylation or benzylation to give the desymmetrized
diol derivatives. Interestingly, the counter-cation of the base had
a remarkable effect on the diastereoselectivity of the reaction.
While LHMDS produce the desired compound with low diastereo-
selectivity, 90% and >96% diastereomeric excesses were obtained

with NaHMDS and KHMDS, respectively. The best results were
obtained using 3 equiv of KHMDS and 18-crown-6 in THF, which
led to the formation of the desired acetate in 90% yield and 96%
de (eq 50).68

S

S

O

O

O

O

S

S

O

O

O OAc (50)

1. KHMDS, 18-C-6/THF

2. Ac2O

91%, 96% de

Generation of Sulfonium Ylides. Sulfonium ylides could be
generated very efficiently by deprotonation of the corresponding
sulfonium salt with a strong base, such as KHMDS. The for-
mation of vinyloxiranes from sulfonium ylides and aldehydes
has been recently investigated. It was shown that in the pres-
ence of lithium bromide and silylated diphenylsulfonium allylide,
produced from the corresponding sulfonium salt and KHMDS,
aldehydes led to the corresponding vinyl epoxide with high cis-
selectivity (eq 51).69

Ph2S SiMe3

ClO4

SiMe3
O

R

(51)

1. KHMDS/THF, −90 °C

2. RCHO, LiBr/THF
    −90 °C to rt

81−96%

80:20 to 94:6 (cis:trans)

More recently, an asymmetric version has been reported based
on the use of chiral sulfonium salts.70 In the presence of a base,
the chiral sulfonium salt was reacted with various carbonyl deriva-
tives to provide the corresponding trans-epoxide with excellent
diastereomeric ratios and enantiomeric excesses. Potassium
hydroxide and phosphazene bases are usually utilized for this pro-
cess, although it has been shown that KHMDS is indeed equally
effective (eq 52).

S Ph

O

BF4

Ph
O

(52)

1. KHMDS/THF, −78 °C

2. Me(CH2)3CHO
87%

90:10 dr, >99% ee

The formation of metal carbenes from sulfonium ylides has
been also recently disclosed.71 Treatment of the sulfonium salt
with KHMDS followed by the addition of tris(triphenylphosphine)
ruthenium dichloride and phosphine exchange with tricyclohexyl-
phosphine led to the formation of the Grubb’s metathesis catalyst
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in 98% yield (eq 53). This process has been shown to be quite
general and to work with various transition metals.

PhPh2S

BF4

Ru
Ph

PCy3

PCy3

Cl

Cl
(53)

1. KHMDS/THF, −30 °C

2. RuCl2(PPh3)3/CH2Cl2
3. (C6H11)3P

98%

Generation of Sulfur Ylides: Julia Olefination and Related
Processes. Recently, the ‘modified’ Julia olefination, which em-
ployed certain heteroarylsulfones instead of the traditional phenyl-
sulfones, has emerged as a powerful tool for alkene synthesis.72

Although the reaction was first reported with LDA, bases such as
LHMDS, NaHMDS, and KHMDS are now commonly used.73 In
addition, solvent as well as base counter-cation have been shown
to markedly affect the stereochemical outcome of the olefination
reaction. For instance, KHMDS was less selective than NaHMDS
for the coupling between benzothiazoylsulfone (1) and cyclo-
propane carboxaldehyde (2) in toluene, furnishing a 3.7:1 ratio
compared to a 10:1 ratio favoring the Z-isomer. However, both
bases provided a 1:1 mixture of isomers when the reaction was
run in DMF (eq 54).74

S S

N

O O

TIPSO
H

O

21

+

TIPSO TIPSO

1:3.7KHMDS, Toluene

+

NaHMDS,  THF 1.1:1

E Z

1:10NaHMDS, Toluene

(54)

KHMDS,  THF 1.2:1

Conditions                                    E:Z

In a different system, KHMDS proved to be the most Z-selective
for the formation of a triene from an allylic sulfone and a conju-
gated aldehyde (eq 55).

1-Phenyl-1H-tetrazol-5-yl sulfones were introduced as another
alternative to phenylsulfones; these lead to alkenes in a one-pot
procedure from aldehydes. Usually the highest selectivities are
obtained when using KHMDS.75 For instance, alkene 3 was
obtained in 100% yield and an 84:16 E:Z ratio with NaHMDS,
whereas the use of KHMDS led to the same product in 59% yield
and a 99:1 E:Z ratio (eq 56).

Many examples of the use of this strategy with KHMDS has
been reported to construct double bonds in the total synthesis of
natural products. For instance, the E,E,E-triene of thiazinotrieno-
mycin E was constructed according to this process in 85% yield
and with 10:1 selectivity (eq 57).76
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(55)

LiHMDS       1:2.4
NaHMDS      1:1.3
KHMDS        1:4.6

E:ZConditions
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−55 °C to rt

NaHMDS:  100%; 84:16 (E:Z)
KHMDS: 59%; 99:1 (E:Z)
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OPiv
OTBS

OMe

(57)

+

THF, −78 °C
85%

10:1

Disubstituted E-alkenes were also prepared according to this
strategy as exemplified in the total synthesis of brefeldin A,77

amphidinolide A,78 and leucascandrolide A.79

High Z-selectivities were observed with benzylic and allylic
1-tert-butyl-1H-tetrazol-5-yl sulfones when reacted with aliphatic
aldehydes in the presence of KHMDS (eq 58).80

R S
O2

N N
N

N

t-Bu
R nC9H19

R = Ph, 95%; >99:1 (E:Z)

R = CH=CH2, 60%; 96:4 (E:Z)

(58)
1. KHMDS/DME, −60 °C

2. nC9H19CHO, −60 °C to rt
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It was shown that E,Z-dienes could be synthesized from α,β-
unsaturated aldehydes and 2-pyridylsulfones in good yields and
selectivities.81,82 NaHMDS and KHMDS were equally effective
in promoting this condensation (eq 59).

S
O2

N
OTIPS

3

Me
CHO

KHMDS

Me

OTIPS

+
Toluene, 25 °C

67%, 91:9 (E,Z:E,E)

(59)

Generation of Other Heteroatom Ylides. KHMDS has been
also used in the generation of other heteroatom ylides, such as
tellurium83 and arsonium ylides.84

Second Update
Helena C. Malinakova & John C. Hershberger
University of Kansas, Lawrence, KS, USA

Base for ααα-Deprotonation of Carbonyl Compounds. Potas-
sium hexamethyldisilazide, KN(TMS)2 (KHMDS) has been iden-
tified as the optimum base for an efficient epimerization of the
stereogenic C-2 carbon in the esters of phenyl kainic acid and in
cis-prolinoglutamic esters.85 Bases included in an initial survey,
e.g., NaH, DBU, LHMDS, MeONa, and KOH afforded low yields
of the epimerized products. Although promising results were
observed with KH activated by the 18-crown-6 ether, the protocol
suffered from poor reproducibility. In contrast, the treatment of N-
Cbz-protected methyl cis-3-prolinoglutamate with solid KHMDS
(2.5 equiv, 0 ◦C, THF, 6 h) resulted in 80% epimerization with-
out the occurrence of undesired degradation processes (eq 60).
The application of KHMDS (5 equiv, THF, 0 ◦C–rt, 16 h) to
epimerization of endo (cis(C2–C3), cis(C3–C4)) N-Cbz-protected
4-phenyl methyl kainate afforded 95% epimerization accompa-
nied by significant saponification, and subsequent treatment with
diazomethane was required to recover the epimerized ester in a
good yield (60–75%) (eq 61). In contrast, the exo (cis(C2–C3),
trans(C3–C4)), 3-phenyl methyl kainate ester proved to be much
more resistant to epimerization, which only proceeded to the
extent of 40%.

N COOMe

COOMe

Cbz

N COOMe

COOMe

Cbz

(60)

KHMDS
(2.5 equiv)

THF, 0 °C–rt

80% epimerization

In the synthesis of a second-generation anticancer taxoid
ortataxel, deprotonation of 13-oxobaccatin III by KHMDS (THF–
HMPA, 83:17) followed by electrophilic oxidation with (1R)-
(10-camphorsulfonyl)oxaziridine afforded the C14-hydroxylated

taxoid in 70% yield (eq 62).86 An analogous oxidation mediated
by t-BuOK (THF–DMPU, 83:17) afforded the product in 83%
yield (eq 62). The 14β-OH epimer was formed exclusively, in ac-
cord with the approach of the oxidant from the less sterically hin-
dered β-face. The performance of several bases was compared,
indicating the order of reactivity t-BuOK > LDEA (lithium di-
ethylamide) > KHMDS > NaHMDS, in THF/HMPA or DMPU
solvent mixtures.

N COOMe

Ph

Cbz

COOMe 1. KHMDS
(5.0 equiv)
THF, 0 °C–rt

2. CH2N2 N COOMe

Ph

Cbz

COOMe

(61)

95% epimerization

Oxalactims, for example 5H-methyl-2-phenyl-oxazol-4-one,
were investigated as synthetically powerful synthons for the con-
struction of α-hydroxy acids via α-deprotonation followed by
molybdenum-catalyzed asymmetric allylation and a subsequent
hydrolysis of the oxalactim rings. Among the series of the HMDS
bases used in the Mo-catalyzed asymmetric allylation, LHMDS
was found to be the base of choice providing better yields,
regio- (branched/linear), diastereo- and enantioselectivity than the
corresponding allylation reactions mediated by KHMDS
(eq 63).87

OBzHO

AcO O

H
OAc

O

OTES

O

OBzOH

AcO O

H
OAc

O

OTES

O

HO

(1R)-(10-camphorsulfonyl
oxaziridine)

KHMDS or t-BuOK

70% (KHMDS)
83% (t-BuOK)

(62)

THF/HMPA (83:17)

THF/HMPA (83:17) or

Potassium hexamethyldisilazide, KHMDS, has been used
successfully in the past for α-deprotonation of sulfoxides.53,68

Aiming to probe the nature of the transition state in the reaction
of α-metalated (R)-methyl p-tolyl sulfoxide with N-(benzylidene)
aniline under kinetic conditions, the effect of the choice
of the bases for the α-deprotonation on the reactivity and
diastereoselectivity was studied, using LDA, LHMDS, NaH-
MDS, and KHMDS.88 Best yields and diastereoselectivities (90%,
84:16) were achieved with LDA, whereas LHMDS showed di-
minished reactivity (50%) without a loss of diastereoselectivity
(87:13). Improved yields and lower diastereoselectivities were
recorded in reactions mediated by NaHMDS and KHMDS, pro-
viding the amine in 60% (dr 81:19) and 77% (dr 69:31) yields and
diastereoselectivities, respectively (eq 64).
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77% (69:31)

–78 °C, THFp-Tol

These results, along with quantum mechanical calculations,
supported the conclusion that a six-membered chelated “flat-chair-
like” transition state operated under the kinetic conditions. The
diastereoselectivity of reactions between Li-salts of the (R)-methyl
p-tolyl sulfoxide formed by α-deprotonation with n-BuLi, could
be further enhanced by the addition of external C2-symmetrical
bidentate ligand (R,R)-1,2-N,N-bis(trifluoromethanesulfonyla-
mino)cyclohexane in the form of the lithium N,N-dianion provi-
ding the amine in 80% yield with a diastereoselectivity of 99:1,
apparently achieving a “match” between the chirality of the
additive and the chirality of the sulfoxide reagent.

KHMDS has been used to effect α-deprotonation of O-silyl
protected cyanohydrins derived from 2-p-tolylsulfinyl benzalde-
hyde followed by trapping of the C-nucleophile with diverse
C-electrophiles, providing a powerful alternative approach to cya-
nohydrins of ketones.89 The remote 1,4-asymmetric induction
was equally effective for either epimer (diastereomer) of the
O-TIPS protected cyanohydrin, and an equimolar mixture of the
two epimers was employed. Both KHMDS and LHMDS bases
provided the substituted cyanohydrins from reactions with highly
reactive electrophiles (ClCOOMe and ClCOMe) in excellent
yields and diastereoselectivities (dr > 98:2) (eq 65). The deproto-
nation induced by KHMDS led to more reactive nucleophiles,
shortening the reaction times. Notably, in alkylations of Eschen-
moser’s salt, and benzyl and allyl bromides, the application of
LHMDS instead of KHMDS improved the diastereoselectivity.
The stereoselectivity of the alkylations mediated by KHMDS
could be increased by the inclusion of the 18-crown-6 ether

additive. To rationalize the observed trends, the deprotonation
with KHMDS was proposed to give rise to pyramidal potassium
C-bonded enolates, in contrast to planar lithium N-bonded eno-
lates arising from the deprotonation with LHMDS. The steric dis-
crimination of the enantiotopic faces would be achieved more
efficiently with the planar N-enolates considering the different
directions of the approach by the electrophiles. Thus, the 18-
crown-6 ether additive serves to minimize the pyramidal shape
of the potassium enolates, improving diastereoselectivity. The
increase in the diastereoselectivity observed with highly reactive
electrophiles (e.g., ClCOOMe) presumably reflects the involve-
ment of an early transition state resembling the structures of
the planar N-lithium enolates, or “planarized” potassium enolates
complexed with the 18-crown-6 additive, effectively discriminat-
ing against one of the two enantiotopic pathways for the approach
of the electrophiles.
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1. KHMDS

     –78 °C

2. E+

1:1 mixture
or epimers

E = ClCOOMe, CH2             +I–

MeOTf, MeI, EtOTf, PhCH2Br,

CH2
73–85% yields

of major epimers

dr a:b = 98:2–70:30
or 30:70 (E = PhCH2Br)

a

b

CHCH2Br

NMe3

The deprotonation of a stereogenic carbon in chiral non-
racemic substrates with KHMDS has been used as a first step of
sequences relying on the memory of chirality for asymmetric syn-
thesis of organic products.90,91 The treatment of N-Boc-protected
amino esters featuring a Michael acceptor group with KHMDS
in DMF–THF (1:1) at −78 ◦C for 30 min provided trisubstituted
pyrrolidines, piperidines and tetrahydroisoquinolines, and in good
yields (65–74%) and diastereoselectivities (4:1 for pyrrolidine,
and 1:0 for piperidines and tetrahydroisoquinoline) and excellent
enantiomeric excesses (91–98% ee) (eqs 66 and 67).90

The choice of the N-protecting group (N-Boc) proved to be crit-
ical for achieving a high enantiomeric excess of the cyclization
reaction. In contrast to KHMDS, lithium amide bases (LHMDS or
LiTMP) did not afford detectable quantities of the anticipated het-
erocycles. The mechanism of asymmetry transfer was proposed to
rely on the formation of axially chiral nonracemic enolate (eq 66)
with a chiral C–N axis, the racemization barrier for which was
found to be 16.0 kcal mol−1.90

The deprotonation of C-3 substituted 1,4-benzodiazepin-2-ones
with KHMDS afforded an enantiopure, conformationally chiral
enolate with a relatively bulky N −1 substituent, which provided
a sufficient barrier to enolate racemization.91 In contrast,
LHMDS proved to be ineffective in this transformation, and
KHMDS served as an operationally simpler alternative to a mixed
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base consisting of LDA/n-BuLi. At −100 ◦C a simultaneous addi-
tion of KHMDS and an excess of benzyl bromide to the substrate
provided the alkylated product in 75% ee (78% yield). However,
the simultaneous addition could not be carried out with a more
reactive benzyl iodide. Ultimately, the best result was achieved in
a stepwise addition mode, when the deprotonation with KHMDS
(20 min) at −109 ◦C (THF–HMPA) was followed by the addi-
tion of an excess of benzyl iodide affording the 3,3-disubstituted
benzodiazepine in 97% ee (93% yield) (eq 68).91

Boc
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COOEt

COOt-Bu

EtOOC COOt-Bu

Ph

Boc
N

OK
EtO

PhCH2

N
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COOt-Bu

(66)

65%, 4:1 dr
(91% ee major diastereomer)
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COOt-Bu
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n = 2

66% (97% ee)

KHMDS
THF–DMF (1:1)
–78 °C, 30 min

N

NMe

O
PMB

Cl

N

NMe

O
PMB

Cl

Bn

1. 2.4 equiv KHMDS
    12 equiv HMPA
    THF, –109 °C
    20 min

2. 20 equiv BnI
3. aq NH4Cl

(68)

93% (97% ee)

The utility of a series of different inorganic bases, including
LHMDS, NaHMDS, KHMDS, t-BuONa, t-BuOK, t-BuOLi,
LTMP, LDA, PhOLi, MeONa, and EtONa for the alkylation of
cyclohexanone with benzyl bromide in a microreactor was
studied.92 The microreactor employed a field-induced electro-
kinetic flow acting as a pump. To achieve a sufficient electrokinetic
mobilization, the inorganic bases had to be solubilized by the addi-
tion of stoichiometric quantities of the appropriate crown ethers.
With a single exception (LHMDS with 12-crown-4 ether), the
desired electrokinetic mobility was reached with all other bases
under these conditions.

α-Deprotonation of aliphatic nitriles with NaHMDS or
KHMDS bases operated as a key step in a mild and transition
metal-free α-arylation of primary and secondary aliphatic nitriles
with activated heteroaryl halides.93 The α-nitrile carbanion had
to be generated in the presence of the heteroaryl halide to mini-
mize competing decomposition reactions. Notably, monoaryla-
tion occurred selectively with primary carbonitriles. A correlation
between the choice of the metal ion in the silylamide bases and the
leaving group in the heteroaryl halide was observed. The SNAr
reaction performed best when NaHMDS was used with bromide
and chloride leaving groups, and KHMDS with substrates featur-
ing a fluoride leaving group (eq 69).93

NX

CN

+
N

CN

(69)

MHMDS
THF/toluene

1 h at 0 °C, 16 h rt

X = Cl, M = Na; yield: 61%
X = F, M = K; yield: 88%

Carbon nucleophiles can be used to construct carbon-transition
metal bonds in stable organometallic complexes via an SN2
displacement at the metal center. For example, deprotona-
tion at the α-position to the ester groups in the chiral non-
racemic (ethoxycarbonylmethyl)-N-(trifluoromethanesulfonyl)-
2-(aminophenyl)iodopalladium(II) complex followed by a rapid
irreversible displacement of the iodide afforded new C(sp3)–Pd
bonds, yielding a diastereomerically enriched palladacycle with a
Pd-bonded stereogenic carbon.94 The ratio of atropisomers arising
from a hindered rotation about the aryl–Pd bond in the aryliodopal-
ladium complex proved to play an important role, and the results
shown in eq 70 were achieved with an aza-aryliodopalladium
complex featuring a 98:2 ratio of atropisomers. Apparently, the
ring-closure reaction was faster than the interconversion of the
atropisomers. Deprotonation with KHMDS followed by the dis-
placement of the iodide afforded excellent yields (89% and 93%)
of the palladacycle in good diasteroselectivities (60% and 72%)
favoring the diastereomer with the (S) configuration at the Pd-
bonded stereogenic carbon. The application of sterically hindered
bases with tightly chelating cations proved to be important for
achieving high diastereoselectivites. Consequently, deprotonation
with LDA (THF, rt) afforded the palladacycle in 61% yield and
80% de. The optimum diastereoselectiviy was realized following
the replacement of the iodide counterion with acetate utilizing
AgOAc additive and t-BuOK base (THF, −78 ◦C) yielding the
palladacycle in 99% yield and 92% de (eq 70).94
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(70)

base
THF, –78 °C

10 min

base: KHMDS; 93% yield (72% de)
base: AgOAc/t-BuOK; 99% yield (92% de)

98:2 atropisomer ratio

Base for Deprotonation of Heteroatom–Hydrogen (X–H)
Bonds. The deprotonation of heteroatom–hydrogen bonds
with KHMDS constitutes a key step in diverse methods
for the preparation of heterocycles.95,96 A cyclization of
3,4-dihydro-2-pyridones derived from (S)-phenylglycinol fea-
turing a β-enamino ester functionality and an internal hy-
droxyl group via an intramolecular Michael addition was
achieved though the deprotonation of the hydroxyl group
with KHMDS, NaHMDS, or LHMDS in THF at 0 ◦C.95

In all cases, cis-diastereomers of the bicyclic lactams were
formed, and only the configuration of the carbon adjacent
to the ester group was variable. Reactions performed under
kinetic conditions with 0.1 equiv of LHMDS (2 h) gave the best
diastereoselectivity (>98:2 dr). However, the same diastereose-
lectivity (>98:2 dr) was also realized with KHMDS (0.1 equiv)
when the reaction was stopped after just 1 h (eq 71).95 In contrast,
the application of 0.5 equiv of a strong base (KHMDS) induced
the epimerization of the acidic proton providing almost 1:1 ratios
of cis/trans diastereomers.

NO

COOMe

O

Ph

Me

COOMe

O

OH
Ph

N Me (71)

>80% ( >98:2 dr)

KHMDS (0.1 equiv)
THF, 0 °C, 1 h

KHMDS was used to promote the condensation of an imida-
zole precursor with commercially available carbamates provid-
ing 1-substituted 7-PMB-protected xanthines in a single step.96

KHMDS served to deprotonate the N–H bonds in both substrates,
yielding a metal amide and an isocyanate via fragmentation of
the metalated carbamate, which participated in a condensation re-
action providing potassium salts of the xanthines. In most cases,
the potassium salt precipitated directly from the crude reaction
mixtures, and was easily N-allylated in a subsequent step under
mild conditions. The choice of the base for the condensation reac-
tion was optimized. Sodium bases (EtONa, MeONa, t-BuONa),
and unhindered potassium bases (EtOK) gave low to moderate
yields of the corresponding N-metal salts, whereas lithium bases
(LHMDS, LDA) gave modest yields and required longer reaction

times. A problematic base-induced degradation of the imida-
zole substrate could be minimized by using strong sterically hin-
dered potassium bases (e.g., KHMDS, t-AmOK, t-BuOK) and by
adding a solution of the base in diglyme slowly to the preheated
(70–80 ◦C) and stirred diglyme solutions of substrates (eq 72).
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KHMDS (1.5 equiv)
diglyme, 2 h

70–80 °C

(85%)

In the preparation of a series of phenylalkylphosphonamidate
derivatives of glutamic acid, KHMDS was employed to depro-
tonate the H–P bond in the dibenzyl phosphite, generating a
P-nucleophile that reacted with phenylalkyl bromides to provide
targeted phosphonates in good yields (eq 73).97
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1. KHMDS (0.5 M in tolune)
THF

0 °C, 1 h

2.

n = 1, 3 and 5

2.5 h reflux
THF

(  )n

The deprotonation of N–H bonds in diverse oxazolidin-2-ones
with KHMDS as the base followed by the treatment of the crude
reaction mixtures with trimethylsilylethynyl iodonium triflate
electrophiles afforded trimethylsilyl-terminated N-ethynyl oxa-
zolidinones in 50–60% yields (eq 74).98 Desilylation could be
realized on the purified products or the crude reaction mix-
tures, and the alkynyl oxazolidinones were elaborated into novel
stannyl enamines in the subsequent steps. In contrast, protocols
employing n-BuLi in toluene, or Cs2CO3 in DMF gave yields
lower than 20%. The procedure could be successfully applied to
chiral oxazolidinones, since substitution at the C4 position of the
oxazolidinones did not have a detrimental effect on reactivity.

O

O

H

R1
R2

N

TMS I Ph

OTf

TMS

N O

O

R1
R2

1. KHMDS
    toluene, 0 °C

2. (74)

(50–60%)

Pyrrole carbinols were identified as new base-labile protecting
groups for aldehydes.99 The optimal bases for the preparation of
a pyrrole carbinol via the reaction of metal pyrrolates with iso-
butyraldehyde were sought. Alkali metal pyrrolates performed
better than their alkaline earth counterparts. Lithium and sodium
pyrrolates prepared via the deprotonation of pyrrole with n-BuLi,
LHMDS, and NaHMDS afforded the corresponding pyrrole carbi-
nol in 90%, 85% and 85% yields, respectively, whereas potassium
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pyrrolate obtained using KHMDS afforded the pyrrole carbinol in
a lower yield (45%) (eq 75).99

N
H

O

H

n-BuLi

KHMDS
NaHMDS

N

OH

Base Yield

90

LHMDS 85

85
45

1. base

2.
(75)

KHMDS could also be used for the deprotonation of an N–H
bond present in a ligand of an aminoiridium complex, providing
an amidoiridium complex required in a study elucidating the kine-
tic and thermodynamic barriers to interconversions of late metal
amido hydride complexes and late metal amine complexes.100

The treatment of an ammonia complex (PCP)Ir(H)(Cl)(NH3) with
KHMDS (2 equiv) in THF (−78 ◦C) afforded the targeted amido
complex (PCP)Ir(H)(NH2) in a quantitative yield accompanied by
HMDS and KCl (eq 76).100 The product was stable below −10 ◦C,
and could be characterized by NMR techniques.

PtBu2

PtBu2

PtBu2

PtBu2

Ir
NH2

H

PtBu2

PtBu2

Ir
Cl

H
NH3 (76)

PCP =

KHMDS
THF, –78 °C

KHMDS has been used as the key reagent in different appro-
aches to a stereocontrolled glycosidation and functionalization of
carbohydrates.101,102 The choice of the base and solvent for the
deprotonation of the glycosidic O–H group in reactions of 2,3,4,6-
tetra-O-benzyl-D-glucopyranose or 2,3,4,6-tetra-O-benzyl-D-
mannopyranose with 2-chloro-6-nitrobenzothiazole was found
to be a critical factor in controlling the α/β selectivity.101 In
the synthesis of 2,3,4,6-tetra-O-benzyl-D-mannopyranoside
both stereoisomers (α or β) could be prepared selectively. The
α-isomer was obtained by using KHMDS (THF, rt, 0.5 h) giving
90% yield of a 73:27 ratio of α:β stereoisomers (eq 77), whereas
a preferential formation of the β-stereoisomer was realized using
NaHMDS (THF, rt, 0.5 h) giving 92% yield of a 34:66 ratio of
α:β stereoisomers (eq 78).

In contrast, a stereoselective preparation of the α-isomer of
the 2,3,4,6-tetra-O-benzyl-D-glucopyranoside employed LHMDS
base (THF–DMF, 0 ◦C, 48 h) and gave a 92% yield of an 88:12
ratio of α:β stereoisomers.101
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O
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BnO

BnO

OH

BnO
O

OBn

BnO

BnO

O

S

N

NO2

N

S
Cl

NO2

90% (73 α/27 β)

KHMDS, THF
rt, 0.5 h

(77)
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BnO

BnO

OH

N

S
Cl

NO2

BnO
O

OBn

BnO

BnO

O

S

N

NO292% (34 α/66 β)

NaHMDS, THF
rt, 0.5 h

(78)

A conversion of bromohydrins featuring a glycosidic hydroxyl
group of cyclic hemiacetals into epoxides mediated by different
bases, for example KHMDS, followed by the epoxide opening by
nucleophiles represents a useful strategy for a stereocontrolled
functionalization of carbohydrates.102,103 For example, an α-
stereoselective coupling of N-acetyllactosamine-derived bromo-
hydrins to sialic acid-derived thiols or thioacetates was realized
via an in situ formation of an epoxide, which was effectively me-
diated by KHMDS at low temperatures (eqs 79 and 80).103 The
reaction temperature proved to be critical for achieving a good
diastereoselectivity.

R
O

OAc

AcO

AcO

O O
OMe

AcO

OAc

S

HS
O

AcO

OH

COOMe

AcO
OAc

AcO

Br

AcHN

(  )n

(79)

KHMDS, THF
–78 to 10 °C

Deprotonation of the N–H Bond in Sulfonamides: Cata-
lyst in an Anionic Ring-opening Polymerization. The addition
of 5 mol % each of N-benzyl methanesulfonamide and KHMDS
to a solution of 2-n-decyl-N-mesylaziridine in DMF initiated a
ring-opening polymerization providing a very low polydispersity
polyamine polymer (eq 81).104
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OAc

AcO

AcO

O O
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S
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(  )n

(  )n

(80)

KHMDS, MeOH
–78 to 10 °C

(79) and (80)

R = NHAc or OAc

21–54% (R = NHAc, n = 1–5)
22–68% (R = OAc, n = 1–5)

Polymerization of racemic aziridines afforded soluble poly-
mers, whereas the use of enantiopure aziridines provided spar-
ingly soluble polymers. KHMDS serves to deprotonate the pri-
mary sulfonamide initiator, providing an amide anion, which then
functions as a nucleophile to promote the ring-opening polymer-
ization of the aziridine. The polymerization kinetics were shown
to feature a first-order dependence on both the aziridine substrate
and the anionic initiator.

N

Ms
C10H21

H
N

Ms

Bn

Ms

N

C10H21

racemic Mn = 4800, PDA = 1.06

(81)

18

5% BnN(H)Ms
5% KHMDS
DMF, 45 °C

Nucleophilic Nitrogen Source in Polymer Synthesis.
KHMDS was used as a stoichiometric N-nucleophile to initiate
an anionic polymerization of ethylene oxide, providing the
α-amino-ω-hydroxyl-poly(ethyleneglycol) (PEG) (THF, 50 ◦C,
15 h) polymers with different molecular weights (2100, 4400,
7200) (eq 82).105 The N-silyl groups were removed under acidic
conditions, and terminating functionalities with structures of
known pharmaceutical agents (sulfadiazine and chlorambucil)
were attached to the amino and hydroxyl groups via carbamate
or ester groups. The anticancer activity of the resulting polymers
was studied.

O
TMS

N

TMS

CH2CH2OK
O (82)

KHMDS
THF, 50 °C

n

A method for terminal functionalization of polystyrene chains
relying on platinum-catalyzed hydrosilylation of ω-silyl hydride

functionalized polymers with bis(trimethylsilyl)allylamine was
developed. KHMDS has been treated with allyl bromide in HMDS
(0 ◦C, 1 h) to provide the requisite TMS-protected allylamine.106

Base-mediated Rearrangements of the Carbon Skeleton.
KHMDS has been utilized to induce the [3,3] sigmatropic
anionic oxy-Cope rearrangement with subsequent C-methylation,
providing the ring-expanded α-methylated ketone in an excellent
yield (81%) in a one step reaction (eq 83).107

OH

OPMB

OTBS

PMBO

H

OTBS

Me

O
(83)

1. KHMDS, 18-C-6
THF

(81%)

2. MeI

An attempted KHMDS-mediated oxygenation reaction of cis-
C9–C10 taxol precursor with an excess (10 equiv) of KHMDS
(THF, −78 ◦C) utilizing an excess of 18-crown-6 ether (30 equiv)
afforded a hydroxylated product featuring a rearranged carbon
skeleton corresponding to the ring system found in taxol. Ap-
parently, the cis-C9–C10 ring system was prone to a facile α-
ketol rearrangement, and the α-oxygenation occurred only after
the skeletal rearrangement took place (eq 84).107

O

HO

O O

PMP

HOH

OTBS

HO

O O

PMP

H
O

OTBS

(84)

KHMDS, 18-C-6
O2, THF, Me2S

(76%)

2

10 9

In contrast, an analogous KHMDS-mediated oxygenation
reaction applied to the trans-C9–C10 PMP acetal-protected taxol
precursor afforded the C-2 oxygenated product in a good yield.
The oxidation was not accompanied by the α-ketol rearrangement
of the trans-C9–C10 ring system. Apparently, the trans-locked
PMP-acetal introduced a significant steric strain preventing the
operation of the α-ketol rearrangement.

KHMDS has been studied as a reagent capable of inducing
base-mediated rearrangements of 2-benzyloxycyclooctanone and
its �5-unsaturated congener.108 Exploring the feasibility of an
O → C 1,2-shift, 2-benzyloxycyclooctanone was treated with
bases including NaH in DMF, LDA in THF, and KHMDS in
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THF. However, the O → C 1,2-shift failed to occur. In contrast,
the skeletal rearrangement took place in 10 min at room tem-
perature when the reactivity of KHMDS was increased by the
addition of the 18-crown-6 ether. Under these conditions, both 2-
benzyloxycyclooctanone and 2-benzyl-2-hydroxycyclooctanone
afforded a ring-contracted 1-benzylcarbonyl-1-hydroxycyclohep-
tanone in an identical excellent yield (91%) (eqs 85 and eq 86).108

O

OH

O

OH

(85)

KHMDS, 18-C-6
THF, rt

(91%)

O

O

O

OH

(86)

KHMDS, 18-C-6
THF, rt

(91%)

The rearrangement pathway was rationalized by a sequential
O → C 1,2-shift (in the case of the 2-benzyloxycyclooctanone)
followed by the α-ketol rearrangement. In contrast, analogous
rearrangements of the �5-unsaturated analogs under the same
conditions required a minimum of 8 h, providing only mod-
est yields of the rearranged product (39–41%). Notably, the α-
ketol rearrangement is a thermodynamically controlled process
implying greater thermodynamic stability of the seven-membered
isomers.

KHMDS in the presence or absence of the 18-crown-6 ether
were used to induce an acyloin rearrangement of 1,3-di-tert-butyl-
dimethylsilyloxybicyclo[2.2.2]oct-5-en-2-ones to the 1,8-tert-
butyldimethylsilyloxybicyclo[3.2.1]oct-3-en-2-ones.109 The bi-
cyclo[2.2.2]octenone bearing a formyl (CHO) group afforded
good yields of the rearranged bicyclo[3.2.1]octenone with exo
stereochemistry at C-7 in reactions mediated by KHMDS (80%)
or KH (66%). Interestingly, the addition of the 18-crown-6 to the
reaction mediated by KHMDS gave only a low yield (35%) and
a 1:1 ratio of C-7 endo/exo rearranged products (eq 87).109 The
bicyclo[2.2.2]octenone bearing a cyano (CN) group failed to pro-
ceed with KH base, whereas the reactions mediated by KHMDS
without or with the addition of 18-crown-6 ether afforded 77%
and 62% combined yields of C-7 endo/exo epimers, respectively
(eq 88).109

In contrast, treatment of the bicyclo[2.2.2]octenone bearing a
nitro (NO2) group with KHMDS led only to the epimerization of
the C-7 stereocenter in the substrate, whereas KH in THF or NaH
in DMF induced the acyloin rearrangement in good yields.

The application of KHMDS was essential to realizing the Ire-
land–Claisen rearrangement of esters of allylic cyclohexenols.110

Under the optimized conditions (KHMDS, toluene, −78 ◦C to
reflux, TMSCl), the rearranged cyclohexene product was obtained
in a high yield (76%, dr 3:2) (eq 89).110 Other bases, including
LDA, LHMDS or NaHMDS, gave lower yields, and the applica-
tion of TIPSOTf and Hunig’s base resulted in significant decom-

position. However, the presence of Me or Br substituents at the
C-2 carbon in the cyclohexenol ring of the substrates reduced the
yields to less than 50%.
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NC

O

OTBDMS

TBDMSO

SMe

NC
OTBDMS

OTBDMS
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18-crown-6 (C)

77% (B) and 62% (C)

(88)

O

O

KHMDS

NaHMDS

COOH

1.2 equiv base
1.6 equiv TMSCl, TEA

toluene

–78 °C to reflux

(89)

Base Yield (%) dr

LHMDS

76

44

12

3:2

1.4:1

2.1:1

Base-mediated (Formal) Cycloadditions. KHMDS, as well
as other bases, have been used in the synthesis of pyrroles via a
formal [3 + 2] cycloaddition of metalated isocyanides with ethyl
cyclopropylpropiolate.111 The effect of the nature of the base on
the ratio of the desired pyrrole product to the undesired ketone
byproduct was investigated. The proposed mechanism consists
of a formal cycloaddition of the metalated isocyanides across the
triple bond, followed by a 1,5-hydrogen shift and protonation. The
reaction between benzyl isocyanide and tert-butyl cyclopropyl-
propiolate mediated by t-BuOK (2 h, rt) afforded a mixture of
both the products in 96% combined yield and 1:1 ratio (eq 90).111

Similar results were achieved in reactions mediated by KHMDS
both at rt and −78 ◦C (93% and 86% combined yields of 1:1
mixtures) (eq 90). The replacement of KHMDS with NaHMDS
and LiHMDS led to a nearly exclusive formation of the unde-
sired ketone product. The content of the undesired ketone product
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appeared to increase when harder cations were used. Accordingly,
the application of t-BuOCs (2 h, rt) afforded 91% combined yield
of the two products in a 96:4 ratio favoring the heterocycle (eq 90).

N
C

COOt-Bu

t-BuOK

t-BuOCs

KHMDS

NaHMDS

N
H

COOt-Bu

N

O

C

+ +
(90)

base, THF
–78 °C or rt

Base Combined
yield (%)

Pyrrole:ketone
ratio

LHMDS

96

93

98

98

91

51:49

47:53

6:94

2:98

96:4

Several examples of the formal cycloaddition reaction mediated
effectively by KHMDS were described (eq 91).

N
H

F3C

TolO2S

COOEt

F3C

COOEt

+

C
N SO2Tol

(91)

(76%)

KHMDS, THF
rt

The effect of the base on the yield and diastereoselectivity of
the 1,3-dipolar cycloaddition of azomethine ylides derived from
iminoesters with (S)-2-p-tolylsulfinyl-2-cyclopentenone was stu-
died.112 With a variety of bases (e.g., AgOAc/DBU, AgOAc/TEA)
the cycloaddition proceeded with complete regioselectivity and
endo selectivity, but low diastereoselectivity (facial selectivity).
The diastereoselectivity was dependent on the cation of the base,
and the comparison of the performance of LHMDS, NaHMDS and
KHMDS indicated that the best yields and diastereoselectivities
could be achieved with the lithium cation, giving 91% yield of
the diastereomer A and a 98/2 ratio of A/B diastereomers (eq 92).
The lower rate and stereoselectivity of reactions involving sodium
and potassium cations (eq 92) was rationalized by the operation of
a stepwise addition/ring-closure mechanism, in which the cation
acts as a tether between the ester oxygen and the oxygen of the p-
tolylsulfinyl groups in the two substrates. In contrast to the lithium
cation, sodium or potassium cations were unable to fulfill this role
with comparable efficiency.
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base, THF
–78 °C

Ar = naphthyl

Base Yield of A (%) A:B ratio

LHMDS 91

48

54

98:2

68:32

75:25

Base-mediated Olefination Reactions. A Peterson olefina-
tion reagent (t-BuO)Ph2SiCH2CN, which has shown good selec-
tivity for the formation of (Z)-β-monosubstituted α,β-unsaturated
cyanides was developed, and the effect of the cations in the bases
and the substrate structures on the reaction yield and the (Z)-
stereoselectivity was investigated.113 The results of the olefina-
tions of various aromatic aldehydes mediated by n-BuLi, KHMDS
and NaHMDS revealed only minimal effects of the cation in the
base. In general, (Z)-selectivity exceeded 9:1, and good yields
were obtained. For example, olefination of 2-pyridylcarboxalde-
hyde gave optimum results (88% yield, 92:8, Z:E ratio) when
mediated by KHMDS (eq 93). In contrast, the olefinations of
diverse aliphatic aldehydes with (t-BuO)Ph2SiCH2CN mediated
by KHMDS proved to be sensitive to the steric bulk of substituents
at the α-carbon of the aldehyde, giving a lower (Z)-selectivity.
The (Z)-selectivity increased to good levels with only minimal
decrease in the overall yields when KHMDS was replaced with
NaHMDS and n-BuLi (eq 93).

KHMDS has been used as a base in Wittig-type olefina-
tions, which served as the key steps in the synthesis of all
eight geometric isomers of methyl 2,4,6-decatrienoate desired
as precursors for several pheromones.114 Dienyl acetals
(eq 94 and eq 95) were converted into the corresponding
trienyl esters with cis-stereoselectivity under the modified
Horner–Wadsworth–Emmons olefination conditions utilizing
electrophilic phosphonate (CF3CH2O)2P(O)CH2COOCH3 and a
strongly dissociated base system. Thus, reactions mediated by
KHMDS along with the 18-crown-6 ether provided the trienyl
esters in 87% and 88% yields, and 95:5 and 93:7 Z:E ratios,
respectively, after flash column chromatography (eqs 94 and 95).
A partial isomerization of the 6-Z bond in the ester product (eq 95)
occurred in the presence of the excess of the 18-crown-6 ether due
to the increased polarity of the medium, accounting for the lower
selectivity (93:7).

Generation of Ylides. A cyclopropanation of alkylidene and
arylidene malonates with arsonium ylides was developed, provid-
ing access to trans-2,3-disubstituted cyclopropane 1,1-dicarbo-
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xylic acids bearing a vinyl substituent.115 The choice of bases
for the reactions between ethyl propylidene malonate and arso-
nium cinnamylide, generated in situ by deprotonation of a cor-
responding arsonium bromide, was optimized. Experiments with
LHMDS, NaHMDS and KHMDS revealed that the best yields
and diastereoselectivities could be achieved with KHMDS (88%
yield, trans:cis = 16:1) (eq 96). The application of LHMDS led to a
decrease in both the yields and diastereoselectivities (30%, 1.5:1).
The transformation proved to be generally applicable, allowing an
efficient cyclopropanation of arylidene malonates (eq 97).

(t-BuO)Ph2SiCH2CN
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74 96:4

79 98:2
93 99:1

88 92:8

75 90:10
71 91:9

Base Yield Z:E ratio

99 96:4

88 98:2
99 96:4

20 98:2

55 96:4
60 98:2

93 86:14

85 95:5
87 95:5

62 98:2

85 94:6
90 97:3

1. base, THF, –78 °C

2.
(93)

OMe

OMe

COOMe

2. (CF3CH2O)2P(O)CH2COOMe
     KHMDS, 18-crown-6, –70 °C

95:5 (2Z), 87% yield

1. PTSA
               acetone-H2O

      0–5 °C

(94)

KHMDS was used as a base for the deprotonation of ben-
zyltrimethylphosphonium iodide (KHMDS, 0.5 M in toluene,
4 h, 0 ◦C to rt) to afford the corresponding phosphorus ylide,
which was reacted in situ with phenylnitrile or 2-furylnitrile, pro-
viding N-vinylic phosphazenes (eq 98).116 A mechanistic path-
way involving the construction and subsequent ring-opening of
an azaphosphetane (eq 98) was proposed to rationalize the reac-

tion course. The N-vinylicphosphazenes were reacted with alkynyl
esters to afford unsaturated amines or imines.
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COOMe

93:7 (2Z), 88% yield
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Base in Pd-catalyzed C–N Bond-forming Reactions. Suit-
able bases for successful cross-coupling of aromatic bromides
bearing reactive functionalities (OH, AcNH, CH3CO, NH2CO)
with amines via a catalytic system employing a new bicyclic
triaminophosphine ligand along with Pd(OAc)2 catalyst (toluene,
80 ◦C) were sought.117 The cross-coupling reactions, which failed
using weak bases, could be efficiently realized employing t-BuO-
Na/LDA mixtures, LHMDS, KHMDS, or NaHMDS bases. The
results for coupling of 3-hydroxyphenyl bromide to morpholine
(toluene, 80 ◦C, 22 h) are shown in eq 99.

The reasons for the effectiveness of silylated amide bases might
consist in an internal protection of the reactive functionalities,
either via the formation of tightly associated lithium ion pairs
following the deprotonation, or via the formation of silylated
alcohols or silylated amides operating as protecting groups. Both
pathways would prevent the alkoxide or amide coordination to
palladium resulting in catalyst deactivation.
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N
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i-Bu
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LiHMDS       92
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(99)

+

Base Yield (%) Base Yield (%)

base (2.4 equiv)

Base for C–H or N–H Deprotonation of Precursors to
Carbene or Amide Ligands in the Preparation of Metal Com-
plexes. KHMDS has been used as a base for the deprotonation of
N–H or B–H bonds in imine-based ligands or trispyrazolyl borate-
derived ligands to synthesize calcium complexes, which were used
as initiators of the ring-opening polymerization of lactides.118 A
first example of a two-coordinate, neutral InI singlet carbene com-
plex has been prepared via an in situ deprotonation of the imine
ligand precursor with KHMDS in the presence of InII to afford the
In(I) complex in 36% unoptimized yield as pale yellow, thermally
stable crystals.119

A bidentate ferrocenyl-N-heterocyclic carbene ligand precur-
sor in the form of the bis-imidazolinium salt was deprotonated
in situ with KHMDS and reacted with [PdCl2(cod)] to pro-
vide a bis(carbene)palladium(II) dichloride complex, which was
structurally characterized (eq 100).120

N N tBu

N N
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N N tBu

N N
tBu

Pd ClCl

+

+

Fe 2Cl–

KHMDS

Fe

1. 2 equiv

2. Pd(cod)Cl2

(100)

THF, –78 °C

An in situ treatment of the iminium salt shown in eq 101
with KHMDS afforded a four-membered N-heterocyclic carbene
ligand, which reacted with the ruthenium complex (PPh3)Cl2Ru=
CH-o-O-i-PrC6H5 (60 ◦C, overnight) providing the ruthenium
carbene complex in 30% yield as an air stable brown solid (eq 101),
which was characterized by NMR and tested for its reactivity in
ring closing metathesis.121
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(101)

Synergistic Effects in Metalation of Unactivated C–H Bonds.
The metalation of toluene has been achieved using a bimetal-
lic base KZn(HMDS)3, providing the metalated benzyl product
[KZn(HMDS)2CH2Ph], whereas an analogous metalation could
not be achieved either with KHMDS or Zn(HMDS)2.122 A mix-
ture of KHMDS and Zn(HMDS)2 (10 mmol each) in toluene
(20 mL) was stirred for 15 min at room temperature followed by
vigorous heating for 5 min to afford the metalated benzyl product
as a solid [KZn(HMDS)2CH2Ph]. Under more strenuous condi-
tions the metalation could not be realized with either KHMDS or
Zn(HMDS)2, clearly demonstrating that the described deprotona-
tive metalation is synergic by its origin. The synergic effect did not
operate when Zn was replaced with Mg, and the synergy-driven
deprotonation could be extended to m-xylene and mesitylene.
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Potassium Monoperoxysulfate

2KHSO5⋅KHSO4⋅K2SO4

[37222-66-5] H3K5O18S4 (MW 614.81)
InChI = 1S/5K.2H2O5S.2H2O4S/c;;;;;2*1-5-6(2,3)4;2*1-5(2,3)

4/h;;;;;2*1H,(H,2,3,4);2*(H2,1,2,3,4)/q5*+1;;;;/p-5
InChIKey = HJKYXKSLRZKNSI-UHFFFAOYSA-I

(oxidizing agent for a number of functional groups, including
alkenes,16 arenes,17 amines,26 imines,30 sulfides;37 used for the

preparation of dioxiranes5)

Alternative Names: potassium caroate, potassium hydrogen
persulfate, Oxone®, potassium peroxymonosulfate.

Physical Data: mp dec; d 1.12–1.20 g cm−3.
Solubility: sol water (25.6 g 100 g, 20 ◦C), aqueous methanol,

ethanol, acetic acid; insol common organic solvents.
Form Supplied in: white, granular, free flowing solid. Available

as Oxone® and as Curox® and Caroat®.
Analysis of Reagent Purity: iodometric titration, as described in

the Du Pont data sheet for Oxone®.
Handling, Storage, and Precautions: the Oxone triple salt

2KHSO5·KHSO4·K2SO4 is a relatively stable, water-soluble
form of potassium monopersulfate that is convenient to handle
and store. Oxone has a low order of toxicity, but is irritating to
the eyes, skin, nose, and throat. It should be used with adequate
ventilation and exposure to its dust should be minimized. Traces
of heavy metal salts catalyze the decomposition of Oxone. For
additional handling instructions, see the Du Pont data sheet.

Original Commentary

Jack K. Crandall
Indiana University, Bloomington, IN, USA

Oxidation Methodology. Oxone (2KHSO5·KHSO4·K2SO4)
is a convenient, stable source of potassium monopersulfate
(caroate), which serves as a stoichiometric oxidizing agent un-
der a variety of conditions. Thus aqueous solutions of Oxone
can be used to perform oxidations in homogeneous solution and
in biphasic systems using an immiscible cosolvent and a phase-
transfer catalyst. Recently, solid–liquid processes using supported
Oxone reagents have been developed. Other oxidation methods
involve the generation and reaction of a secondary reagent un-
der the reaction conditions, as with the widely employed aqueous
Oxone–ketone procedures, which undoubtedly involve dioxirane
intermediates.1–4 In other instances, oxaziridine derivatives and
metal oxo complexes appear to be the functional oxidants formed
in situ from Oxone. Synthetically useful examples of these oxida-
tions are grouped below according to the functional groups being
oxidized.

Ketones and Other Oxygen Functions. Various ketones
can be converted to the corresponding dioxiranes by treatment
with buffered aqueous solutions of Oxone (eq 1). Of parti-
cular interest are dimethyldioxirane5 (R1 = R2 = Me) and
methyl(trifluoromethyl)dioxirane6 (R1 = Me, R2 = CF3) derived

from acetone and 1,1,1-trifluoro-2-propanone, respectively. The
discovery of a method for the isolation of dilute solutions of these
volatile dioxiranes in the parent ketone by codistillation from the
reaction mixture has opened an exciting new area of oxidation
chemistry (see Dimethyldioxirane and Methyl(trifluoromethyl)-
dioxirane). Solutions of dioxiranes derived from higher molecular
weight ketones have also been prepared.5,7

(1)
Oxone

O
R1

R2

O

O

R1

R2aq. NaHCO3

Interestingly, the reaction of a solid slurry of Oxone and wet
Alumina with solutions of cyclic ketones in CH2Cl2 provokes
Baeyer–Villiger oxidation to give the corresponding lactones
(eq 2).8 The same wet alumina–Oxone reagent can be used to
oxidize secondary alcohols to ketones (eq 3).9 Aldehydes are ox-
idized to acids by aqueous Oxone.5,10

(2)

2.5 equiv Oxone

wet alumina

O
O

O

CH2Cl2, reflux, 8 h

79%

(3)

2.5 equiv Oxone

wet alumina

C5H11

O

C5H11

OH

MeCN, 25 °C, 2 h

80%

Alkenes, Arenes, and Alkanes. Aqueous solutions of
Oxone can epoxidize alkenes which are soluble under the reaction
conditions; for example, sorbic acid (eq 4).11 (the high selectivity
for epoxidation of the 4,5-double bond here is noteworthy). Alter-
natively, the use of a cosolvent to provide homogeneous solutions
promotes epoxidation (eq 5).11 Control of the pH to near neutrality
is usually necessary to prevent hydrolysis of the epoxide. Rapidly
stirred heterogeneous mixtures of liquid alkenes and aqueous Ox-
one solutions buffered with NaHCO3 also produce epoxides, as
shown in eq 6.12

(4)
2 equiv OxoneCO2H O

CO2H
pH 6, 3 h

84%

(5)

2 equiv Oxone
H2O, MeOH

O
pH 6, 4 h

91%

(6)

1.3 equiv Oxone

H2O, NaHCO3
O

23 °C, 1 h

91%

An in situ method for epoxidations with dimethyldioxirane us-
ing buffered aqueous acetone solutions of Oxone has been widely
applied.1–4 The epoxidation of 1-dodecene is particularly impres-
sive in view of the difficulty generally encountered in the epoxi-
dation of relatively unreactive terminal alkenes (eq 7).13 A bipha-
sic procedure using benzene as a cosolvent and a phase-transfer
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agent was utilized in this case. Equally remarkable is the epoxida-
tion of the methylenecyclopropane derivatives indicated in eq 8,
given the propensity of the products to rearrange to the isomeric
cyclobutanones.14

(7)

2.4 equiv Oxone

acetone, benzene

C10H21

O
C10H21 phosphate buffer

18-crown-6, 2–8 °C, 3 h

72%

(8)

3.3 equiv Oxone

phosphate buffer
O

R
R

R

R
CH2Cl2, 18-crown-6

10–15 °C, 16 h

70–90%

The epoxidation of conjugated double bonds also proceeds
smoothly with the Oxone–acetone system, as illustrated by eq 9.15

The conversion of water-insoluble enones can be accomplished
with this method using CH2Cl2 as a cosolvent and a quaternary
ammonium salt as a phase-transfer catalyst. However, a more con-
venient procedure utilizes 2-butanone both as a dioxirane precur-
sor and as an immiscible cosolvent (eq 10).16 No phase-transfer
agent is required in this case.

(9)

2.4 equiv Oxone
aq. acetone, NaHCO3

Ph O

CO2H

Ph

CO2H
24–27 °C, 2.5 h

92%

(10)

7 equiv Oxone

2-butanone

O O

Ophosphate buffer

20 °C, 36 h

84%

The epoxides of several polycyclic aromatic hydrocarbons have
been prepared by the use of a large excess of oxidant in a bipha-
sic Oxone–ketone system under neutral conditions, as shown for
the oxidation of phenanthrene (eq 11).17 However, the use of iso-
lated dioxirane solutions is more efficient for the synthesis of re-
active epoxides, since hydrolysis of the product is avoided.5,18

A number of unstable epoxides of various types have been pro-
duced in a similar manner, as discussed for Dimethyldioxirane
and Methyl(trifluoromethyl)dioxirane.

(11)

excess Oxone

acetone, CH2Cl2
phosphate buffer

O

Bu4NHSO4

0–10 °C, 5.5 min

60%

Epoxidations have also been performed with other oxidizing
agents generated in situ from Oxone. An intriguing method uses
a catalytic amount of an immonium salt to facilitate alkene epoxi-
dation in a process which apparently involves an intermediate
oxaziridium species as the active oxidant.19 This procedure is car-
ried out by adding solid Oxone and NaHCO3 to a solution of the
alkene and catalyst in MeCN containing a very limited quantity of

water (eq 12). Finally, Oxone is the stoichiometric oxidant in inter-
esting modifications of the widely studied metal porphyrin oxida-
tions, where it has obvious advantages over some of the other oxi-
dants commonly used.20 The potential of this method is illustrated
by the epoxidation reaction in eq 13.21 In this conversion, only
1.4 mol % of the robust catalyst tetrakis(pentafluorophenyl)-
porphyrinatomanganese chloride (TFPPMnCl) is required. The
catalytic hydroxylation of unactivated hydrocarbons is also
possible (eq 14).22 Other metal complexes promote similar
oxidations.23–25

(12)

N
Me+

1.7 equiv Oxone
NaHCO3, MeCN

H2O, 16 h
97%

C8H17

HO

O

C8H17

HO BF4
–

(13)

2.1 equiv Oxone

1.4% TFPPMnCl

phosphate buffer

C6H13

O

C6H13
2 equiv py, CH2Cl2
BnNMe2C14H29Cl

81%

(14)

1.8 equiv Oxone

0.6% TFPPMnCl

phosphate buffer

OH

OOH

+ +

32% 4% 5%

2 equiv py, CH2Cl2
BnNMe2C14H29Cl

32%

Nitrogen Compounds. The aqueous Oxone–acetone com-
bination has been developed for the transformation of certain
anilines to the corresponding nitrobenzene derivatives, as ex-
emplified in eq 15.26 This process involves sequential oxida-
tion steps proceeding by way of an intermediate nitroso com-
pound. In the case of primary aliphatic amines, other reactions
of the nitrosoalkane species compete with the second oxida-
tion step (for example, dimerization and tautomerization to the
isomeric oxime), thereby limiting the synthetic generality of
these oxidations.27 An overwhelming excess of aqueous Oxone
has been used to convert cyclohexylamine to nitrocyclohexane
(eq 16).27

3.2 equiv Oxone

acetone, CH2Cl2
NO2

OMe

NH2

OMe

(15)
phosphate buffer

Bn4NHSO4, pH 8

100%

(16)

20 equiv Oxone

aq. acetone

NO2NH2

NaHCO3

65%
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Pyridine is efficiently converted to its N-oxide by the Oxone–
acetone oxidant.5 Cytosine and several of its derivatives give
the N3-oxides selectively upon reaction with buffered Oxone
(eq 17).28 A similar transformation of adenosine 5′-
monophosphate yields the N1-oxide.29

(17)

1 equiv Oxone

phosphate buffer

N

N

O
HO

O

OH

OH

O–

NH2

N

N

O
HO

O

OH

OH

NH2

+

pH 7, 75 °C, 4 h

63%

The very useful N-sulfonyloxaziridines are conveniently pre-
pared by treating N-sulfonylimines with Oxone in a biphasic sol-
vent system (eq 18).30,31 Either bicarbonate or carbonate can be
used to buffer this reaction, but reaction is much faster with car-
bonate, suggesting that the monopersulfate dianion is the oxidiz-
ing species (for illustrations of the remarkable chemistry of these
oxaziridines, see N-(Phenylsulfonyl)(3,3-dichlorocamphoryl)-
oxaziridine).

PhCH NSO2Ph (18)
KHCO3, 2 h or

K2CO3, 15 min

95%

O
NSO2Ph

Ph

1.2 equiv Oxone

H2O, toluene

The Oxone–acetone system has also been employed for the
synthesis of simple oxaziridines from N-alkylaldimines (eq 19).32

Interestingly, the N-phenyl analogs produce the isomeric nitrones
rather than the oxaziridines (eq 20). It is noteworthy that MeCN
can replace acetone as the solvent in this procedure.

(19)
O

N-t-Bu
PhPhCH N-t-Bu

1.2 equiv Oxone

aq. KHCO3

acetone

98%

(20)

1.2 equiv Oxone

aq. KHCO3
PhCH N(O)PhPhCH NPh

acetone

98%

Finally, the chlorination of aldoximines gives the corresponding
hydroximoyl chlorides, as shown in eq 21.33 The combination of
Oxone and anhydrous HCl in DMF serves as a convenient source
of hypochlorous acid, the active halogenating agent.

(21)
1.1 equiv Oxone

NOH

Cl

ClH

NOH

Cl

0.5 N HCl in DMF

95%

Sulfur Compounds. Some of the earliest applications of
Oxone in organic synthesis involved the facile oxidation of sul-
fur functions. For example, aqueous Oxone selectively oxidizes
sulfides to sulfones even in highly functionalized molecules, as

illustrated in eq 22.34 Sulfones can also be prepared by a conve-
nient two-phase system consisting of a mixture of solid Oxone,
‘wet’ Montmorillonite K10 clay, and a solution of the sulfide in
an inert solvent.35

O
SPh

O
SO2Ph

(22)

3 equiv Oxone

H2O, MeOH

0 °C, 4 h

77%

The partial oxidation of sulfides to sulfoxides has been accom-
plished in a few cases by careful control of the reaction stoichiom-
etry and conditions.34 A biphasic procedure for sulfoxide forma-
tion from diaryl sulfides is shown in eq 23.36 However, a more
attractive and versatile procedure uses a solid Oxone–wet alu-
mina reagent with a solution of the sulfide.37 This method permits
control of the reaction to form either the sulfoxide or the sulfone
simply by adjusting the amount of oxidant and the reaction tem-
perature, as illustrated in eq 24. These oxidations are compatible
with other functionality.

2 equiv Oxone

Bu4NBr
(23)(p-MeOC6H4)2S (p-MeOC6H4)2S=O

H2O, CH2Cl2, 18 h

92%

3 equiv Oxone

wet alumina

(24)

1 equiv Oxone

wet alumina

PhSCH2CH2OH

PhSOCH2CH2OH

PhSO2CH2CH2OH

CH2Cl2, reflux

84%

CHCl3, reflux

89%

Another intriguing method for the selective oxidation of
sulfides to sulfoxides (eq 25) uses buffered Oxone in a biphasic
solvent mixture containing a catalytic amount of an N-
phenylsulfonylimine as the precursor of the actual oxidizing
agent, the corresponding N-sulfonyloxaziridine.38 The oxaziri-
dine is smoothly and rapidly formed by reaction of the imine with
buffered Oxone and regenerates the imine upon oxygen transfer
to the sulfide. The greater reactivity of the sulfide relative to the
sulfoxide accounts for the preference for monooxidation in this
procedure. The biphasic nature of this reaction prevents direct
oxidation by Oxone, which would be less selective.

(25)

4.5 equiv Oxone

PhSO2N=CHC6H4NO2-p
PhSCH=CH2 PhSO2CH=CH2H2O, CH2Cl2

K2CO3, 0.5 h

90%

Oxone sulfoxidations can show appreciable diastereoselectiv-
ity in appropriate cases, as demonstrated in eq 26.39 Enantios-
elective oxidations of sulfides to sulfoxides have been achieved
by buffered aqueous Oxone solutions containing bovine serum
albumin (BSA) as a chiral mediator (eq 27).40 As little as
0.05 equiv of BSA is required and its presence discourages further
oxidation of the sulfoxide to the sulfone. Oxone can be the active
oxidant or reaction can be performed in the presence of acetone,
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trifluoroacetone, or other ketones, in which case an intermediate
dioxirane is probably the actual oxidizing agent. The level of op-
tical induction depends on structure of the sulfide and that of any
added ketone. Sulfoxide products show ee values ranging from
1% to 89%, but in most examples the ee is greater than 50%.

(26)

1.2 equiv Oxone

H2O, acetone
S

TsO

S

TsO

O–
+

trans:cis = 10:1

0 °C, 40 min

90%

(27)

2 equiv Oxone, BSA

H2O, CF3COMe

Ph
S

O

Ph
S

89% ee

NaHCO3, pH 8

4 °C, 5 min

67%

1-Decanethiol is efficiently oxidized to decanesulfonic acid
(97% yield) by aqueous Oxone.10 In a similar manner an acylthio
function was converted into the potassium sulfonate salt, as shown
in eq 28.41

(28)

5 equiv Oxone

H2O, MeOH
AcS(CH2)10CO2Me KO3S(CH2)10CO2Me

K2CO3

92%

Finally, certain relatively stable thioketones can be transformed
into the corresponding thione S-oxides by the aqueous Oxone–
acetone reagent (eq 29).42

(29)

2 equiv Oxone

acetone, benzene
(p-MeOC6H4)2C=S (p-MeOC6H4)2C=S=O

aq. KHCO3

18-crown-6, 6 h

97%

First Update

Yian Shi & Christopher P. Burke
Colorado State University, Fort Collins, CO, USA

Modification of Oxone. Since Oxone is a triple salt
(2KHSO5·KHSO4·K2SO4) only about 50% per mole is active
oxidant. A convenient method for the preparation of purified
KHSO5·H2O on a large scale has been developed which allows
for significant reduction in the amount of oxidizing agent needed
for a reaction.43 One of the main drawbacks of using Oxone is
that aqueous/alcoholic or at least biphasic reaction conditions
are usually necessary. To circumvent this problem several
organic-soluble forms of Oxone have been developed including
tetra-n-butylammonium peroxymonosulfate (n-Bu4NHSO5),44

tetraphenylphosphonium peroxymonosulfate (Ph4PHSO5),45,46

and benzyltriphenylphosphonium peroxymonosulfate
(BnPh3PHSO5).47 These oxidants can be used under anhy-
drous conditions and in many cases show similar reactivity to
Oxone. A study has been done comparing the activity of these

different oxidants in the oxidation of benzaldehyde, trans-
stilbene, triphenylphosphine, thioanisole, and phenylboronic
acid.43

Ketones, Aldehydes, and Alcohols. The well-known Baeyer-
Villiger oxidation of ketones by Oxone (eq 2) has been exploited
in a variety of reactions. This protocol has been used with KHSO5
for cleavage of α- and β-dicarbonyl compounds to esters or acids
(eqs 30 and 31).48,49 This process is simpler, cheaper, and milder
than the commonly used haloform reaction.

O O

OMe

O

MeO

O4 equiv KHSO5

MeOH, 18 h
99%

(30)

O

O
MeO

O

OMe

O

4 equiv KHSO5

MeOH, 18 h
90%

(31)

α-Hydroxy- and α-nitroketones are oxidatively cleaved by
Oxone in a similar manner to yield the corresponding esters and
acids (eqs 32 and 33).48–50 α-Nitroketones can be cleaved to dicar-
boxylic acids or dicarboxylic acid monomethyl esters depending
on reaction conditions. It is proposed that in the case of α-hydroxy
ketones Bayer-Villiger oxidation is followed by oxidation of the
resulting aldehyde to give the diacid/ester.

O

OH
O

MeO
OMe

O

4 equiv KHSO5

MeOH, 18 h

98%

(32)

O

NO2

O

HO
OH

O

2.5 equiv Oxone, MeOH

1 N NaOH, 70 °C

93%

(33)

Oxone has also been recently more thoroughly studied as
reagent for the oxidation of aldehydes.51,52 Aryl- and aliphatic
aldehydes can be efficiently converted directly to acids or esters
depending on the choice of solvent (eq 34).52 They can also be
converted to nitriles in one pot by reaction with hydroxylamine
on alumina with microwave irradiation (eq 35).53

CHO CO2R
1 equiv Oxone

DMF, R = H, 97%

    MeOH, R = Me, 83%

(34)

CHOPh
Ph

N
1 equiv Oxone, HONH3Cl

alumina, microwave

83%

(35)
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Oxone oxidizes metal complexes including tris[(2-oxazolinyl)-
phenolato] manganese(III) which, in conjunction with n-Bu4NBr,
is an effective oxidant for aromatic and primary and secondary
aliphatic alcohols.54

Mn

N

N

N

O

O

O

O

O

O

tris[(2-oxazolinyl)phenolato] manganese(III)

Additionally, Oxone is a suitable stoichiometric oxidant for al-
cohol oxidations with TEMPO and n-Bu4NBr even in aprotic sol-
vents (eq 36).55 Aliphatic and electron-rich benzylic alcohols give
lower yields than electron-neutral benzylic alcohols in this case.
A simple combination of Oxone and NaBr can oxidize benzylic
alcohols to aldehydes and ketones.56 Once again, electron-rich
benzylic alcohols gave lower yields; in this case it is due to com-
peting halogenation of the aromatic ring. BnPh3PHSO5 has also
been used with AlCl3 to oxidize benzylic and allylic alcohols un-
der aprotic solvent-free conditions (eq 37).57 This protocol gives
high yields for both electron-poor and electron-rich primary and
secondary benzylic alcohols.

OH O2.2 equiv Oxone

0.01 equiv TEMPO

n-Bu4NBr, toluene

71%

(36)

OH

X X

O
1.2 equiv BnPh3PHSO5

AlCl3

X = NO2, 100%
X = OMe, 80%

5–15 min (37)

Alkenes, Alkynes, Arenes, and Alkanes. One of the most
common applications of Oxone in organic synthesis is the in situ
formation of dioxiranes from ketones (eq 1). Dioxirane chem-
istry has grown significantly in recent years, particularly in the
area of enantioselective epoxidation, and a wide variety of chiral
ketones have been designed for this purpose.58–69 Notably,
ketones (5 and 6) derived from fructose and glucose, respectively,
have been shown to be effective catalysts for enantioselective
epoxidations of a variety of trans-, trisubstituted, cis-, and termi-
nal olefins with Oxone as primary oxidant (eqs 38 and 39).70–72

OCH3

CH3H3C

1

X

X
O

O

O

2

F

O

N
CH3H3C +

3

CH3

CH3

F

F

O

4

O

O
O

O
O

O

5

O

O
O

N
O

O

O

Boc

6

n-C6H13
n-C6H13

n-C6H13
n-C6H13

O

1.4 equiv Oxone, 0.3 equiv 5

CH3CN, H2O, K2CO3

 pH 9.3, −10 ºC

 89%, 95% ee

(38)
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O

1.8 equiv Oxone, 0.15 equiv 6

DME/DMM, H2O, K2CO3

 pH 8, 0 °C

 91%, 92% ee

(39)

Oxone and its derivatives have also been used with chiral
iminium salts and amines to form enantiomerically enriched epox-
ides. The scope and enantioselectivity of epoxidation with chiral
iminium salts with Oxone and Ph4PHSO5 have made progress
during recent years.46,73–77 Chiral iminium salts (7 and 8)
have been particularly successful for various olefins (eqs 40
and 41).78,79

N
O

O

Ph

+

BPh4

7

−

O

O
N

MeO2S

+
BPh4

8

−

Ph Ph

O

2 equiv Oxone
0.05 equiv 7

CH3CN, H2O, Na2CO3

66%, 88% ee

(40)

O

NC

O

NC
O

2 equiv Ph4PHSO5

0.1 equiv 8

CHCl3, −40 °C

59%, 97% ee

(41)

Amine-catalyzed epoxidation is a relatively new area, and the
active species is thought to be an ammonium peroxymonosulfate
salt which acts as a phase transfer catalyst and undergoes elec-
trophilic attack by an olefin.80–82 Use of chiral amines has given
rise to enantiomerically enriched epoxides (eq 42).

Ph

N
H H

Ph

Ph
Cl

Ph

O

0.1 equiv

2 equiv Oxone, NaHCO3

pyridine, CH3CN, H2O
93%, 46% ee

(42)

+

–

Oxone in conjunction with OsO4 cleaves alkenes to ketones
or carboxylic acids (eq 43).83 This protocol has the advantage
over traditional methods in that there is no need for intermediate

1,2-diols. This method has been exploited in the direct synthesis
of lactones from alkenols (eq 44) and tetrahydrofuran-diols from
1,4-dienes as well.84,85

CH3

H3 COC 2H

O
4 equiv Oxone

0.01 equiv OsO4

DMF, rt, 3 h

80%

(43)

OH O

O4 equiv Oxone
0.01 equiv OsO4

DMF, rt
73%

(44)

When used in conjunction with RuCl3, Oxone cleaves alkenes
to aldehydes in high yields (eq 45).86 This method is less effec-
tive for aliphatic olefins, and NaIO4 is suggested as an alternate
oxidant in these cases. The same combination with more Oxone
and less water oxidizes alkenes to α-hydroxy ketones (eq 46).87,88

The reaction is fairly regioselective depending on the electronic
properties of the substrate, with the hydroxy group preferentially
ending up next to the more electron-withdrawing substituent. 1,2-
Diols, which are the possible intermediates/by-products in the
above keto-hydroxylation, are also oxidized under the same con-
ditions to α-hydroxy ketones, and enantiopurity of the starting
materials is preserved during the reaction (eq 47).89 Oxone in
aqueous acetone has been shown to dihydroxylate various 1,2-
glycals in one step in moderate to good yields.90

O
1.5 equiv Oxone
0.035% RuCl3

CH3CN, H2O
NaHCO3

73%

(45)

Ph

O

OCH3

Ph

O

OCH3

O

OH

Ph

O

OCH3

OH

O

5 equiv Oxone
0.01 equiv RuCl3

EtOAc/CH3CN
 H2O, NaHCO3

76%

+

92:8

(46)

Ph

OH

OH

Cl Ph

O

OH

Cl

99% ee

5 equiv Oxone
0.01 equiv RuCl3

EtOAc/CH3CN
H2O, NaHCO3

87% 99% ee

(47)

Oxone, in conjunction with RuO2, cleaves alkynes to carboxylic
acids.91 Both internal and terminal alkynes are cleaved in short
reacton times with high yields (eq 48). Intermediate 1,2-diketones
are proposed.

H3C O

O

H3C O

O

CO2H

3.3 equiv Oxone
0.03 equiv RuO2

NaHCO3, CH3CN
rt, 1 h
98%

(48)

Dioxiranes generated from Oxone have recently been shown to
undergo C–H insertion reactions with activated and unactivated
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C–H bonds. This strategy has been used in an intramolecular fash-
ion for the oxidation of hydrocarbons (eq 49) and steroids.92,93

Fructose-derived ketone 5 has also been used for this purpose in
an intermolecular reaction for the desymmetrization and kinetic
resolution of 1,2-diols to α-hydroxy ketones (eq 50).94,95 There
has also been a report of the direct oxidation of hydrocarbons to
ketones and lactones by Mn-porphyrin complexes with Oxone.96

O

OMe

O

OH3C CO2Me
OH

5 equiv Oxone

NaHCO3, CH3CN
86%

(49)

F

F

OH

OH

F

F

OH

O

1.5 equiv Oxone
3 equiv 5

CH3CN, K2CO3

n-Bu4NHSO4

95% conv, 58% ee

(50)

Nitrogen Compounds. Previous methods for oxidizing ani-
lines to nitro compounds with Oxone/acetone were ineffective
with carboxylic acid and alcohol-containing systems.26 A new
method using Oxone and acetone under totally aqueous condi-
tions allows oxidation of carboxylic and alcoholic anilines as well
(eq 51).97 In this case the reaction occurred in the absence of
acetone but yields were significantly lower. The combination of
Oxone and ozone has been used to oxidize amino sugars to nitro
sugars as well (eq 52).98

NH2

X

NO2

X

4.6 equiv Oxone, acetone

NaOH, NaHCO3, 4 h
X = CO2H, 73%

X = CH2CH2OH, 73%

(51)

NH2

H3C
HO
H3C

OMe

O O
NO2

H3C
HO
H3C

OMe
Oxone, O3

acetone, NaHCO3

70%

(52)

Oxone adsorbed on silica gel or alumina is a very effective
oxidant for the selective oxidation of primary and secondary
amines to hydroxylamines without overoxidation. These reactions
can even be accomplished under solvent-free conditions and with
very short reaction times with heating or microwave irradiation
(eq 53).99 Pyridine and trialkylamines were also readily oxidized
to their N-oxides. It is suggested that the hydroxylamines are pro-
tected from overoxidation because of their strong adsorption to
the silica gel or alumina surface.

C4H9

H
N

C4H9
C4H9

N
C4H9

OH1.5 equiv Oxone, SiO2

C6H6, reflux, 8 h
98%

(53)

The Oxone/acetone system is also very effective for the forma-
tion of nitroxides from secondary amines without α-hydrogens
(eq 54).100

N

O

O

H
N

O

4 equiv Oxone, acetone

n-Bu4NHSO4, CH2Cl2, 0 °C

phosphate buffer (pH 7.5−8)

75%

(54)

Because of Oxone’s acidic nature, N-nitrosation of secondary
amines is possible with the use of sodium nitrite in the pres-
ence of wet SiO2 (eq 55).101 Nitrophenols can be obtained via
nitrosation-oxidation of phenols under similar conditions
(eq 56).102 Although acidic, the use of Oxone for these reactions
eliminates the need for strong acids to generate NO+ unlike tradi-
tional methods. Nitrosoarenes can also be prepared by oxidation
of anilines with Oxone (eq 57).103

i-Pr

H
N

i-Pr i-Pr
N

i-Pr

N
O1 equiv Oxone, NaNO2

SiO2, CH2Cl2
94%

(55)

OH

Cl

OH

Cl

NO21 equiv Oxone, NaNO2

SiO2, CH2Cl2
97%

(56)

NH2

NC

N

NC

O
2 equiv Oxone

CH2Cl2, H2O
96%

(57)

Oximes can be converted to their corresponding nitro com-
pounds with Oxone and refluxing acetonitrile (eq 58).104 They
can also be cleaved to their parent carbonyl compounds by Oxone
in conjunction with glacial acetic acid, or silica gel/alumina and
microwave irradiation (eq 58).105–107 Ketoximes and aldoximes
are both converted to carbonyl compounds in high yields using the
microwave and alumina procedure. Several of the above trans-
formations are highlighted in the oxidative decarboxylation of
α-amino acids to form ketones and carboxylic acids.108

N

Ph

OH

O

Ph

Ph NO2

1.1–2 equiv Oxone

40 ºC, CH3CO2H 
72%

microwave, alumina
95%

5 equiv Oxone
acetone, CH3CN

phosphate buffer, reflux
72%

(58)

Aldoximes can be converted to isothiocyanates in a convenient
one-pot procedure with Oxone and HCl based on a procedure for
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synthesizing hydroximoyl chlorides.33,109 The reaction presum-
ably proceeds through an oxathiazoline that decomposes to give
the isothiocyanate (eq 59).

Ph NOH
Ph

NOH
Cl

S

O
NPh

NH2
NH2

N C SPh

1.1 equiv Oxone

0.5 N HCl, DMF

thiourea

NEt3, THF

92%

(59)

An interesting method for the protection of carboxylic acids as
diphenylmethyl esters in high yield using Oxone and benzophe-
none hydrazone has been reported (eq 60).110 Various aromatic
tosylhydrazones can also be cleaved to carbonyl compounds by
Oxone/acetone (eq 61).111 It is proposed that cleavage occurs
via collapse of an oxaziridine intermediate. BnPh3PHSO5 has
been used with BiCl3 to regenerate carbonyl compounds from
oximes, phenylhydrazones, 2,4-dinitrophenylhydrazones, and
semicarbazones under nonaqueous conditions.112 Yields are gen-
erally very good, and it is reported that it is also possible to oxidize
alcohols to ketones under these conditions without affecting any
of the above mentioned carbonyl derivatives.

O

O

Ph

Ph

CO2H

1.5 equiv Oxone
benzophenone hydrazone

I2, alumina, CH2Cl2
70%

(60)

NNHTs O

6 equiv Oxone, acetone

phosphate buffer (pH 6)

98%

(61)

Likewise, Oxone is useful for the conversion of nitro groups into
carbonyl compounds (Nef reaction) in the presence of aqueous
base (eq 62).113

NO2

OAc

O

OAc

1 equiv Oxone, 1 N NaOH

MeOH, phosphate buffer
93%

(62)

Benzimidazoles can be synthesized in one step by condens-
ing 1,2-phenylenediamines and aldehydes in the presence of
Oxone (eq 63).114 The reaction gives good selectivity and tol-
erates electron-rich and electron-poor phenylenediamines as well
as a wide variety of aromatic and aliphatic aldehydes.

EtO2C

N

H

NH2

N

CHO

N

N NEtO2C

0.65 equiv Oxone

aq. DMF, rt, 1 h 

85%

+

(63)

Urazoles are oxidized to triazolinediones when subjected to
Oxone and NaNO2 (eq 64).115 These compounds, which have
typically been difficult to synthesize and purify, are relatively
easily made in high yields and purity by this procedure.

NHHN

N
OO

CH3

NN

N
OO

CH3

1.5 equiv Oxone, NaNO2

SiO2, CH2Cl2, rt, 2 h

100%

(64)

Oxaziridines, which have previously been produced from re-
action of imines with Oxone,30,31 have recently been made in
excellent yields with n-Bu4NHSO5 in acetonitrile (eq 65).116 The
reactions are generally E-selective. However, as the size of the
group on nitrogen decreases more Z-isomer is produced. The ef-
fects of solvent and Lewis acids on the E/Z selectivity and rate of
reaction were studied as well.

C
H

N

C
H

N
O

1 equiv n-Bu4NHSO5

CH3CN, rt, 50 min
100% (E)

(65)

Acylhydrazides are oxidized to N,N′-diacylhydrazines in high
yields with aqueous Oxone (eq 66), although only aromatic
hydrazides were effective.117 The oxidation of alkylcyano-
hydrazines to azo-bis nitriles can be carried out with an Oxone/
KBr system (eq 67).118 Nitriles can also be hydrolyzed to amides
in moderate to good yields with Oxone/acetone (eq 68).119

Bn

O

N
H

NH2
Bn

O

N
H

H
N

O

Bn
1 equiv Oxone

H2O, rt, 30 min
93%

(66)

N N

CN

CH3

CH3

H3C

CN

CH3

N N

CN

CH3

CH3

H3C

CN

CH3

1 equiv Oxone, KBr

H2O, 3.5 h
66%

(67)

H H

CN
O

NH2
5 equiv Oxone, acetone

phosphate buffer
NaHCO3, pH 7.5

83%

(68)
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Sulfur Compounds. A convenient procedure for high yield-
ing oxidation of sulfides to either sulfoxides or sulfones using
aqueous acetone and Oxone has been reported (eq 69) and has
been used to produce SK&F [107310] in kilogram quantities.120

Selectivity is attained by controlling stoichiometry and reaction
temperature. These same transformations have also been accom-
plished with good yield and selectivity on silica gel and alu-
mina. The role of the surfaces has been investigated, and it was
found that Oxone is activated by being dispersed on the surface
of the adsorbent allowing greater contact with the substrate.121

Mechanistic studies of sulfide oxidation and thioester hydrolysis
by Oxone have also been performed.122 In addition, oxidation of
glycosyl sulfides to glycosyl sulfoxides has been accomplished
with Oxone on silica gel.123

S
OH

S
OH

O

S
OH

O O
1.35 equiv Oxone, acetone

aq. NaHCO3, pH 7.5–8.0

0 ºC, 15 min

99%

0.65 equiv Oxone, acetone

aq NaHCO3, pH 7.5–8.0

rt, 1–2 h

97%

(69)

CO2H

SO2

OCH3

CO2H

Ph(CH2)8

SK&F [107310]

Episulfides can be oxidized to episulfones with Oxone and
1,1,1-trifluoroactetone without considerable episulfoxide forma-
tion in many cases (eq 70).124 Sulfides and thiols can be selectively
oxidized to sulfoxides and disulfides, respectively, with the use of
BnPh3PHSO5 in anhydrous aprotic solvents or solvent-free con-
ditions (eq 71).125,126

S S
O O

5 equiv Oxone
1,1,1-trifluoroacetone

CH3CN, H2O, NaHCO3

95%

(70)

SH

S S

1.5 equiv BnPh3PHSO5

CH3CN, reflux, 2.5 h
90%

(71)

A variety of thiocarbonyl compounds including thioamides,
thioureas, and thioesters are converted to their corresponding car-
bonyl compounds in good yield by simply grinding them with
solid Oxone with a mortar and pestle (eq 72).127 Thioketones
remained unchanged under the reaction conditions.

S

R′R

R

NMePh

NH2

Me

NHPh
Ph OEt

O

R′R

R′ Yield (%)

95

85

80

10–20 min

1–3 equiv Oxone (72)

Boron, Phosphorus, and Selenium Compounds. Oxone has
been used to oxidize carbon-boron bonds during the work-up of
hydroboration reactions to obtain high yields of the resultant alco-
hols (eq 73).128 Aqueous Oxone/acetone oxidizes electron-poor
and electron-rich aromatic and aliphatic boronic acids and esters
to the corresponding alcohols rapidly and efficiently (eq 74).129

A one-pot procedure for the synthesis of meta-substituted phe-
nols from benzenes has been developed, and a similar strategy
has been devised for the synthesis of Boc-oxindoles from
Boc-indoles.130,131

H3C

H3C

CH3

H3C

H3C

CH3

OH

BF3 OEt, NaBH4

THF

3.4 equiv Oxone, H2O

95%

·
(73)

B
OH

OH
OH

NaHCO3, 2 °C, 4 min

86%

aq Oxone, acetone
(74)

Phosphorus(III), phosphothio-, and phosphoseleno-
compounds are oxidized by Oxone in THF/MeOH to produce
phosphono-, phosphonothio-, and phosphonoseleno- compounds,
respectively, with predominant retention of configuration at
phosphorus (eq 75).132 Thioalkyl or amino groups attached to
phosphorus are unaffected.

X

P
A

B
C

O

P
A

B
C

2 equiv Oxone

THF/MeOH, pH 6.5–7
75−100%

X = lone pair, S, Se
A, B, C, = R, OR, SR, NR2

(75)

Selenides can be oxidized directly to selenones with methano-
lic buffered Oxone solutions under mild conditions. Selenones
can be isolated directly, or if a nucleophile is present, they are dis-
placed giving the substitution product (eq 76).133 Some α-sulfonyl
selenides can be oxidized to selenol esters with Oxone in MeOH
or THF.134
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Ph
SePh

OH

Ph

O

Ph

OH

Se
Ph

O O

3 equiv Oxone

MeOH/phosphate buffer
pH 8–8.5

85% (76)

Halides. Oxone oxidizes halides to form electrophilic halo-
gens in situ for a variety of halogenation reactions. Use of in
situ generated halogens is advantageous because it obviates the
need for storage and handling of dangerous chlorine/bromine
and keeps these compounds at low concentrations during reac-
tion. Electron-rich aromatic compounds undergo predominantly
para-halogenation with Oxone and KX or NH4I (eq 77).135–139

Significant amounts of ortho-halogenated products are sometimes
observed. Phenols can also be iodinated with high yields and se-
lectivity with BnPh3PHSO5 and KI.140

H3CO H3CO

XOxone, halide

CH3CN or MeOH

89−97%

X = Cl, Br, I

(77)

Conjugated enones and simple alkenes also undergo halogena-
tion with chlorine or bromine generated from Oxone and the cor-
responding sodium halide or hydrohalic acid.141,142 In the case
of enones, the addition product can be treated with base to give
conjugated vinyl halides (eq 78).

O O

X
X = Cl 63%
X = Br 99%

1.2 equiv Oxone, HX
NEt3, CH2Cl2

(78)

A variety of alkenes undergo azidoiodination with sodium
azide, potassium iodide, and Oxone on wet alumina to give azido-
iodo compounds regioselectively in high yield (eq 79).143 These
compounds are useful precursors to vinyl azides, amines, and
aziridines and are typically synthesized with more expensive and
exotic reagents. Similar methods have been used in the iodolac-
tonization and iodoetherification of unsaturated carboxylic acids
and alcohols to make five- and six-membered lactones, tetrahy-
drofurans, and tetrahydropyrans (eq 80).144

Ph Ph

I

N3

5 equiv Oxone, Al2O3

KI, NaN3, CHCl3
92%

(79)

HO
OPh

O

I

Ph O

2 equiv Oxone, KI

CH3CN, H2O
90%

(80)

gem-Halo-nitro compounds can be prepared in one step from
oximes with Oxone supported on wet basic alumina and NaCl
or KBr (eq 81).145,146 Use of basic alumina is essential in this

case due to oxidative deprotection of the oximes to ketones when
neutral alumina is used.

N
OH

X NO2

alumina, CHCl3, 45 °C

5 equiv Oxone, MX

X = Cl 79%
X = Br 81%

(81)

Halodecarboxylation of aromatic α,β-unsaturated carboxylic
acids (Hunsdiecker reaction) to make β-halostyrenes has been
accomplished with Oxone and sodium halide (eq 82).147

Bromodecarbonylation and bromodecarboxylation of electron-
rich benzaldehydes and benzoic acids has also been observed.148

Ph
CO2H

Ph
X

X = Cl 84%
X = Br 88%

3 equiv Oxone, NaX

Na2CO3, aq CH3CN
(82)

Aromatic methyl ketones can be halogenated at the α-position
with Oxone and sodium halide, however, competing halogenation
of the aromatic ring is significant.149 α,α-Dichloroketones can be
synthesized from alkynes by reaction with Oxone in HCl/DMF
(eq 83).150 Oxone consistently gave better results than MCPBA
for this transformation.

i-Bu i-Bu

O

Cl

Cl2.2 equiv Oxone

1 M HCl/DMF
67%

(83)

Reaction of amides and carbamates with Oxone on wet alumina
and NaCl gives N-chlorinated products in high yields (eq 84).151

Ph

CH3

NH

Ac

Ph

CH3

N

Ac

Cl5 equiv Oxone, NaCl

Al2O3, CHCl3
93%

(84)

Protecting Group Removal. Several types of alcohol and car-
bonyl protecting groups can be removed with solutions of Oxone.
Deprotection with Oxone offers a mild alternative to traditional
methods which often require harshly acidic or basic conditions.
Primary alkyl and phenolic TBS ethers are cleaved with aqueous
methanolic Oxone (eq 85).152 Primary alkyl TBS ethers are much
more labile and thus can be cleaved in the presence of phenolic
TBS ethers by limiting the reaction time. Secondary and tertiary
TBS ethers and TBDPS ethers are unaffected. When the reactions
were carried out in the absence of Oxone with solutions of HCl
and HF adjusted to the same pH as the Oxone solution, no cleavage
was observed for any type of TBS ether after 2.5–3 h, suggesting
that Oxone’s deprotective ability is not due solely to its acidic
nature.

THPO OTBS

THPO OH

1 equiv Oxone

aq MeOH, rt, 2.5 h
85%

(85)
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Oxone in refluxing acetonitrile cleaves TMS and THP ethers
to alcohols and acetals to carbonyls.153 In contrast, BnPh3PHSO5
has been used to oxidatively cleave TMS and THP ethers and ethy-
lene acetals to carbonyl compounds under microwave irradiation
with BiCl3 (eqs 86 and 87).154 No overoxidation products were
observed with this method. Oxone on alumina has also been used
to cleave ketals to diols and carbonyl compounds under solvent-
free conditions with microwave irradiation.155

Ph OR Ph O

1 equiv BnPh3PHSO5

0.4 equiv BiCl3

CH2Cl2, microwave, 3.5 min

R = TMS, 90%
R = THP,  90%

(86)

O

ONO2 NO2 O1 equiv BnPh3PHSO5

0.4 equiv BiCl3

CH2Cl2, microwave, 6 min
80%

(87)

Cleavage of acetals to esters (eq 88) as well as cleavage of THP
ethers with Oxone on wet alumina has also been reported.156 THP
ethers gave mainly the deprotected alcohols along with significant
amounts of esterified products.

O

O

O

O OH

3 equiv Oxone, alumina

CH2Cl2, 50 °C, 10 h

  98%

(88)

1,3-Dithiolanes and 1,3-dithianes can also be cleaved by Ox-
one on wet alumina to give the parent carbonyl compounds in
high yields (eq 89).157 The combination of BnPh3PHSO5 and
BiCl3 has also been applied successfully to the deprotection of 1,3-
dithiolanes and 1,3-dithianes under nonaqueous conditions.158

H

SS

H

O
(  )n

5 equiv Oxone, alumina

CH2Cl2, reflux
n = 1, 77%
n = 2, 97%

(89)

Miscellaneous. Ring opening of a variety of epoxides and
aziridines with NaN3 in the presence of Oxone in high yields
has been accomplished (eq 90).159 The specific role of Oxone is
unclear, however, no ring opening takes place in its absence. It is
suggested that the results are due to Oxone’s acidic nature.

Cl
O

Cl

OH

N3

0.5 equiv Oxone, NaN3

CH3CN, H2O
95%

(90)

Oxone has been used with triarylbismuth and copper salts to
effect aryl transfer reactions.160 Aryl groups can be transferred to
alcohols to make phenyl ethers (eq 91). However, two coordination
sites on the substrate are necessary.

H3CO
OCH3

O

O

OH

H3CO
OCH3

O

O

OPh

0.5 equiv Oxone
1 equiv BiPh3

acetone
Cu(II) pivalate

65%

(91)

Second Update

Benjamin R. Buckley
Loughborough University, Loughborough, UK

Ketones, Aldehydes, and Alcohols. The use of Oxone as a
stoichiometric reoxidant for the in situ generation of IBX has
been reported by several groups. The use of a substoichiometric
amount of 2-iodobenzoic acid and Oxone in acetonitrile/water
under Vinod’s conditions affords a range of carboxylic acids
(eq 92) or ketones (eq 93) from the corresponding alcohols,
respectively.161 Application of Giannis’ conditions, which differ
slightly by using an ethyl acetate/water system and an additional
phase transfer catalyst, can be used to afford aldehydes rather
than carboxylic acids (eq 94).162 An in-depth study in this area
has been conducted by Ishihara and coworkers who found that 2-
iodoxybenzene sulfonic acid is an extremely active precatalyst for
the oxidation of alcohols to aldehydes, ketones, carboxylic acids,
and enones when Oxone is employed as the terminal oxidant.163

A comparison between in situ generated IBX and its sulfonic acid
analog is shown is eq 95. The sulfonic acid analog is far more re-
active in acetonitrile and ethyl acetate compared to the in situ gen-
erated IBX; it is important to note that the sulfonic acid derivative
has been prepared and isolated previously, but studies on its use as
an oxidant were not achieved due to its poor stability profile.164

Several related reports employing alternative terminal oxidants
have appeared; for example, tetraphenylphosphonium monoper-
oxysulfate, which has the advantage that it is soluble in organic
solvents, can be used to generate IBX in situ, and primary alco-
hols are selectively oxidized to the corresponding aldehydes in
excellent yields when employing acetonitrile as solvent.165 A re-
cyclable fluorous IBX analog has also been reported; again, this
fluorous derivative is generated using Oxone and can be recycled
up to five times without loss of activity (eq 96).166

OH

O

OH

I

CO2H
0.2 equiv

1.3 equiv Oxone

MeCN/H2O (2:1)

70 ºC, 6 h

94%

(92)
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I

CO2H
0.3 equiv

1.0 equiv Oxone

MeCN/H2O (2:1)

70 ºC, 6 h

89%

OH O

(93)

I

CO2H

0.1 equiv

1.0 equiv Oxone

0.05–0.1 equiv Bu4NHSO4

EtOAc/H2O (4:1)

70 ºC, 6 h

72%

OH O

(94)

OH

Bu Bu
0.8 equiv

Oxone

I

CO2H

I

SO3H
1 mol % 1 mol %

solvent, 70 ºC

O

Bu Bu

                  IBA              IBS
MeCN    24 h, <5%     1.6 h, >99%
EtOAc    24 h, <5%     10 h, >99%

IBA IBS

(95)

+

I

CO2HC8F17(H2C)3OOH

Ph Ph

0.1 equiv

0.1 equiv Bu4NHSO4

MeNO2–H2O, 70 ºC, 8 h

88%

(96)

O

Ph Ph

Inoue and coworkers have reported the manganese-catalyzed
oxidation of alcohols to ketones using persulfate as the terminal
oxidant.167 Recrystallization of Oxone to give purified KHSO5
was found to be beneficial for improving the yield of the reaction
(eq 97).

OH O

2 equiv oxidant

0.5 mol % MnCl2.(4 H2O)

0.5 mol % t-Bu-terpy

Oxone:
KHSO5

61%
83%

oxidant =

(97)

N

N

N

t-Bu

t-Bu

t-Bu

t-Bu-terpy

H2O, acetone

0 ºC 2 h, rt 2 h

Alkenes, Arenes, and Alkanes. The catalytic cis-
dihydroxylation of alkenes with iron complexes and Oxone
as terminal oxidant has been reported by Che and coworkers.168

A wide range of electron-rich, electron-poor, aliphatic, aromatic,
terminal, and α,β-unsaturated alkenes were tolerated under the
optimized reaction conditions. For example, methyl cinnamate
could be transformed into the diol 9 on a 30 mmol scale with
traces of undesired products 10 and 11 being isolated as side
products (eq 98). Oxone has also been employed in the diastere-
oselective dihydroxylation of alkenes in a catalytic approach
to the Prevost–Woodward reaction.169 Up to 77% yield was
obtained in the dihydroxylation of styrene; however, NaIO4 was
found to be a superior oxidant affording the diol in 87% yield
(eq 99).

OMe

O

OMe

OOH

OH
OMe

O
O

OMe

OO

OH

N

FeN
N

N

Cl

Cl

III

3.5 mol %

2 equiv Oxone

6 equiv NaHCO3

MeCN, H2O, rt 5 min

84% 2%

3%

(98)

9 10

11

+

+

(99)

OH

OH1 equiv Oxone

20 mol % LiBr

AcOH, 95 ºC, 18 h

77%

Oxone continues to be the terminal oxidant of choice for
organocatalyzed epoxidation of alkenes, when employing dioxi-
rane or oxaziridine catalysis. Shi and workers have reported sev-
eral investigations into their fructose-derived ketone precatalysts,
with substructure alterations having dramatic effects on the enan-
tioselectivity of the process (eq 100).60,170 Indeed, Singleton and
Wang have thoroughly investigated isotope effects on the enantios-
electivity of various Shi catalysts.171 The Shi epoxidation process
has also been applied to the pilot plant scale synthesis of the chi-
ral lactone 12, in which over 100 kg was produced (eq 101).172

Oxone was employed as the terminal oxidant and the epoxidation
proceeded in 63% yield, with 97% purity and 88% ee.
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Ph

OPh

OPh

O O
O

O
O

O

O N
O

O
O

O

O

Boc

98% ee

23% ee

(100)

F
CO2H

F
CO2H

O

F

O

OH

O

O O
O

O
O

O

30 mol %

Oxone, H2O, KOH

MeCN, 0 ºC, pH 11

2 h, 63%, 88% ee

(101)

12

Several other groups have reported effective dioxirane sys-
tems employing Oxone as the terminal oxidant. For example,
Armstrong et al. have developed a spirocyclic N-carbethoxy-
azabicyclo[3.2.1]octanone precatalyst, which affords up to 91.5%
ee in the epoxidation of stilbenes (eq 102).173 Shing et al. have
developed an arabinose-derived ketone and employed this in
the enantioselective synthesis of the Taxol side chain; however,
enantioselectivities for the epoxidation were only up to 68%
(eq 103).174 Bortolini et al. have also described the epoxidation
of alkenes with the stoichiometric keto bile acid–Oxone system,
a range of ee values were observed over several substrate types
but up to 98% was observed for the epoxidation of trans-stilbene,
although the yield was only 50% (eq 104).175

N

EtO2C

O

NO

O

Me

10 equiv Oxone

15.5 equiv NaHCO3

MeCN, Na2EDTA

12 h, 85% yield

91.5% ee

10 mol %Ph
Ph

Ph
Ph

O
(102)

O

O

OBn

O

O

MeO

OMe

10 equiv Oxone

31 equiv NaHCO3

MeCN, Na2EDTA

24 h, 93% yield

68% ee

10 mol %CO2Et

Ph
CO2Et

Ph

O

(103)

3 equiv Oxone

5% aq. NaHCO3

MeCN, Na2EDTA

3 h, 50% yield

98% ee

1 equiv
Ph

Ph

Ph

Ph

O

O

CO2H
O

OHO2C

(104)

Page et al. have reported several oxaziridinium systems for
highly enantioselective epoxidation of unfunctionalized alkenes.
For example, the simple binaphthalene-derived iminium salt 13
affords up to 84% ee in the epoxidation of 1-phenylcyclohexene
employing Oxone as the stoichiometric oxidant.176 They also re-
port that the Oxone conditions employed have a drastic effect
on the product ratio when certain sensitive alkene substrates are
exposed to the reaction conditions; for example, precatalyst 13
affords 91% yield of the diol 14 when using 2 equiv of Oxone
and 5 equiv of sodium hydrogen carbonate in water:acetonitrile
(1:10; known as Yang’s conditions63), but when 2 equiv of Oxone
and 4 equiv of sodium carbonate in water:acetonitrile (1:1) is
employed, 90% conversion to the epoxide 15 is observed with
83% ee (eq 105). Page et al. have also reported the in situ gen-
eration of persulfate using boron-doped diamond electrodes and
applied this technology to the asymmetric epoxidation of un-
functionalized alkenes.177 Enantioselectivities of up to 64% were
obtained when employing precatalyst 16 (eq 106). The alterna-
tive oxidant tetraphenylphosphonium monoperoxysulfate derived
from Oxone has also been successfully employed in asymmet-
ric epoxidation using oxaziridinium salts.46 Page and coworkers
have used the epoxidation conditions outlined in eq 41 followed
by subsequent ring opening to afford the asymmetric syntheses of
(−)-levcromakalim,79 (−)-(3′S)-lomatin,178 (+)-(3′S, 4′R)-trans-
khellactone,178 and (+)-scuteflorin.179
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Ph

Ph

OPh

(105)

OH
OH

N

5 mol % 13

5 mol %

2 equiv Oxone

5 equiv NaHCO3

MeCN:H2O (10:1)

0 ºC, 2 h

91% conversion

2 equiv Oxone

4 equiv Na2CO3

MeCN:H2O (1:1)

0 ºC, 2 h

90% conversion, 83% ee

13

14

15

BPh4

N
O

O

Ph

20 mol %

1. 2.5 M H2SO4

    electrolysis at ~330 mA cm–2

    for 1 h, 0 ºC; K2CO3

MeCN

Ph
OPh

85% yield, 64% ee

(106)

NC

O

NO

OH

O

O

O

O

O

O O

O

O O

O

OH

OH

OH

(–)-levcromakalim                      (–)-(3′S)-lomatin

16

2.

(+)-(3′S, 4′R)-trans-khellactone                       (+)-scuteflorin

BPh4

Lacour and coworkers have also reported several iminium
ion precatalysts, for example, 17–19.180 Originally, Lacour and
coworkers reported the use of the chiral counterion TRISPHAT
to investigate the effect on the ee; however, no increase was
observed.181 The nature of the anion can have a bearing on the
enantioselectivity of the epoxidation reaction; degradation of the
anion tetraphenylborate to biphenyl under Oxone oxidation can
occur, thus higher loadings of catalyst affording lower ee val-
ues due to biphenyl altering the partition ability of the iminium/
oxaziridinium species in the biphasic reaction. Since this report

they have adopted, the SbF6 counterion and excellent ee values
were obtained with precatalyst 20 for the epoxidation of hindered
trisubstituted allylic alcohols using Oxone as the terminal oxidant
(eq 107).182

Very few reports have emerged on the amine-catalyzed epox-
idation protocol employing Oxone reported independently by
Aggarwal et al. in 200381 and Yang and coworkers in 2005,82

although both Page and Lacour have shown that amines such as 21
catalyze the epoxidation of simple alkenes.183–185 The reactions,
unlike those reported by Aggarwal and Yang that are believed
to enjoy hydrogen bonding to persulfate, here employing Oxone
initially converts the amine to the iminium ion and subsequently
to the oxaziridinium ion intermediate, thus enabling epoxidation
(eq 108).

N
H

Me

SbF6

Ph

OH

Ph

OHO20 mol %

2.5 mol % 18-Crown-6

1.1 equiv oxone

4 equiv NaHCO3

CH2Cl2:H2O (3:2)

0 ºC, 24 h, 65% yield

98% ee

(107)

N N

Me

Me

O

O
P

O

O

O

O

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

TRISPHAT

N

H

Me

TRISPHAT

N

Me

TRISPHAT

20

17

18 19

+

+ –

+

+

–

–

N
O

O

Ph
5 mol %

2 equiv Oxone

5 equiv NaHCO3

MeCN:H2O (10:1)

0 ºC, 2 h

100% conversion, 78% ee

Ph
OPh

(108)
21
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Oxone has also been used in the metalloporphyrin-catalyzed
diastereoselective epoxidation of allyl-substituted alkenes
(eq 109)186 and in the manganese, salen–polystyrene-bound
imidazole catalyzed deoxidation of alkenes (eq 110).187

Sanford and coworkers have reported the use of Oxone in com-
bination with palladium acetate for the oxime–ether directed C–H
oxygenation of arenes (eq 111).188 A range of substituted arenes
are tolerated under the reaction conditions and the use of Oxone
rather than periodate-based oxidants afforded N-oxidized prod-
ucts in some cases.

N

N

N

N

Cl

Cl Cl

Cl

Cl

ClCl

Cl

Mn
Cl

OSitBu(CH3)2

C3H7

0.5 mol %

1.3 equiv Oxone, NH4HCO3, NH4OAc, rt

1 h, 78% yield, 9:1 dr

OSitBu(CH3)2

C3H7

O

OSitBu(CH3)2

C3H7

O

(109)+

 0.5 mol %

2 equiv Oxone, MeCN:H2O (2:1) rt

2.5 h, 85% yield

N N

O O
Mn

Cl

N

N

O (110)

NOMe NOMe

5 mol % Pd(OAc)2
Me Me

OAc

(111)
1–2 equiv Oxone, 0.12 M 

in AcOH, 100 ºC, 12 h

71%

Yakura et al. have shown that Oxone in combination with a cat-
alytic quantity of 4-iodophenoxy acetic acid is an effective system
for the hypervalent iodine oxidation of phenols and aryl ethers
(eq 112).189

OMe

OMe

OPiv

I

O CO2H
20 mol %

1 equiv Oxone

MeCN:H2O (1:2)

24 h, >99% yield

O

O

OPiv (112)

The selective oxygenation of saturated C–H bonds using a
Mn(μ-O)2Mn reactive center and a ligand based on Kemp’s triacid
has been reported.190 The ligand 22 is believed to direct a –COOH
group attached to the substrate and thus aid the selective C–H
oxidation of substrates such as ibuprofen (eq 113). In compar-
ison to ligand 23, which does not bear the proposed directing
group, poor selectivity in the oxidation process is observed. The
same group has also reported an in-depth study on the use of man-
ganese catalysts for C–H oxygenation, and desaturation of a range
of substrates has been reported using Oxone as a stoichiometric
oxidant. For example, desaturation of 24 could be achieved ex-
clusively when employing the manganese catalyst 25, Oxone, and
N-methylmorpholine as an additive (eq 114).191

CO2H

CO2H

O or

O

N

N

N

R

23 R = H

22 R =

N

O

O

HO2C

(113)

1 mol % 22 or 23 

5 equiv NH4•HSO5

Using 23

          22

77%
97.5%

23%
2.5%

MeCN, rt, 2 h, 50% conversion

N

N

N

Mn

O

O

Mn

OH2

N

N

N

OH2

1 mol %

2 equiv Oxone, 1 equiv NMO

rt, 14 h, 20% conversion

(114)

25

24

Ekkati and Kodanko has reported the cleavage of an amino acid
backbone through persulfate and iron-catalyzed C–H oxidation
(eq 115).192
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(115)

O

N
H

O

H
N

O

N
H O

H
N

O

H H

O

O

N
H

O

H
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41% 11%

5% 5%

1 mol %

[FeII(N4Py)(MeCN)](ClO4)2

5 equiv KHSO5

H2O:MeCN (5:1)

+ +

+

Nitrogen Compounds. Zolfigol et al. have again reported
the catalytic oxidation of urazoles to the corresponding triazo-
linediones, but this time using in situ generation of Br+ using
Oxone/KBr.193 Good yields of the products could be obtained
when using 20 mol % KBr and 2 equiv of Oxone (eq 116); how-
ever, improved yields could be obtained if sodium periodate was
employed as the terminal oxidant.

NHHN

NO O

NN

NO O
2 equiv Oxone

20 mol % KBr
(116)

CH2Cl2, H2O, rt

25 h, 60% yield

Priewisch and Rück-Braun have reported the efficient prepara-
tion of nitrosoarenes employing Oxone in dichloromethane/water
(eq 117).194 Excellent yields are obtained for a range of aryl sub-
strates; the authors show that these nitrosoarenes can then be ef-
ficiently converted to the corresponding azobenzene derivatives.

2 equiv OxoneNH2

HOOC

NO

HOOC

(117)
CH2Cl2:H2O 

rt, 30 min, >99%

Sulfur Compounds. The Shi series of catalysts in conjunc-
tion with Oxone have been employed by Khiar et al. in the
asymmetric monooxidation of disulfides (eq 118).195 The au-
thors observed up to 96% ee and found this system to pro-
vide superior ee values to the corresponding reactions employing
Schiff base–vanadium complexes and hydrogen peroxide as sto-
ichiometric oxidant. Colonna et al. reported similar conditions
earlier in 2005; however, this study only gave a maximum of
75% ee.196 The selective oxidation of sulfides to sulfoxides using
a titanium-based catalyst, Ti4[(OCH2)3CMe]2(i-PrO)10, and
Oxone has been reported by Reddy and Verkade (eq 119),
although their standard conditions employed hydrogen peroxide
as the terminal oxidant.197

S
SAcO

OAc

S
+ SAcO

OAc

O

O O
O

O
O

O

30 mol %

1.4 equiv Oxone

MeCN:CH2Cl2 (1:2)

NH4HSO4, Na2EDTA

5.8 equiv K2CO3

57% yield, 96% ee

(118)

5 mol %

Ti4[(OCH2)3CMe]2(i-PrO)10

3 equiv Oxone 

MeOH, 48 h, 99% conversion

S S

O

(119)
+

–
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Potassium tert-Butoxide

t-BuOK

[865-47-4] C4H9KO (MW 112.23)
InChI = 1/C4H9O.K/c1-4(2,3)5;/h1-3H3;/q-1;+1
InChIKey = LPNYRYFBWFDTMA-UHFFFAOYAU

(strong alkoxide base capable of deprotonating many carbon and
other Brφnsted acids; relatively poor nucleophile1)

Physical Data: mp 256–258 ◦C (dec).
Solubility: sol/100g solvent at 25–26 ◦C: hexane 0.27 g, toluene

2.27 g, ether 4.34 g, t-BuOH 17.80 g, THF 25.00 g.
Form Supplied in: white, hygroscopic powder; widely available

commercially; also available as a 1.0 M solution in THF.
Preparative Methods: sublimation (220 ◦C/1 mmHg;

180 ◦C/0.05 mmHg) of the commercial material prior to
use is recommended. For critical experiments, the reagent
should be freshly prepared prior to use. Solutions of the reagent
in t-BuOH may be prepared by reaction of the anhydrous
alcohol with Potassium under nitrogen,2 or the solvent may
be removed (finally at 150 ◦C/0.1–1.0 mmHg for 2 h) and
solutions prepared using other solvents.3

Handling, Storage, and Precaution: do not breathe dust; avoid
contact with eyes, skin, and clothing. Reacts with water, oxygen,
and carbon dioxide, and may ignite on exposure to air at elevated
temperatures. Handle in an inert atmosphere box or bag and
conduct reactions under an inert atmosphere in a fume hood.
Store in small lots in sealed containers under nitrogen.

Original Commentary
Drury Caine
The University of Alabama, Tuscaloosa, AL, USA

Introduction. Potassium t-butoxide is intermediate in power
among the bases which are commonly employed in modern or-
ganic synthesis. It is a stronger base than the alkali metal hydrox-
ides and primary and secondary alkali metal alkoxides,1 but it is
a weaker base than the alkali metal amides and their alkyl deriva-
tives, e.g. the versatile strong base Lithium Diisopropylamide.4

The continued popularity of t-BuOK results from its commer-
cial availability and the fact that its base strength is highly de-
pendent on the choice of reaction solvent. It is strongly basic in
DMSO, where it exists primarily as ligand-separated ion pairs
and dissociated ions, but its strength is significantly decreased
in solvents such as benzene, THF, and DME, where its state
of aggregation is largely tetrameric. DMSO is able to enhance
the basicity of the t-butoxide anion by selectively complexing
with the potassium cation. Other additives, such as the dipo-
lar aprotic solvent Hexamethylphosphoric Triamide (HMPA)
and 18-Crown-6, have a similar effect. This section will pro-
vide cursory coverage of the reactions of t-BuOK in t-BuOH
and in relatively nonpolar aprotic solvents. The unique features
of Potassium tert-Butoxide–Dimethyl Sulfoxide, Potassium tert-
Butoxide–Hexamethylphosphoric Triamide, and Potassium tert-
Butoxide–18-Crown-6, as well as those of the Potassium tert-

Butoxide– tert-Butyl Alcohol Complex (1:1), are described else-
where in this encyclopedia.

Alkylations. Many bases which are weaker than t-BuOK are
capable of essentially quantitative conversion of active methy-
lene compounds into the corresponding enolates or other anions.5

However, the alkylation of diethyl malonate with a bicyclic sec-
ondary tosylate (eq 1)6 and the alkylation of ethyl n-butylaceto-
acetate with n-BuI (eq 2)7 provide examples of cases where the
use of t-BuOK in t-BuOH is very effective. In the latter reaction,
cleavage of the product via a retro-Claisen reaction is minimized
with the sterically hindered base and yields obtained are higher
than when Sodium Ethoxide or EtOK in EtOH, Sodium in diox-
ane or toluene, or Sodium Hydride in toluene are used for the
enolate formation.

OTs
H

H

CO2Et

CO2Et

EtO2C CO2Et

t-BuOK
t-BuOH
reflux

65%

(1)

+

Bu COMe

CO2Et

BuI

t-BuOH

Bu COMe

CO2Et

Bu
t-BuOK, t-BuOH

reflux
(2)

80%

Potassium t-butoxide in t-BuOH or ethereal solvents is not ca-
pable of effecting quantitative formation of enolates of unactivated
saturated ketones;8 also, because potassium enolates are subject
to rapid proton transfer reactions, their intermolecular alkylations
are complicated by equilibration of structurally isomeric enolates,
polyalkylation, and aldol condensation reactions.9 Thus reactions
of preformed lithium enolates (generated by deprotonation of ke-
tones with LDA or by indirect procedures) with alkylating agents
provide the method of choice for regioselective alkylation of un-
symmetrical ketones.9,10 However, as illustrated in eqs 3 and
4,11,12 ketones capable of forming only a single enolate, such
as symmetrical cyclic ketones and those containing α-methylene
blocking groups, are readily alkylated via t-BuOK-promoted re-
actions. Also, t-BuOK in t-BuOH or benzene frequently has been
employed for the alkylation of α,α-disubstituted aldehydes.9

t-BuOK
t-BuOH

70%
(3)

O

Cl
SMe2

+ I–

O

+

1. t-BuOK
    t-BuOH
2.

3. KOH, H2O
    diethylene glycol
    heat

(4)

Cl

O

SBu

O O

4:1

+

84%
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As illustrated in eq 5, α,β-unsaturated ketones undergo α,α-
dialkylation when treated with excess t-BuOK/t-BuOH and an
alkylating agent.13 The α,α-dimethylated β,γ-unsaturated ketone
is formed by conversion of the initially produced α-methylated
β,γ-unsaturated ketone to its dienolate, which undergoes a second
methylation faster than the β,γ-double bond is isomerized to the
α,β-position.14

1. t-BuOK (3 equiv)
    t-BuOH

2. MeI (excess)
            77%

(5)

O O

In contrast to intermolecular processes, intramolecular alkyl-
ations are frequently performed with t-BuOK in various
solvents.19 In eqs 6 and 7 are shown examples of endo- and exo-
cycloalkylations of cyclic saturated ketones which lead to new
five-membered rings.15,16

t-BuOK
t-BuOH

65%
(6)

O

Br
O

t-BuOK
PhH

70%
(7)

Br

O O

An interesting example of how a change in the base can in-
fluence the course of a cycloalkylation reaction is shown in eq
8.17 Since the reaction with t-BuOK involves equilibrating con-
ditions, exo-cycloalkylation occurs via the more-substituted eno-
late, which is more thermodynamically stable. On the other hand,
when LDA is used as the base, endo-cycloalkylation occurs via
the kinetically formed terminal enolate.

t-BuOK, t-BuOH, pentane
25 °C

86–94%
(8)

COMe

Br

COMe

O
LDA, THF

–72 to 65 °C

77–84%

Intramolecular alkylations of α,β-unsaturated ketones may oc-
cur at the α-, α′-, or γ-positions depending upon the nature of the
base, the leaving group, and other structural features. A recent
example involving α-cycloalkylation using t-BuOK is shown in
eq 9.18

t-BuOK, t-BuOH, THF
25 °C

75%
(9)

Ph O

Br

OMe

Ph

O

OMe

The reaction of α-halo esters, ketones, nitriles, and related
compounds with appropriate organoboranes in the presence of
t-BuOK can lead to replacement of the halogen with an alkyl or an
aryl group.19 An example of this reaction using an α-bromo ester

is shown in eq 10.20 THF is a more effective solvent than t-BuOH
for alkylations of α-bromo ketones using this methodology.21

Potassium 2,6-di-t-butylphenoxide, a mild, sterically hindered
base, is much more effective than t-BuOK for the alkylation of
highly reactive α-halo ketones, e.g. bromoacetone, and α-halo
nitriles.22

+

+

B Br CO2Et

CO2Et

3

B
t-BuO

t-BuOK, t-BuOH

THF

(10)

75%

2

Condensation Reactions. Traditionally, intermolecular aldol
condensation reactions have been performed under equilibrating
conditions using weaker bases than t-BuOK in protic solvents.23

Since the mid-1970s, new methodology has focused on directed
aldol condensations which involve the use of preformed Lithium
and Group 2 enolates,24 Group 13 enolates,25 and transition
metal enolates.26 Although examples of the use of t-BuOK in in-
tramolecular aldol condensations are limited, complex diketones
(eq 11)27 and keto aldehydes (eq 12)28 have been cyclized with
this base.

MeO2C

H

H

O

O

MeO2C

H

H

t-BuOK, t-BuOH
rt

79%

O

(11)

O

O O

AcO

CO2Me

O O

CHO

O

O O

AcO

CO2Me

O O

t-BuOK, DME
–78 °C

54%

(12)

t-BuOK is the most commonly used base for the Darzens con-
densation of an α-halo ester with a ketone or an aromatic aldehyde
to yield an α,β-epoxy or glycidic ester.29 In the example shown in
eq 13,30 the aldol step is reversible and the epoxide ring closure
step is rate limiting. This leads to the product with the ester group
and the bulky β-substituent trans. However, in other systems the
opposite stereochemical result often occurs because the aldol con-
densation step is rate limiting. In addition to esters, a wide variety
of α-halo compounds that contain electron-withdrawing groups
may participate in these types of reaction.29c
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Ph CHO
Ph CO2Et

Cl

O

CO2Et

t-BuOK
t-BuOH

75%

PhPh
+ (13)

The Dieckmann cyclization of diesters and related reactions
has found an enormous amount of use in the synthesis of five-,
six-, seven-, and even larger-membered rings.31 In unsymmetrical
systems, steric effects and the stability of the product enolates
determine the regiochemistry of the reaction. As shown in eqs 14
and 15,32,33 t-BuOK is an effective base for these reactions when
used in t-BuOH or other solvents such as benzene. In the former
example, 40% of unchanged starting material is recovered when
MeONa/PhH is used to effect the cyclization.

MeO2C

MeO2C

H

O

t-BuOK
t-BuOH

PhH

O

H

O

MeO2C

O

H

O

(14)

84% 3%

+

O

O

OMeO2C

MeO2C

O
H

H
O

CO2Me
O

O

O
H

H
HO

O

O+ (15)
MeO2C

t-BuOK, PhH
reflux

90%

8:1

The nature of the base can profoundly influence the regiochem-
istry of the reaction. t-BuOK favors kinetic control in the reaction
shown in eq 16 and the product derived from cyclization of the
enolate having a β-amino group is obtained. However, when
EtONa/EtOH is employed, the more stable β-keto ester enolate
resulting from thermodynamic control is obtained.34 In addition to
diesters, dinitriles, ε-keto esters, ε-cyano esters, ε-sulfinyl esters,
and ε-phosphonium esters may participate in these reactions.31

t-BuOK is a better base than EtONa for the Stobbe condensa-
tion (eq 17) because yields are higher, reaction times are shorter,
and frequent side reactions of ketone or aldehyde reduction are
avoided.35

Although the use of t-BuOK for the generation of unstabilized
ylides from phosphonium salts has been rare, it is the base of
choice for the generation of Methylenetriphenylphosphorane for
the Wittig reaction of hindered ketones (eq 18).36 No 1,1-di-
t-butylethylene is obtained from di-t-butyl ketone when NaH/
DMSO is used to generate the ylide.37

MeO

MeO
N

CO2Et

CO2Et

MeO

MeO
N

OH

CO2Et

MeO

MeO
N

t-BuOK, PhH
heat

70%

OH

(16)

CO2Et

EtONa, EtOH
heat

80%

O
CO2Et

CO2Et

(17)+
base

solventCO2Et

CO2Et

Base, solvent

EtONa (2 equiv), EtOH, reflux, 6 h
t-BuOK (1.1 equiv), t-BuOH, reflux, 40 min

Yield (%)

79
89–94

t-BuCO-t-Bu

120–130 °C
48 h

(18)
t-Bu

t-Bu+ t-BuOK, PhH

reflux

96%

Ph3PMe Br–

Elimination Reactions. t-BuOK is a widely used base for
both α- and β-elimination reactions. It is the most effective base in
the conventional alkoxide–haloform reaction for the generation of
dihalocarbenes.38 This procedure still finds general use (eq 19),39

but since it requires anhydrous conditions, it has been replaced to
a degree by use of phase-transfer catalysts.40 Vinylidene carbenes
have also been produced from the reaction of α-halo allenes with
t-BuOK.41

CHBr3, t-BuOK
0 to 25 °C

56.5–63.5%

Br

Br

(19)

Substrates containing a host of leaving groups, such as alkyl
chlorides (eqs 20 and 21),42,43 bromides (eqs 22–24),44−46 to-
sylates, mesylates (eq 25),47 and even sulfenates and sulfinates
(eq 26),48 undergo β-eliminations with t-BuOK in the solid phase
or in t-BuOH or various nonpolar solvents.

(20)Ph
Cl Ph Ph

t-BuOK, THF
–78 to 25 °C

80–88% Ph

Ph

Ph

Cl

Cl
Cl

Cl

Ph

Ph

Cl

Cl
(21)

t-BuOK, THF

80%
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O
O

Br

MeO

O
O

(22)

MeO

t-BuOK
xylene

75%

Br

t-BuOK
(solid)

67%H Br

H Br
(23)

anti-elimination

(24)
Br

Br

O O

52–67%

O

t-BuOK
ether

0 to 5 °C

X

OMs

t-BuOK

t-BuOH
X (25)

X = O, 32%
X = S, 65%

(26)
Ph

OMe

SO2Ph

OMe

Ph t-BuOK, THF

68%

The regiochemical and stereochemical results of β-eliminations
of 2-substituted acyclic alkanes with t-BuOK in various solvents
have been extensively investigated.49 Space does not permit the
details of these investigations to be presented, but a few brief gen-
eralizations may be noted. (1) t-BuOK normally gives more of
the terminal alkene than primary alkoxide bases but less than ex-
tremely bulky bases such as potassium tricyclohexylmethoxide.
(2) A greater proportion of the terminal alkene is produced in sol-
vents such as t-BuOH, where the base is highly aggregated, than
in DMSO where it is substantially monomeric and partially dis-
sociated. (3) The lower the state of aggregation of the base, the
higher the trans:cis ratio of the disubstituted 2-alkene. (4) As base
aggregation increases, the syn:anti elimination ratio increases. As
far as the trans:cis ratio is concerned, cyclic halides give the oppo-
site results from open-chain systems, i.e. this ratio is higher when
base aggregation is greater (eq 27).50

(27)
t-BuOK

solvent

Br
+

Solvent

PhH
PhH, dicyclo-
  hexyl-18-crown-6
DMF

trans (%)

83

  9
  7

cis (%)

      1.5

76
72

Fragmentation Reactions. Because it is a relatively strong
base and a relatively weak nucleophile, t-BuOK has been

the most popular base for effecting Grob-type fragmentations
of cyclic 1,3-diol derivatives.51 In t-BuOH or nonpolar sol-
vents, sufficiently high concentrations of alkoxide ions of 1,
3-diol derivatives are produced for fragmentations to proceed
smoothly if relatively good leaving groups are present (eq 28).52

When relatively poor leaving groups, e.g. sulfinates, are involved,
it is necessary to increase the strength of t-BuOK by the addi-
tion of a dipolar aprotic solvent (eq 29).53 Other base–solvent
combinations which may offer advantages over t-BuOK/t-BuOH
for certain fragmentation substrates include NaH/THF, DMSO−
Na+/DMSO, and LAH/ether.51

OMs

OH

O

O

OMs

OH

O

O

O

O

O

(28)

t-BuOK, t-BuOH
40 °C

t-BuOK, t-BuOH
47 °C

88–91%

OH

H Ts

(29)

O
t-BuOK

PhMe, HMPA
120 °C

72%

Isomerizations of Unsaturated Compounds. t-BuOK is an
effective base for bringing about migrations of double bonds in
alkenes and alkynes via carbanion intermediates,1 but since the
base promotes these reactions most effectively in DMSO, they
will be described in more detail under Potassium tert-Butoxide–
Dimethyl Sulfoxide. Important examples of enone deconjuga-
tions with t-BuOK/t-BuOH which proceed via di- and trieno-
late intermediates are shown in eqs 30 and 31.54,55 Potassium
t-pentoxide is effective in promoting the latter reaction, but
various lithium amide bases are not, apparently because they de-
protonate the enone at theα′-position regioselectively. The isomer-
ization of α,β-unsaturated imines to alkenyl imines (eq 32) is an
important step in an alternative method for reduction–alkylation
of α,β-unsaturated ketones.56

O

HO

(30)

O

t-BuOK (10 equiv)
t-BuOH

25 °C

HO

65%

AcOH
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O

C5H11

OH

CO2H

O

C5H11

OH

(31)

CO2H

t-BuOK
t-BuOH
–23 °C

30%

NCH2Ph

(32)

N=CHPh
t-BuOK, THF

25 °C

100%

Ketone Cleavage Reactions. t-BuOK in ether containing
water is the medium of choice for the cleavage of nonenolizable
ketones such as nortricyclanone (eq 33).57 Optically active tertiary
α-phenyl phenyl ketones are cleaved in fair yields with high reten-
tion of configuration with the base in t-BuOH or PhH (eq 34).58

t-BuOK is more effective than t-BuONa or Lithium tert-Butoxide
in these reactions.

CO2H

(33)O

t-BuOK–H2O (10:3)
ether

89%

Ph

O

Ph

H

Ph

84% retention

(34)

t-BuOK
t-BuOH

54–63%

Michael Additions. t-BuOK is one of an arsenal of bases
that can be used in Michael addition reactions.59 A catalyst pre-
pared by impregnation of xonotlite with the base promotes the
Michael addition of the β-diketone dimedone to 2 mol of MVK
(eq 35).60 Unsymmetrical ketones like 2-methylcyclohexanone
yield Michael adducts primarily at the more substituted α-carbon
atom (eq 36).8a Active methylene compounds undergo double
Michael additions to enynes in the presence of t-BuOK (eq 37).61

This type of reaction has been used in the total synthesis of
griseofulvin. A tricyclo[5.3.1.01,5]undecanedione, a precursor of
(±)-cedrene, is available by a highly regioselective intramolecular
Michael addition using t-BuOK (eq 38).62

O

O

O O

O

(35)

O

O

t-BuOK–Xonotlite 
(9:15)
THF

25 °C
80%

+  2

CO2Me

O O
CO2Me

(36)

O
CO2Me

t-BuOK
t-BuOH

61%
+

93:7

+

O
EtO

O
EtO2C

EtO2C
(37)

EtO

t-BuOK
t-BuOH

25 °C
73%

(EtO2C)2CH2  +

O

O

O H

(38)

O

t-BuOK
t-BuOH

25 °C
73%

Oxidation Reactions. The use of t-BuOK to convert organic
substrates to carbanionic species which react with molecular oxy-
gen via a radical process has been reviewed.1 Ketones and esters
are the most common substrates for these reactions. Oxidations
of unsymmetrical ketones occur via the more thermodynamically
stable potassium enolates; tetrasubstituted enolates yield stable
hydroperoxides, while hydroperoxides derived from trisubstituted
enolates are further oxidized to α-diketones or their enol forms.9a

Rearrangement Reactions. Benzil is converted into the ester
of benzylic acid in high yield upon treatment with t-BuOK in
t-BuOH/PhH (eq 39).63 Lower yields are obtained if the individual
solvents alone are used or if the base is replaced by MeONa or
EtONa.

Ph
Ph

O

O

CO2-t-Bu
Ph

HO
Ph (39)

t-BuOK
t-BuOH, PhH

93%

Monotosylates of cis-1,2-diols, such as that derived from
α-pinene, undergo pinacol-type rearrangements upon treatment
with t-BuOK (eq 40).64 The trans isomer is converted to the
epoxide under the same conditions (eq 41).64 4-Benzoyloxycyclo-
hexanone undergoes a mechanistically interesting rearrangement
to benzoylcyclopropanepropionic acid when treated with t-BuOK/
t-BuOH (eq 42).65

OH

OTs
(40)

COMe

t-BuOK
t-BuOH

65 °C
65%

OH
OTs (41)

O
t-BuOK
t-BuOH

65 °C

O

OCOPh

Ph

O

HO2C
(42)

t-BuOK
t-BuOH

53%

The Ramberg–Bäcklund rearrangement of α-halo sulfones is
frequently carried out with t-BuOK.66 This reaction provides a
useful route to deuterium-labeled alkenes (eq 43).67 t-BuOK is
presumably the active base in a modification which involves the
direct conversion of a sulfone into an alkene with KOH and a
mixture of t-BuOH/CCl4.68 The base converts the sulfone to the
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α-sulfonyl carbanion, which undergoes chlorination with CCl4
by a single-electron transfer process. Proton abstraction from the
α′-position of the α-chloro ketone by the base yields a thiirane
1,1-dioxide which loses SO2 to yield the alkene. t-BuOK is fre-
quently used directly in this modified procedure (eq 44).69 Cyclic
enediynes are available from the corresponding α-chloro sulfones
using t-BuOK to effect the Ramberg–Bäcklund rearrangement.70

SO2

D D

DCl D

D (43)

t-BuOK
THF
reflux

81%

S
O2

OO

Ph
O O

(44)
Ph

t-BuOK
CCl4, t-BuOH

50 °C

84%

Bromomethylenecyclobutanes undergo ring enlargement reac-
tions to 1-bromocyclopentenes when heated in the presence of
solid t-BuOK (eq 45).71

Br
Br

(45)
Br

16:1

t-BuOK

100 °C
+

Reduction Reactions. A modification of the Wolff–Kishner
reduction, which is particularly useful for the reduction of α,
β-unsaturated ketones, involves the reaction of carbonyl hydra-
zones and semicarbazones with t-BuOK in PhMe at reflux.72 The
reduction of (±)-3-oxo-α-cadinol to (±)-α-cadinol and its isomer
(eq 46) provides an example of this method.73

O
H

H
i-Pr

OH

H

H
i-Pr

OH
H

H
i-Pr

OH

2:1

+ (46)

1. N2H4, EtOH, py
    reflux

2. t-BuOK, PhMe
    reflux
          94%

First Update
Drury Caine
The University of Alabama, Tuscaloosa, AL, USA

Introduction. t-BuOK is a widely used base whose basicity is
strongly dependent upon the nature of the medium. It has lower ba-
sicity in nonpolar, protic, or aprotic solvents, e.g., t-BuOH, THF,

and benzene, where it exists primarily in the form of aggregated
ion pairs, but its basicity is considerably enhanced in the presence
of dipolar, aprotic solvents such as DMSO, HMPA, and DMF,
where solvation of the potassium cation produces ligand-separated
and free anions. Because it strongly complexes the potassium
cation, addition of 18-crown-6 to solutions of the base in nonpo-
lar aprotic solvents have enhanced basicity; but, more importantly,
significantly enhanced nucleophilicity.

Addition Reactions. t-BuOK is capable of deprotonating a
variety of weakly acidic carbon and heteroatomic acids to pro-
duce anions, either quantitatively or in low equilibrium concen-
trations, which add to a variety of unsaturated compounds.
Catalytic, equimolar, or excess quantities of the reagent are
employed, depending upon the process involved.

The t-BuOK-catalyzed reaction of a terminal alkyne with
cyclohexanone in DMSO to give a tertiary alcohol in 91% yield
(eq 47) provides a straightforward illustration of an addition to a
carbonyl compound.74 The same type of addition takes place in the
nonpolar solvent benzene but the rate is slower and the yield lower.
Treatment of cyclohexanone with ethynylbenzene under the same
reaction conditions yields 1-(phenylethynyl)cyclohexanol in 83%
yield; when the reaction is carried out using 1.0 equiv of t-BuOK
in the absence of solvent the yield of the tertiary alcohol is 93%.75

Other aliphatic and aromatic ketones give similar results. Ke-
tones with relatively acidic α hydrogens are capable of undergoing
intermolecular aldol additions in the presence of the base; but,
apparently, the reversibility of this reaction allows the irreversible
addition of the acetylide anion to compete favorably.74

O
OTHP

OTHP

OH

20 mol %
t-BuOK
DMSO

91%

(47)

rt, 15 h

Enolate anions of active methylene compounds (such as
ethyl acetoacetate produced with a catalytic amount of t-BuOK)
undergo Michael additions to conjugated enones and enals to
produce adducts, which then undergo sequential intramolecular
aldol additions, bicyclic lactone formation, and base-catalyzed
decarboxylation in refluxing t-BuOH.76 Equation 48 illustrates
the preparation of 5-methylcyclohexenone by this method.
Michael-Claisen [3+3] reactions involving symmetrical or unsym-
metrical ketones and conjugated enoates provide a useful route
to 1,3-cyclohexanediones.77 For example, 4-n-pentylcyclohexan-
1,3-dione is formed in 88% yield by treating 2-octanone with ethyl
acrylate in the presence of 1.2 equiv of t-BuOK in THF at room
temperature (eq 49). The structures of the products formed from
a variety of ketone-enoate combinations show that the addition
step involves nucleophilic attack by the more hindered enolate
of an unsymmetrical ketone, followed by cyclization via the less
hindered enolate of the keto moiety and the acyl carbon of the
enoate.
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OEt

O O

H

O

O

0.25 equiv
t-BuOK
t-BuOH

reflux

78%

(48)

O

n-C5H11

O

OEt

O

O

n-C5H11

1.2 equiv
t-BuOK

THF

rt, 15 min

88%

(49)

A one-pot synthesis of (E)-4-cyano-5-arylpent-4-enenitriles is
accomplished by treating diethyl(cyanomethyl)phosphonate with
t-BuOK in THF containing 2.0 equiv of HMPA with acrylonitrile,
followed by the addition of an aromatic aldehyde (eq 50).78 The
sequence involves anion formation, Michael addition, and pro-
ton transfer followed by a Horner-Wadsworth-Emmons reaction.
Nitriles add to vinylic silanes, phosphines, and thio derivatives in
the presence of a catalytic amount of t-BuOK in DMSO (eq 51).79

The medium is also effective for promoting addition of ketones
to vinylphosphines. Similarly, Michael adducts are also obtained
in good to excellent yields by reacting ketones or imines with
styrenes in the presence of 20–30 mol % t-BuOK in DMSO with
warming to 40 ◦C. DMSO and N-methylpyrrolidinone (NMP) are
useful solvents when nitrile anions are involved as nucleophiles.80

(EtO)2 P CN

O t-BuOK
THF

CN

Ar

CN

CNAr H

O

THF20 °C, 0.5 h

2 equiv HMPA

20 °C, 2 h

20 °C, 3 h
71–83%

(50)

Z

CN

Et Ph

t-BuOK
DMSO ZNC

Et Ph

20 mol %

25−40 °C

Z = SiPh3  60%
Z = PPh2   80%
Z = SPh     78%

(51)

Chloromethyl methyl sulfone undergoes deprotonation and ad-
dition to carbonyl compounds faster than degradation via the
Ramberg-Baecklund reaction when treated with t-BuOK in THF

at low temperature. 81 Chlorohydrins are isolated if the reaction
mixture is quenched with an acid at low temperature, or oxiranes
are formed if the temperature is allowed to rise to 0 ◦C prior to
quenching (eq 52). When the carbonyl component is an alde-
hyde the chlorohydrin or oxirane product undergoes the Ramberg-
Baecklund reaction to give a vinyl alcohol upon treatment with an
excess of the base.

−78 °C

−78 °C

−78 to 0 °C

Ph H

O

Cl S
O O

H3O+

Ph
S

O−

Cl

O O

t-BuOK
THF

Ph
S

O

O O

Ph
S

HO

Cl

O O
98%

96%

(52)

Dimethyl malonate derivatives containing an allenyl sulfone
substituent at the γ- or δ-position undergo endo-mode ring closure
to give cyclopentene or cyclohexene derivatives upon treatment
with 1.5 equiv of t-BuOK in t-BuOH at rt.82 The intermediate
unsaturated cycloadducts undergo demethoxycarbonylation and
double bond isomerization under the reaction conditions (eq 53).
Other active methine compounds behave similarly. A threefold
excess of t-BuOK is more effective than certain amine bases for
the conversion of phenylsulfonyl methyl derivatives of aromatic
or heteroaromatic compounds into the corresponding dithio esters
upon reaction with an excess of elemental sulfur.83

PhO2S

CO2Me

CO2Me

CO2Me

PhO2S

( )
n

1.5 equiv
t-BuOK
t-BuOH

5 min

( ) n

n = 1       84%
n = 2       92%

(53)

Nucleophilic attack of t-BuO anion on carbon, sulfur, or silicon
compounds such as TMSCF3,84 secondary trifluoroamides and
trifluoroacetates,85 secondary trifluoromethanesulfinamides and
trifluoromethanesulfinates,86 and trifluoromethyl sulfoxides
and sulfones87 allows the transfer of a trifluoromethyl carbanion
to various electrophilic acceptors, such as nonenolizable ketones
and aldehydes (eq 54).87
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−50 °C to rt
91%

Ph
S

CF3

O O

Ph H

O

Ph CF3

OH

3 equiv

2 equiv
t-BuOK

DMF (54)

In addition to various carbon acids, t-BuOK is capable of con-
verting many compounds containing O–H, S–H, and N–H bonds
into the corresponding conjugate bases, which may participate in
addition reactions with appropriate acceptors. For example, the
base promotes th sequential addition of BnSH to an α-bromo-
α,β-unsaturated sulfone followed by a Ramberg-Baeklund
rearrangement of the adduct to give an (E,Z) mixture of allylic
sulfides (eq 55).88 As illustrated in eq 56, tosyl amides undergo
addition-elimination to give (Z)-β-trifluoromethyl enamines in
good yield when treated with 2-bromo-3,3,3-trifluoropropene in
the presence of an excess of t-BuOK in DMSO/t-BuOH.89

Ph SH
S Ph

Br

O O

S PhPh

t-BuOK
t-BuOH, CH2Cl2

rt, 15 min
77%

E:Z
93:7

(55)

   80 °C, 4 h

82%

N
Ts

CF3

Br

CF3

N

Ts

H

1.4 equiv t-BuOK
t-BuOH, DMSO

(56)

t-BuOK in THF is more effective than K2CO3, n-BuLi, or
t-BuONa for the hydroamination of styrenes with anilines.90,91

The use of 2- or 3-chlorostyrenes in the reaction provides an in-
teresting route to N-arylindolines via an addition-intramolecular
substitution (aryne intermediate) sequence (eq 57).91

Cl

PhH2N

N

Ph

3 equiv
t-BuOK
toluene

 135 °C
(sealed tube)

53%

(57)

The potassium salts of (R)- or (S)-4-phenyl-2-oxazolidinone,
produced from the conjugated acids using t-BuOK in THF in
the presence of 18-crown-6, undergo highly stereoselective ad-
ditions to monosubstituted nitroalkenes.92 Equation 58 illustrates
the addition of the (R)-nucleophile to a typical acceptor.

−78 °C, 15 min

N

O

O

H

Ph

t-Bu
NO2

K
N

O

O Ph

t-Bu
NO2N

O

O Ph

  t-BuOK
18-Crown-6

  THF

0 °C, 15 min

87%
>98% de

(58)

Oxa- and aza-Michael additions followed by intramolecular
cyclizations occur when propargyl alcohols are treated with α,
β-unsaturated nitroalkenes in the presence of t-BuOK in THF.93

Although exo-3-methylene tetrahydrofurans are usually the major
products of these reactions, 3,4-dihydropyrans are also obtained
in some cases, depending upon the substituents present within the
donor and acceptor. Equation 59 shows the results of the reac-
tions of propargyl alcohol with four nitroalkenes. Similar reac-
tions of methyl propargylamine with these same acceptors give
exclusively 3-methylenepyrrolidines.93

NO2

R2

R1

HO

t-BuOK
  THF

R1

OR2

NO2

H
O

H

NO2
R1

R2

R1,R2 =  - (CH2)4 78
5-exo/6-endo  Yield (%)

R1,R2 =  - (CH2)3 84

1.7/1

 100/1
R1 = Me, R2 = C5H11 57  20/1
R1 = Me, R2 = Ph 73 100/1

 (59)

-

-

A variety of heterocyclic compounds are available by intramole-
cular additions of oxygen or nitrogen anions to alkynyl groups.
Cyclizations of 4-pentynones to furans occur in good yields by
5-exo-trig addition of their potassium enolates to the alkyne or
the isomeric allene, followed by migration of the double bond
into the ring when the substrate is treated with t-BuOK in DMF at
60 ◦C.94 t-BuOK-18-crown-6 promoted 5-endo-trig cyclizations
of 2-hydromethyl-95 and 2-thiomethyl 1,3-enynes96 to provide the
corresponding furans and thiofurans in good yields (eq 60). syn-
Phenylselenoalkynyl alcohols cyclize to trans-(Z)-2-(phenylsele-
nomethylene)tetrahydrofurans stereoselectively upon treatment
with excess t-BuOK in t-BuOH containing 18-crown-6 (eq 61).97

Anti substrates give the corresponding cis isomers and the corres-
ponding thio compounds also undergo a similar reaction.

Five- to eight-membered ring oxacycles are readily prepared by
treating allene sulfones98 and allene phosphonates99 bearing ω-
hydroxyl side chains with t-BuOK in t-BuOH at slightly elevated
temperatures. The yields obtained with the hydroxyphosphonates
are shown in eq 62.99

t-BuOK-18-crown-6 promoted cyclization and subsequent
dehydroethoxylation of δ-phenylseleno-γ-alkynyl amides leads
to (Z)-5-(phenylselenomethylene)pyrrol-2-ones stereoselectively
(eq 63).100 A number of 2-(trimethylsilylethynyl)phenylcarba-
mates cyclize to various substituted indoles upon reaction with
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t-BuOK in t-BuOH (eq 64).101 Other heterocyclic compounds of
synthetic interest which are obtained by t-BuOK-promoted inter-
or intramolecular reactions include 4-aminoquinazolines,102

2-acyl-2-alkyl-3-nitro-2H-chromenes,103 iodoaziridines,104 and
imidazoles.105

OMOM

XH

X

OMOM

  t-BuOK
  t-BuOH

 18-crown-6

THF, rt

X = O    88%
X = S    88%

(60)

Ph

OEt OH

PhSe

O

SePh

Ph

EtO

2 equiv
t-BuOK

t-BuOH, 18-crown-6

rt, 1 h

93%

(61)

OH

P(OEt)2

O
t-BuOK
t-BuOH

O

P(OEt)2

O

( )

n

30 °C

( ) nn

Time Yield (%)

1 30 min 98
2 30 min 71
3 30 min 94
4 6 h 75

(62)

NHBu

PhSe

OEt O t-BuOK

PhSe Bu

N O

t-BuOH, 18-crown-6

rt, 30 min
72%

(63)

Br

TMS

NHBoc

t-BuOK
t-BuOH

Br

N

H

reflux, 3 h

60%

(64)

Alkylation Reactions. 2-(N-Methylanilino)-2-
phenylsulfanylacetonitrile undergoes alkylation and elim-
ination of benzenethiol upon treatment with t-BuOK in
THF, followed by the addition of alkyl, allyl, or benzyl
halides to give (E)-amino-α,β-unsaturated nitriles (eq 65).106

Potassium enolates of nitriles containing electron with-
drawing substituents at the α-position are produced when
their conjugate acids are treated with t-BuOK in DMSO or
HMPA.107 These species undergo alkylation via an SRN1
mechanism when treated with tertiary α-haloketones or nitriles
(eq 66). t-BuOK in THF promotes the alkylation of BetMIC with
methyl iodide or benzyl chloride (eq 67).105

CN

PhS NMePh
EtI

t-BuOK
THF CN

NMePh
rt, 20 min

82%

(65)

EtO2C CN
Ph

O

Clt-BuOK
DMSO

EtO2C

CN

Ph

O

EtO2C CN K

rt DMSO, rt

70%

(66)

78 °C
50%

N
N

N NC
Ph

Cl

t-BuOK
  THF

N
N

N NC

Ph

(67)

t-BuOK in DMSO or DMF converts alanine ester imines into
their potassium enolates, which undergo alkylation with 2-fluoro-
alkyl bromides or iodides to give (after mild hydrolysis) γ-fluoro-
α-methyl-α-amino esters.108 1,1-Difluoro-1-alkenes are available
from difluoromethyl phenyl sulfone by deprotonation with 2 equiv
of t-BuOK in DMF, alkylation with primary iodides at −50 ◦C
and elimination of the benzenesulfonyl group at −20 ◦C to rt with
the same base in THF.109 Treatment of β-phenylselenyl silyl enol
ethers with t-BuOK in THF leads to α-phenylseleno potassium
enolates which undergo monoallylation and benzylation in rea-
sonable yields. Problems of transfer of the phenylseleno group
and diallylation are encountered when parent ketones are directly
deprotonated with various bases prior to alkylation.110

An acetal of 1-bromo-3-chloro-3-phenylacetone undergoes de-
protonation at the 3-position, intramolecular cyclization, and de-
hydrochlorination to give a cyclopropene acetal in 70% yield upon
treatment with 2 equiv of t-BuOK in THF containing 1 equiv
of DMI ((1,3-dimethyl) imidazolidinone) (eq 68).111 In DMSO,
t-BuOK is basic enough to form 2,2-dimethyl-3-phenylcyclo-
propane by deprotonation of 1-iodo-2,2-dimethyl-;3-phenylpro-
pane, followed by intramolecular displacement of iodide.112 An
interesting route to optically active cyclopropyl ketones involves
cleavage of a silylated cyclic hemiacetal by nucleophilic attack of
t-BuOK on silicon, ring opening, transfer of a phosphonyl group
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from carbon to oxygen, and stereocontrolled intramolecular ring
closure (eq 69).113 Anions of N-protected ethyl oxamates are pro-
duced with t-BuOK in DMF,114 and O-protected hydroxamic acids
using t-BuOK with no solvent under phase transfer conditions115

are readily alkylated.

O O

BrCl

Ph
O O

Ph

  2 equiv
  t-BuOK
THF, DMI

rt, 3 h
70%

(68)

O Bu
Me3SiO

Ph

Ph2P

O

t-BuOK
t-BuOH

O

Ph
OPPh2

O

Bu

O

O

Ph
O

PPh2 Bu

Bu

Ph

O

rt, 5 h

84%

76% ee

(69)

γ- and δ-Chloroalkaneamides undergo cycloalkylation to
the corresponding γ- and δ-lactams in excellent yields upon
treatment witht-BuOK in THF at 0 ◦C (eq 70); the corresponding
β-homologs exclusively undergo elimination and dimerization or
trimerization under the same conditions.116 N-Phenylthiocapro-
lactam is an excellent reagent for phenylsulfenylation of
potassium enolates of acyclic or cyclic ketones produced by de-
protonation of the substrates with t-BuOK in DMSO.117

OMe

NH
Cl

O
t-BuOK
   THF

N
O

OMe

n
n

0 °C

n = 2   90%
n = 3   90%

(70)

Condensation Reactions. The Darzens condensation of sym-
metrical ketones with (−)-8-phenylmenthyl-α-chloroacetate gives
mixtures of glycidic esters with diastereoselectivities in the
77–96% range upon treatment with t-BuOK in CH2Cl2 (eq 71).118

When an unsymmetrical ketone such as acetophenone is em-
ployed, the major diastereomer has a (Z,2R,3R) configuration,
which is consistent with the enolate anion adopting a conforma-
tion with its π-bond interacting with the phenyl ring and attacking
the ketone via an open transition state.

Treatment of esters with powdered t-BuOK in the ab-
sence of a solvent provides α-substituted β-keto esters in
moderate yields, whereas related Claisen reactions in so-
lution, e.g., t-BuOK/toluene, fail.119 The formation of N-
alkyl-(E)-1-alkenesulfonamides by condensation of N-Boc-
methanesulfonamides with aliphatic or aromatic aldehydes in the
presence of t-BuOK proceeds by formation of the anion of the
sulfonamide, addition to the aldehyde, transfer of the Boc group
from nitrogen to oxygen, and elimination of the OBoc group (eq

72).120 α,β-Unsaturated nitriles containing five- or six-membered
rings are readily formed when nitriles containing appropriately
disposed carbonyl groups are treated with t-BuOK in t-BuOH at
rt (eq 73).121 Although the α-protons of carbonyl compounds are
much more acidic than those of nitriles, the success of the reaction
depends on the fact that cyano groups are much less electrophilic
than carbonyl groups. Not only carbonyl groups of tethered satu-
rated ketones, but also those of enones, lactams, and imides act as
acceptors in these reactions.

O

Ph

O

Cl O

t-BuOK
CH2Cl2

O

Ph

O
O

−78 to 0 °C
62%

96% de

(71)

O
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O
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Cl

R H

O
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S

N
H

O O

Cl

F

2 equiv
t-BuOK
  THF

−78 to 20 °C

R = n-C9H19   67%

R = 96%

(72)

O

CN

CN

n
rt n

n = 2    79%
n = 3    67%

(73)
t-BuOK
t-BuOH

4-Arylfuran-3-ols, produced by condensation of dimethyl
diglycolate with aryl glycolates in the presence of t-BuOK in
t-BuOH-toluene (2:1), contain a 2-methoxycarbonyl and a 5-tert-
butoxycarbonyl group (eq 74).122 In the intermediate dimethoxy-
carbonyl compound, the 2-methoxycarbonyl group is protected
from exchange with a t-butoxy group by resonance stabilization
involving the anion of the furan-3-ol.

t-BuOK in various solvents is a useful base for the preparation
of a variety of nitrogen heterocycles, including maleimides,123 3-
arylalkylidine-2,5-piperazinediones,124 3-cyano-2-pyridones,125

3-substituted 4-hydroxy-1,8-naphthyridin-2-(1H)-ones,126 and
δ-lactams,127 which contain complex functionality. A synthesis of
xanthines in which t-BuOK is more effective than other lithium,
sodium, or potassium bases provides a recent example in this area
(eq 75).128
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Ph OH

O CO2Met-BuO2C

Ph OH

t-BuO−

     t-BuOK
t-BuOH, toluene

70 °C

72%

(74)
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EtO2C

H2N
EtHN OEt

O

N

PMB

N

EtN

N
H

O

O

2 equiv 
t-BuOK
diglyme

70–80 °C, 2 h

89%

(75)

Elimination Reactions. t-BuOK continues to enjoy wide-
spread use as a base for promoting β-elimination reactions.
2-Iodomethyl tetrahydrofurans give furan derivatives (eq 76)129

or open-chain unsaturated ketones (eq 77),130 depending upon the
substitution pattern, when treated with excess of t-BuOK in THF.
A CF3 anion serves as a leaving group in the synthesis of an unsatu-
rated nitrile (eq 78).131 β-Elimination and substitution are compet-
itive when 1-substituted 2-bromomethylaziridines are treated with
t-BuOK in THF (eq 79),132 but other base/solvent combinations
give much poorer results. β-Amino-α,β-unsaturated ketones133

and nitro compounds134 are obtained when the corresponding
β-methoxyamino compounds are treated with 2 equiv of t-BuOK
in DMF. Microwave irradiation of 2-ethoxyanisole in the pres-
ence of t-BuOK-18-crown-6 gives exclusively the de-methylation
product by β-elimination, while demethylation by substitution
is favored when ethylene glycol is added.135 Indoles contain-
ing 2-phenylsulfonyl protecting groups on nitrogen are read-
ily deprotected using t-BuOK in DMF (eq 80).136 Electrophilic
acetone equivalents such as 1-chloro-2-alkoxy-2-propenes are
obtained in excellent yields when 1,3-dichloro-2-alkoxypropanes
are treated with t-BuOK in THF.1371-Alkynylphosphonates are
available by β-elimination of enol phosphates with t-BuOK in
THF (eq 81).138
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Ph

t-BuOK
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MeO

91% (80)
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OMe

O

O

(EtO)2P OMe

1.5 equiv
t-BuOK

THF
−78 °C

(81)

88%

Isomerization Reactions. A number of propargylic
compounds such as aryl and alkyl propargyl ethers,139 and
N-propargyllactams, 2-oxazolidinones, and N-methyl-2-
imidazolidinones140 undergo isomerization to the corresponding
allenic derivative upon treatment with t-BuOK under various
conditions. Chiral N-progargyl urethanes also produce allenic
urethanes, but the related amides are converted into chiral
ynamides under similar conditions (eq 82).141 Interestingly,
2-halobenzyl 1-alkynyl sulfides undergo cyclization to di-
hydrothiophenes in moderate yields upon treatment with 2
equiv of t-BuOK in acetonitrile (eq 83).142 The presence of
the 2-halo substituent appears to be essential for the suc-
cess of the reaction. The reaction mechanism presumably
involves a 5-endo-dig cyclization of a benzylic anion of a propar-
gylic or allenic sulfide produced by base-promoted isomerization
of the substrate. N-Benzylaldimines undergo transamination to
the corresponding N-benzylidene derivatives upon treatment with
an excess of t-BuOK in THF (eq 84),143 while the corresponding
N-diphenylmethylimines undergo a similar isomerization with a
catalytic amount of the base.144
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O

R N Ph

R

Me

O

R N Ph

O

R N Ph

20 mol %
t-BuOK

THF
rt, time

Time (h) Yield (%)

    72             OMe             60 0

     8 0 83

(82)
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S
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2 equiv
t-BuOK
CH3CN

0 °C, 24 h
75%

(83)

N Ph N Ph
3 equiv
t-BuOK

THF

reflux, 2 h
87%

(84)

Rearrangement Reactions. O-Propargyl ketoximes undergo
rearrangement into N-(1-alkenyl) acrylamides in low to mode-
rate yields upon treatment with t-BuOK in THF (eq 85).145 The
shift of a carbanionic species from oxygen to nitrogen bears a
resemblance to the Wittig rearrangement of ether α-carbanions.
Treatment of linear δ-hydroxy triquinane enones with t-BuOK in
t-BuOH leads to angular triquinane δ-diketones in moderate yields
by a retroaldol ring opening, proton transfer, and an intramolec-
ular Michael addition pathway (eq 86).146 Allyl propargyl ethers
isomerize to the corresponding allenyl ethers, which undergo
a Claisen rearrangement to substituted α,β-unsaturated aldehy-
des upon treatment with t-BuOK in THF followed by heating
(eq 87).147
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58%
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84%
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t-BuOH
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H

O
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rt, 4 h
98%

120 °C, 1 h

(87)

·

Several medium and large ring chlorosulfone azacycles
undergo Ramberg-Baeklund rearrangements to azacycloalkenes
when treated with t-BuOK in DMSO (eq 88).148 α′-Chloro-α,β-
unsaturated sulfones undergo a Diels-Alder reaction with conju-
gated dienes followed by a t-BuOK-induced Ramberg-Baeklund
rearrangement to give exomethylene cyclohexane derivatives.149

Boc

S
O O

N

Cl

N

Boc

n

n

4 equiv
t-BuOK
DMSO

rt, 10 min
n n

n Yield (%) trans/cis

1 66 0/100
2 100 94/6
3 97 98/2

(88)

Substitution Reactions. Although there are exceptions (cf.
eq 79), the high basicity and low nucleophilicity of t-BuOK makes
it much more likely to participate in E2-type elimination rather
than SN2 reactions in aliphatic systems. On the other hand, the
t-BuO anion is known to participate as a nucleophile in SNAr re-
actions in appropriate arenes.150,151 Such reactions occur much
more rapidly using microwave irradiation than conventional heat-
ing. For example, 4-fluorobenzaldehyde is converted into 4-tert-
butoxybenzaldehyde 12 times more rapidly under microwave ir-
radiation than by reflux in DMSO without irradiation.150 t-BuOK
is frequently employed as a base to generate anions which parti-
cipate in SNAr reactions. The conversion of 4-fluorobenzonitrile
into 4-hydroxy benzonitrile by treatment with 2-butyne-1-ol and
the base in DMSO (again under microwave irradiation) involves
formation of the propargylic alkoxide, SNAr substitution of fluo-
ride, and isomerization of the propargyl ether product into an
allenyl ether, followed by mild acid hydrolysis (eq 89).152 t-BuOK
in DMSO under microwave irradiation also promotes the ami-
nation of electron-rich aryl halides via an elimination-addition
(benzyne) mechanism.153 Aryne intermediate formation pro-
moted by t-BuOK is also involved in the synthesis of indolines
from halostyrenes and amines discussed above (eq 57).91

FNC HO

NC OH

1. t-BuOK
    DMSO
    microwaves

125 °C, 3 min
2. H3O+, rt

90%

(89)

+
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Nitrobenzene and many of its 2-, 3-, and 4-substituted deriva-
tives are converted into nitroaniline derivatives by treatment with
sulfenamides in the presence of t-BuOK (eq 90).154 In this con-
version, termed vicarious nucleophilic substitution (VNS), the
base presumably promotes both the formation of the nucle-
ophilic sulfenamide anion and the β-elimination of the thiocar-
bamoyl group from the σ-adduct. Numerous other examples of
t-BuOK-promoted VNS reactions of nitrobenzenes have appeared
in recent years.155−157An interesting example of this process in-
volves the synthesis of dithianylated nitrobenzenes which are hy-
drolyzable to aldehydes (eq 91).157 The treatment of mixtures of
m-nitroaniline and enolizable ketones with t-BuOK in DMSO
leads to nitroindoles by oxidative nucleophilic substitution of
hydrogen (eq 92).158 The proposed mechanism for this transfor-
mation involves attack of the potassium enolate of the ketone on
the ring, spontaneous oxidation of the σ-adduct, and imine forma-
tion and tautomerization.

NO2

Cl

N
SNH2

S t-BuOK
  DMF

NO2

Cl

H2N

rt, 15−20 min
86%

(90)

+

NO2

Cl
S

S
PhS

NO2

Cl

S

S

 2.2 equiv
 t-BuOK
 DMSO

rt
90%

(91)

+

NO2

NH2
Ph

O
 t-BuOK
 DMSO

N
H

Ph

NO2

N
H

PhO2N

67%

(92)

8%

+

+

Synthesis and Reactions of Carboxylic Derivatives. N-Sub-
stituted amides are readily prepared by treating mixtures of none-
nolizable159or enolizable esters160 and amines with solid t-BuOK
under microwave irradiation. Primary amides are obtained with
formamide.160 Methyl or ethyl esters are converted to the corre-
sponding tert-butyl esters by ester interchange using an excess of
tert-butyl acetate and a catalytic amount of t-BuOK,161 or with
1–1.2 equiv of the base in diethyl ether.162 t-BuOK in wet THF
allows the cleavage of simple aliphatic esters in molecules con-
taining enolizable dialkyl malonate moieties.163 A 50:50 mixture
of epimeric aziridine containing a tert-butyl ester group and a chi-
ral group capable of chelating the potassium cation in a transient

tetrahedral intermediate undergoes kinetic resolution upon treat-
ment with excess t-BuOK in THF at low temperature (eq 93).164

N

CO2t-Bu

OMe
Ph

N

CO2t-Bu

OMe
Ph

N

CO2

OMe
Ph

K

5 equiv
t-BuOK

THF

20 °C, 1 h

50% (>95% de) 48%  (>95% de)

(93)+

+−

Ylide and Related Reactions. Allyloxymethylenetriphenyl-
phosphonium chlorides yield allyl vinyl ethers by conversion
into ylides with t-BuOK and treatment with aryl and eno-
lizable acyclic aldehydes and ketones.165 α,β-Unsaturated ni-
triles are obtained with high Z-stereoselectivity when diphenyl-
cyanomethylenephosphonate is converted into its potassium salt
by treatment with t-BuOK in THF, followed by addition of alde-
hydes with bulky substituents.166 α-Fluoro-α,β-unsaturated thia-
zolines are obtained with slight E-stereoselectivity when mixtures
of fluorophosphonomethylthioamides, or the corresponding thia-
zolines (eq 94), and aldehydes are treated with t-BuOK in THF at
0 ◦C; higher E-selectivity is usually observed when BuLi in THF
is used as the base at −78 ◦C.167

(EtO)2P

S

N
F

CHO
S

N

F

base/conditions

base/conditions Yield (%) E/Z

1.1 equiv n-BuLi,THF
−78 °C, 4 h 92 92/8

1.1 equiv t-BuOK, THF
      0 °C, 4 h 88 75/25

(94)

+

O

Vinyl sulfides, selenides, and tellurides are prepared in a one-
pot procedure by treating mixtures of the chloromethyl phenyl
chalcogenide and triphenylphosphine in THF with t-BuOK (to
form the ylide), followed by the addition of a carbonyl compound
(eq 95).168 The yields are good to poor and the Z isomer is usually
favored.

PhY Cl Ph3P THF
t-BuOK

Y

S

Se

Te

YPhH

Ph

1.5 equiv

1. 2.0 equiv

rt, 5 min

2. 1.5 equiv
   PHCHO
   rt, 0.5 h

Yield (%) E/Z

84 30/70

75 36/64

45 <2/>98

(95)
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1-Alkyl-1-aryloxiranes are obtained by heating a mixture of
trimethylsulphonium iodide, t-BuOK, and an alkyl aryl ketone
in the absence of a solvent.169 Semistabilized allylic telluro-
nium or arsonium ylides are obtained by treating their precursor
salts with t-BuOK as well as other bases in THF.170 Additions
of these ylides to α,β-unsaturated ketones yield 2-vinyl-trans-3-
substituted cyclopropyl ketones (eq 96); telluronium ylides yield
primarily cis-2-vinyl isomers, while arsonium ylides produce
mainly trans-2-vinyl isomers. Similarly, allylic arsonium ylides
react with alkyl 2-pyran-5-carboxylates to give substituted vinyl-
cyclopropanecarboxylates alone, or as a mixture with the cor-
responding vinyldihydrofurans.171 Acyl bismuthonium ylides,
prepared by deprotonation of 2-oxoalkylbismuthonium salts with
t-BuOK in THF, yield 2,3-diacyloxiranes when treated with 1,2-
dicarbonyl compounds such as ethyl pyruvate.172

R2Y

Br
THF

O

Ph Pht-BuOK
   THF

R

i-Bu

Ph

Y

Te

As

Ph

Ph O

R2Y

Ph

Ph O

78 °C, −5 min −78 °C to rt

(96)

Yield (%) Ratio

92 >99/<1

84   6/94

Related Reagents. n-Butyllithium–potassium t-butoxide;
Potassium Amide; Potassium Hexamethyldisilazide; Potassium
t-butoxide–benzophenone; Potassium t-butoxide– t-butyl Alcohol
Complex; n-butyllithium–Potassium ıt t-butoxide; Potassium t-
butoxide–18-crown-6; Potassium t-butoxide–dimethyl Sulfoxide;
Potassium t-butoxide–hexamethylphosphoric Triamide; Potas-
sium Diisopropylamide; Potassium t-heptoxide; Potassium
Hydroxide Potassium 2-methyl-2-butoxide.
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Ruthenium(II), Tris(2,2′-bipyridine-
κN1,κN1′)-, (OC-6-11)-

N

N

N

N

Ru

N

N

2
+

II

2X
–

[14323-06-9]
Ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′),1 chloride(1:2),
(OC-6-11)-
C30H24N6RuCl2 (MW 640.53)
InChI = 1S/3C10H8N2.2ClH.Ru/c3*1-3-7-11-9(5-1)10-6-2-4-

8-12-10;;;/h3*1-8H;2*1H;/q;;;;;+2/p-2
InChIKey = SJFYGUKHUNLZTK-UHFFFAOYSA-L
(cation)
[15158-62-0]
InChI = 1S/3C10H8N2.Ru/c3*1-3-7-11-9(5-1)10-6-2-4-8-12-

10;/h3*1-8H;/q;;;+2
InChIKey = HNVRWFFXWFXICS-UHFFFAOYSA-N
(PF6 complex)
[60804-74-2]
InChI = S/3C10H8N2.2F6P.Ru/c3*1-3-7-11-9(5-1)10-6-2-4-8-

12-10;2*1-7(2,3,4,5)6;/h3*1-8H;;;/q;;;2*-1;+2
InChIKey = KLDYQWXVZLHTKT-UHFFFAOYSA-N
(chloride hydrate)
[50525-27-4]
InChI = 1S/3C10H8N2.2ClH.6H2O.Ru/c3*1-3-7-11-9(5-1)10-

6-2-4-8-12-10;;;;;;;;;/h3*1-8H;2*1H;6*1H2;/q;;;;;;;;;;;+
2/p-2

InChIKey = WHELTKFSBJNBMQ-UHFFFAOYSA-L
(perchlorate)
[15635-95-7]
InChI = S/3C10H8N2.2ClHO4.Ru/c3*1-3-7-11-9(5-1)10-6-2-

4-8-12-10;2*2-1(3,4)5;/h3*1-8H;2*(H,2,3,4,5);/q;;;;;+
2/p-2

InChIKey = BXKPAPTYLLPPEO-UHFFFAOYSA-L
(BF4 complex)
[63950-81-2]
InChI = 1S/3C10H8N2.2BF4.Ru/c3*1-3-7-11-9(5-1)10-6-2-4-

8-12-10;2*2-1(3,4)5;/h3*1-8H;;;/q;;;2*-1;+2
InChIKey = GWPUNVSVEJLECO-UHFFFAOYSA-N

(visible light-active catalyst used in single-electron transfer
reductions and oxidations1)

Alternate Names: [Ru(bpy)3]2+, Ruthenium-tris(2,2′-bipyridyl).
Physical Data: λmax = 452 nm, redox potentials2 (vs. SCE,

saturated calomel electrode, as 0 V in CH3CN); −0.86 V (RuIII/
RuII*), 1.29 V (RuIII/RuII), 0.84 V (RuII*/RuI), and −1.33
(RuII/RuI).

Solubility: for X = Cl, sol in H2O, CH3OH, CH3CN, DMF, and
DMSO; insoluble in nonpolar, aprotic solvents; for X = PF6,
sol in CH3CN, acetone, DMF, and DMSO; insoluble in H2O.

Form Supplied in: the dichloride is commercially available from
Strem Chemicals, Inc. and Sigma-Aldrich as the hexahydrate.
[Ru(bpy)3]2+ complexes appear as red to orange crystals or
powder.

Preparation Methods: for X = PF6, the catalyst is prepared from
RuCl3, 2,2′-bipyridine, and NH4PF6 in EtOH.3

Purification: recrystallized in boiling H2O.
Handling, Storage, and Precautions: containers should be stored

under nitrogen atmosphere in the dark. Keep away from strong
oxidizing agents.

Upon visible light excitation of [Ru(bpy)3]2+ (bpy = 2,2′-
bipyridine), the resulting metal-to-ligand charge transfer (MLCT)
excited state species, *[Ru(bpy)3]2+, can be reductively or ox-
idatively quenched with the appropriate single-electron donor or
acceptor, respectively. Reductive quenching of the excited state
forms [Ru(bpy)3]+, which then performs a single-electron reduc-
tion to regenerate [Ru(bpy)3]2+. Alternatively, oxidative quench-
ing forms [Ru(bpy)3]3+, which then oxidizes a suitable donor to
regenerate ground state [Ru(bpy)3]2+.

Reductions of Carbon–Sulfur, Carbon–Phosphorus,
and Carbon–Nitrogen Bonds. Suitably activated
carbon–heteroatom bonds may be reduced by *[Ru(bpy)3]2+
resulting in C–H bond formation.4–7 Phenylacylsulfonium salts
have been reduced in the presence of [Ru(bpy)3]Cl2 and a
1,4-dihydropyridine derivative under visible light irradiation
to produce the corresponding acetophenone (eq 1).8 Similarly,
ammonium and phosphonium salts undergo efficient reduction
under these conditions.4 Reduction of aryl diazonium salts
has historically found usage in radical aromatic substitution
reactions via decomposition into N2 and aryl radical species,
a transformation classically promoted by copper(I) salts. A
milder version of this reductive decomposition pathway has
been demonstrated in a photocatalytic Pschorr reaction that uses
*[Ru(bpy)3]2+ to reduce the C–N bond (eq 2).5 Excellent yields
are reported and no additional oxidants are necessary. Recently,
reductive ring openings of chalcone-derived tosyl aziridines have
been disclosed using Hantzsch ester (HE) to produce β-amino
ketones (eq 3).6

[Ru(bpy)3]Cl2 (1 mol %)

d6-acetone or CD3CN

Ph

O
S+

Ph

Me

N
Me

MeMe

CO2EtEtO2C

Ph

O

N
Me

MeMe

CO2EtEtO2C

BF4
–

BF4
–

PhSMe

quantitative yields

+
visible light

0.3 h

+ (1)
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N2
+

CO2H

R

CO2H

R

quantitative

[Ru(bpy)3]Cl2 (5 mol %)

CH3CN, visible light

R = OMe or Br

(2)

Ph Ph

O
N

[Ru(bpy)3]Cl2 (5 mol %)

HE, DMSO

Ph Ph

ONHTsTs

14 W lamp, 3 h

94%

(3)

Reductions of Carbon–Oxygen Bonds. Aryl carbonyls can
be transformed into alcohols through single-electron reduction of
the carbon–oxygen double bond by [Ru(bpy)3]+, which is gener-
ated in situ using 1-benzyl-1,4-dihydronicotinimide (BNAH)7 or
Et3N9 as the reductive quencher of excited state *[Ru(bpy)3]2+.
The radical HO–C.R2 intermediate formed in the *[Ru(bpy)3]2+/
BNAH photocatalytic cycle can be intercepted by the BNA.

species to form secondary benzylic alcohols in good yields
(eq 4).10 [Ru(bpy)3](PF6)2 has been used in combination with
catalytic viologen species under oxidative quenching conditions
of *[Ru(bpy)3]2+ to promote Meerwein–Ponndorf–Verley-type
reductions of aryl ketones.11 Under reductive quenching condi-
tions, radical decarboxylation of N-(acyloxy)phthalimides pro-
ceeds in the presence of [Ru(bpy)3]Cl2, BNAH, and light to gen-
erate alkyl radicals that react with α,β-unsaturated ketones to form
β-alkylated products (eq 5).12 Cleavage of carbon–oxygen single
bonds can also be achieved via the photoreductive ring opening of
β-epoxy ketones to form β-hydroxy ketones6 using [Ru(bpy)3]Cl2
and a dimethylbenzimidazoline (eq 6).13

Ph H

O

[Ru(bpy)3]Cl2 (0.5 mol %)

CH3OH, 15 h

visible light

Ph

OH

NH2N

O

N PhH2N

O

Ph

85%
+

(4)

Reductions of Carbon–Halogen Bonds. Reductive dehalo-
genation of substrates bearing an α-electron withdrawing group
have been well studied by several groups in the field of photo-
catalysis. [Ru(bpy)3]Cl2 has been used with 3-methyl-2,3-
dihydrobenzothiazole and a fluorescent lamp to carry out the
reduction of various organohalides such as α-chloride ketones and
α-chloride esters, α-bromo esters, and bromomalonates.14 Both
the reductive and oxidative quenching pathways of *[Ru(bpy)3]2+
have been utilized for the reduction of α-bromoacetophenone in

Ph O

O
N

O

O

Ph HN

O

O

O

Ph

Ph O

O

68%

3%

Ph

Ph

Ph Ph

11%

[Ru(bpy)3]Cl2 

(2.5 mol %)

BNAH, THF-H2O
O

visible light
+

+

+

(5)

PhMe

O

[Ru(bpy)3]Cl2 (2.5 mol %)

CH3CN, 3 h

visible light

PhMe

O OH

O N

N
Me

Me
H OH

(6)

75%+

the absence and presence of perchloric acid, respectively, us-
ing [Ru(bpy)3]Cl2, N-methyldihydroacridine and light (eq 7).15

Modern development of this transformation has led to an ex-
pansion of the substrate scope to include bromopyrroloindolines
and α-bromo- and α-chloroamides using [Ru(bpy)3]Cl2in com-
bination with iPr2NEt and either HE or formic acid using a
fluorescent light bulb as a light source (eq 8).16 This study also
demonstrated the chemoselective conversion of activated halides
over aryl halides as well as high functional group tolerance.
Dehalogenations of vicinal dibromides is known to produce
stilbenes under oxidative quenching conditions utilizing light,
[Ru(bpy)3]Cl2, substoichiometric viologen, and (NH4)3EDTA
in a biphasic EtOAc-H2O system (eq 9).17 Reductive quench-
ing conditions for similar transformations can be accessed using
a [Ru(bpy)3]Cl2/Et3N9 or [Ru(bpy)3]Cl2/1,5-dimethoxynaphtha-
lene/ascorbic acid18 catalytic cycle.

N
Me

Ph

O
Br

[Ru(bpy)3]Cl2 (5 mol %)

CH3CN, visible light

N
Me

Ph

O
H

Br
with HClO4

without HClO4

98%
74%

98%
75%

+

–

(7)
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N
N

Boc
CO2MeH

BrBr

N
N

Boc
CO2MeH

HBr

[Ru(bpy)3]Cl2 (2.5 mol %)

iPr2NEt (10 equiv)

formic acid (10 equiv)

DMF, visible light, 4 h

91%

(8)

Ph

Br
Ph

Br [Ru(bpy)3]Cl2 (2.5 mol %)

viologen (C8V)Br2 Ph
Ph (9)

(NH4)3EDTA, 3 h

EtOAc-H2O, visible light

70%

Oxidation of Carbon–Hydrogen Bonds. Alkyl radicals pro-
duced from halide reductions can be exploited for additions onto
various π-systems through modification of the [Ru(bpy)3]Cl2
cycle. Enantioselective alkylations of aldehydes have been carried
out using dual photocatalytic/organocatalytic cycles (eq 10).19

Excellent enantioselectivities and yields are obtained using
this system for the asymmetric α-trifluoromethylation20 and α-
benzylation21 of aldehydes. Additions of TEMPO onto
morpholine-derived enamines have been described using the
reductive quenching cycle of [Ru(bpy)3](PF6)2.22 Silyl enol
ethers of ketones, amides, and aldehydes can undergo α-
perfluoroalkylations in the presence of [Ru(bpy)3]Cl2 and light in
a one-pot process from the corresponding carbonyl compounds
(eq 11).23 The [Ru(bpy)3]Cl2/Et3N reductive quenching cycle
has also been shown to mediate the intramolecular addition of
activated bromides onto heterocycles24 and electron-rich olefins
(eq 12).25 The analogous intermolecular bromomalonate addi-
tions onto heterocycles require the use of a non-hydrogen atom
donor triarylamine as the reductive quencher.26 Bromopyrroloin-
dolines can be coupled with indoles under similar reductive
quenching conditions to obtain complex bisindole structures,
which have been recently demonstrated in the synthesis of glio-
cladin C (eq 13).27 Related iridium-based photocatalysts are also
competent in many of these reactions, including atom transfer
reactions.28 Glycosyl halides can be reduced using the reduc-
tive quenching cycle of [Ru(bpy)3](BF4)2 and the resultant rad-
ical can add onto electron-deficient alkenes to obtain exclusive
α-substituted products in high yields (eq 14).29 In addition to
C–H oxidation via reduction of organohalides, [Ru(bpy)3]Cl2 is
known to perform direct oxidations of phenols to generate cross-
linked proteins. Nearby tyrosine residues oxidize in the presence
of [Ru(bpy)3]3+ through oxidative quenching of *[Ru(bpy)3]2+
with persulfate ion and combine rapidly (∼0.5 s) to form the
bis(phenol)-linked protein in good yield (eq 15).30

H

Hex

O
CO2Et

Br

EtO2C

N

H

N

O Me

Me

CF3CO2H

[Ru(bpy)3]Cl2 (0.5 mol %)

2,6-lutidine (2 equiv)

DMF, 15 W lamp

20 mol %

H

O

Hex

CO2Et

CO2Et

Hex = (CH2)5CH3

93%
90% ee

+

(10)

•

N

O
Me

Me

1. [Ru(bpy)3]Cl2 (0.5 mol %)

    LDA, TESCl, 1 h

N

O
Me

Me CF3

(11)

2. CF3I, 26 W lamp

67%

N
Br

CO2Me
CO2Me

[Ru(bpy)3]Cl2 (2.5 mol %)

Et3N, DMF

14 W fluorescent bulb

N CO2Me

CO2Me

H

H

79%

(12)

N
N

Br

H
Cbz

Boc

NHMe

O

N
H

CHO

[Ru(bpy)3]Cl2 (1 mol %)

nBu3N, DMF

blue LEDs, 12 h

N
N

H
Cbz

Boc

NHMe

O

NH
CHO

86%
+

(13)
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O
OAc

OAc
AcO OAc

Br

Me

CO2Me

[Ru(bpy)3](BF4)2 (5 mol %)

iPr2NEt (3 equiv)

HE (2 equiv), CH2Cl2

O
AcO

AcO
AcO

OAc

Me

CO2Me

dr = 1.5:1

(2 equiv)

14 W fluorescent bulb

98%

+

(14)

OH

Protein1

OH

Protein2

[Ru(bpy)3]Cl2
Na3PO4, NaCl

NH4S2O8

OH

Protein1

OH

Protein2

+
150 W xenon arc

lamp, 60 s

60%

(15)

Oxidations of Carbon–Heteroatom Bonds. Iminium ions
are produced by the single-electron oxidation of tertiary amines
by *[Ru(bpy)3]2+, followed by hydrogen atom abstraction and
can be trapped by nucleophiles to obtain diverse scaffolds. N-
Aryl tetrahydroisoquinolines have been oxidized in the presence
of [Ru(bpy)3]Cl2, visible light, and nitroalkanes to promote aza-
Henry reactions under aerobic conditions in high yields (eq 16).31

Azomethine ylides can be formed under similar conditions to un-
dergo efficient [3+2] cycloadditions with various dipolarophiles,
generating highly functionalized pyrrolo[2,1-a]isoquinolines.32

Mannich reactions between acetone and N-aryl tetrahydroiso-
quinolines have been afforded using [Ru(bpy)3](PF6)2, a fluo-
rescent lamp, and a proline catalyst.33 For transformations in-
volving tetrahydroisoquinolines, the iridium-based photocatalysts
have also been successful. The use of [Ru(bpy)3]Cl2, visible light,
and base in the presence of oxygen has been shown to promote
intramolecular cyclizations of amines onto in situ oxidized benzy-
lamines to form tetrahydroimidazoles.34 In addition to amine oxi-
dations, when [Ru(bpy)3]Cl2is combined with CBr4 or CHI3in the
presence of DMF, an aminal radical intermediate is formed, which
is then oxidized by [Ru(bpy)3]3+ to form a Vilsmeier–Haack
reagent that activates primary or secondary alcohols toward dis-
placement by bromide or iodide to give high yields of halogenated
products (eq 17).35

N
Ph

[Ru(bpy)3]Cl2 (1 mol %)

 CH3NO2 

20 h, visible light N
Ph

O2N

81%
(16)

[Ru(bpy)3]Cl2 (1 mol %)

CBr4 (2 equiv) 

NaBr (2 equiv)OH
NHCbz

Br
NHCbz

H N
Me

Me

O

(excess)

+
blue LEDs

83%

(17)

Cycloadditions. Bis-enones are well known to undergo
single-electron transfer-mediated cyclizations under a variety of
conditions.36 The reduction of aryl enones to the radical an-
ion species by [Ru(bpy)3]+ has been reported under reductive
quenching conditions of *[Ru(bpy)3]2+ with [Ru(bpy)3]Cl2,iPr2

NEt, and LiBr as a Lewis acid using a flood lamp or under am-
bient sunlight (eq 18).37 This process was shown to initiate both
intra- and intermolecular formal [2+2] cycloadditions of symmet-
rical and unsymmetrical38 enones in high diastereomeric ratio
(dr) and yield. The intramolecular formal [3+2] cycloaddition of
aryl cyclopropyl ketones and alkenes likewise forms fused cy-
clopentane structures with good dr and in high yield in the pres-
ence of [Ru(bpy)3]Cl2, TMEDA, La(OTf)3, and light (eq 19).39

These conditions have considerable advantages over other metal-
mediated or electrochemical-promoted processes with respect
to yield and chemoselectivity. One of the most common types
of cycloadditions is the Diels–Alder [4+2] reaction, which can
establish six-membered cycles with excellent regio- and stereo-
control. Accordingly, single-electron reduction of bis-enones ini-
tiates intramolecular hetero [4+2] cycloadditions in the presence
of [Ru(bpy)3]Cl2, iPr2NEt, LiBr, and light in H2O–CH3CN mix-
tures to give products in >10:1 dr (eq 20).40 Notably, both reactive
partners are electron deficient and the observed regioselectivity is
opposite to that obtained using methods involving a two-electron
pathway. The oxidative quenching cycle of *[Ru(bpy)3]2+ can al-
ternatively be accessed for [2+2] cycloadditions of electron-rich
styrenes using a [Ru(bpy)3](PF6)2/methyl viologen (MV) system
under sunlight via single-electron oxidation of the cyclopropyl
ketone (eq 21).41

Ph

O

HH

O

OEt

[Ru(bpy)3]Cl2 (5 mol %)

iPr2NEt (2 equiv)

LiBr (2 equiv)Me

Ph

O

OEt

O
Me

84%
10:1 dr

DMF, 1 h

275 W floodlight

(18)

Miscellaneous. The reduction of alkyl azides and
biomolecule-containing azides to the corresponding primary
amine has been recently accomplished with [Ru(bpy)3]Cl2and
visible light using an appropriate reductive quencher in organic as
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Ph
O

O
[Ru(bpy)3]Cl2 (2.5 mol %)

TMEDA (5 equiv)

La(OTf)3 (1 equiv)Me Ph

OH

H
Me Ph

O

Ph

63%
10:1 dr

CH3CN, MgSO4, 29 h

23 W fluorescent bulb

(19)

[Ru(bpy)3]Cl2 (5 mol %)

iPr2NEt (3 equiv)

LiBr (2 equiv)

86%
>10:1 dr

COPh
COPh

O
H

Ph

H

O

Ph

H2O (10 equiv), CH3CN

200 W floodlight, 1 h

(20)

O

[Ru(bpy)3](PF6)2 (5 mol %)

MV(PF6)2 (15 mol %)
Ph

MeO

O

HH

Ph

MeO

MeNO2, MgSO4, 3.5 h

visible light

88%

(21)

well as aqueous solvents (eq 22).42 This transformation exhibits
high levels of chemoselectivity and functional group tolerance,
with alkyl azides reduced in the presence of sensitive moieties
such as disulfides, aldehydes, alcohols, and alkyl halides. Aryl
radicals have also been generated from aryl iodonium salts using
[Ru(bpy)3]Cl2 and silane additives in the presence of visible light
to promote the ring-opening radical polymerization of epoxides.43

Irradiation with a green fluorescent light bulb was shown to im-
prove the efficiency of the transformation.

S
S

R
N3

[Ru(bpy)3]Cl2 (1 mM)

ascorbate (50 mM)

S
S

R
NH2

DNA
 oligonucleotide

(HOCH2)3CNH, pH 7.4

visible light, 10 min, 25 °C

>95%

(22)

Related Reagents. [Bis(2-phenylpyridine)(4,4′-tert-butyl-
2,2′-bipyridine)iridium(III)]hexafluorophosphate, [Ir(ppy)2-
(dtbbpy)]PF6; [4,4′-bis(1,1-dimethylethyl)-2,2′-bipyridine]-
bis[3,5-difluoro-2-[5-(trifluoromethyl)-2-pyridinyl-κN]phenyl]-
iridium(III)hexafluorophosphate, [Ir(dF(CF3)ppy)2(dtbbpy)]PF6.
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Samarium(II) Iodide1

SmI2

[32248-43-4] I2Sm (MW 404.16)
InChI = 1/2HI.Sm/h2*1H;/q;;+2/p-2/f2I.Sm/h2*1h;/q2*-1;m
InChIKey = UAWABSHMGXMCRK-ZFDXCKRNCZ

(one-electron reducing agent possessing excellent chemoselectiv-
ity in reduction of carbonyl, alkyl halide, and α-heterosubstituted
carbonyl substrates;1 promotes Barbier-type coupling reactions,

ketyl–alkene coupling reactions, and radical cyclizations1)

Physical Data: mp 527 ◦C; bp 1580 ◦C; d 0.922 g cm−3.
Solubility: soluble 0.1M in THF.
Form Supplied in: commercially available as a 0.10 M solution

in THF.
Preparative Methods: typically prepared in situ for synthetic

purposes. SmI2 is conveniently prepared by oxidation of
Samarium(0) metal with organic dihalides.2

Handling, Storage, and Precautions: is air sensitive and should
be handled under an inert atmosphere. SmI2 may be stored over
THF for long periods when it is kept over a small amount of
samarium metal.

Original Commentary
Gary A. Molander & Christina R. Harris
University of Colorado, Boulder, CO, USA

Reduction of Organic Halides and Related Substrates.
Alkyl halides are readily reduced to the corresponding hydrocar-
bon by SmI2 in the presence of a proton source. The ease with
which halides are reduced by SmI2 follows the order I > Br > Cl.
The reduction is highly solvent dependent. In THF solvent, only
primary alkyl iodides and bromides are effectively reduced;2 how-
ever, addition of HMPA effects the reduction of aryl, alkenyl,
primary, secondary, and tertiary halides (eq 1).3,4 Tosylates are
also reduced to hydrocarbons by SmI2. Presumably, under these
reaction conditions the tosylate is converted to the corresponding
iodide which is subsequently reduced.4,5

O

Br O

O

O

(1)

2.5 equiv SmI2
THF, HMPA

rt, 2 h

99%

Samarium(II) iodide provides a means to reduce substrates in
which the halide is resistant to reduction by hydride reducing
agents (eq 2).

(2)

2.5 equiv SmI2
THF, MeCN, HMPA, i-PrOH

rt, 10 min

98%

Br

Samarium(II) iodide has been utilized as the reductant in the
Boord alkene-type synthesis involving ring scission of 3-halotetra-
hydrofurans (eq 3).6 SmI2 provides an alternative to the sodium-
induced reduction which typically affords mixtures of stereoiso-

meric alkenes and overreduction in these transformations. When
SmI2 is employed as the reductant, isomeric purities are generally
>97% and overreduction products comprise <3% of the reaction
mixture.

(3)

xs. SmI2
THF, Δx

75%O

Cl

Ph

HO

Ph

Reduction of ααα-Heterosubstituted Carbonyl Compounds.
Samarium(II) iodide provides a route for the reduction of
α-heterosubstituted carbonyl substrates. A wide range of α-hetero-
substituted ketones is rapidly reduced to the corresponding unsub-
stituted ketone under mild conditions (eq 4).7 The reaction is
highly selective and may be performed in the presence of isolated
iodides as well as isolated ketones.7

(4)

2 equiv SmI2
THF, MeOH

–78 °C

O

Y

O

Isolated yield (%)

100
  76
  64
  88

Y

Cl
SPh
S(O)Ph
SO2Ph

Samarium(II) iodide-induced reductive cleavage of α-hydroxy
ketones provides a useful entry to unsubstituted ketones (eq 5).8

O

H H

H H

HO

H

O
(5)

SmI2
THF, t-BuOH

rt, 12 h

87%

Samarium(II) iodide promotes the reductive cleavage of
α-alkoxy ketones. Pratt and Hopkins have utilized this protocol in
synthetic studies en route to betaenone B (eq 6).9

O

O

H O OH

H H

H

H

H

H

(6)

SmI2
THF

–78 °C

Likewise, this procedure provides a route for the reduction of
α,β-epoxy ketones and α,β-epoxy esters to generate the corre-
sponding β-hydroxy carbonyl compounds (eqs 7 and 8).3,10 The
epoxy ketone substrates may be derived from Sharpless asymmet-
ric epoxidation. Consequently, this procedure provides a means to
prepare a variety of chiral, nonracemic β-hydroxy carbonyl com-
pounds that are difficult to acquire by more traditional procedures.

(7)

2 equiv SmI2, THF
–90 °C, <5 min

76%
O

O O
OH

O O
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(8)

2 equiv SmI2
THF, HMPA, DMA

rt, <1 min

68%

>98% ee

CO2Me CO2MeO
OH

Vinyloxiranes undergo reductive epoxide ring opening with
samarium(II) iodide to provide (E)-allylic alcohols (eq 9).3,10b,11

These reaction conditions are tolerant of ketone, ester, and
nitrile functional groups. Again, Sharpless asymmetric epoxida-
tion chemistry may be utilized to gain entry to the desired non-
racemic substrates, thereby providing a useful entry to highly func-
tionalized, enantiomerically enriched allylic alcohols.

(9)

2 equiv SmI2
THF, MeOH

–90 °C

O

Y

Y
2

2

OH

Isolated yield (%)

80
82
84
69
42
54

Y

COSEt
SO2Ph
P(O)(OEt)2
H
Me
SPh

A useful method for preparation of β-hydroxy esters is accom-
plished by SmI2-promoted deoxygenation of an α-hydroxy ester
followed by condensation with a ketone (eq 10).12 In some in-
stances, excellent diastereoselectivities are achieved, although this
appears to be somewhat substrate dependent.

O
i-Pr

Bu
OEt

OBz

O Bu
OEt

O

i-Pr (10)
HO

SmI2, THF, HMPA
23 °C

A useful reaction sequence for transforming carbonyl com-
pounds to one-carbon homologated nitriles has evolved from the
ability of SmI2 to deoxygenate cyanohydrin O,O′-diethyl phos-
phates (eq 11).13 The procedure is tolerant of a number of func-
tional groups including alcohols, esters, amides, sulfonamides,
acetals, alkenes, alkynes, and amines. Furthermore, it provides a
distinct advantage over other previously developed procedures for
similar one-carbon homologations.

(11)

3 equiv SmI2
THF, t-BuOH

rt

91%

(EtO)2P(O)CN
LiCN, THF

rt
CHO

CN

Deoxygenation Reactions. Sulfoxides are reduced to sulfides
by SmI2 (eq 12).2,3,14 This process is rapid enough that reduc-
tion of isolated ketones is not a competitive process. Likewise,
aryl sulfones are reduced to the corresponding sulfides by SmI2

(eq 13).3,12

Bu
S

Bu

O

Bu
S

Bu
(12)

2 equiv SmI2
THF, HMPA

rt, 1 min

99%

Ph
S

Ph Ph
S

Ph
(13)

OO

2 equiv SmI2
THF, HMPA

rt, 10 min

99%

Barbier-type Reactions. Samarium(II) iodide is quite use-
ful in promoting Barbier-type reactions between aldehydes or ke-
tones and a variety of organic halides. The efficiency of SmI2

promoted Barbier-type coupling processes is governed by the
substrate under consideration in addition to the reaction condi-
tions employed. In general, alkyl iodides are most reactive while
alkyl chlorides are virtually inert. Typically, catalytic Iron(III)
Chloride or Hexamethylphosphoric Triamide can be added to
SmI2 to reduce reaction times or temperatures and enhance yields.
Kagan and co-workers have recently applied an intermolecular
SmI2-promoted Barbier reaction towards the synthesis of hin-
dered steroidal alcohols. An intermolecular Barbier-type reaction
between the hindered ketone and Iodomethane produced a 97:3
mixture of diastereomers in excellent yield (eq 14).15

RO

O

RO

H H H H

HO

H H

R = TBDMS

(14)

SmI2
MeI

rt, 24 h

96%

97:3

Samarium(II) iodide-promoted intramolecular Barbier-type
reactions have also been employed to produce a multitude of cyclic
and bicyclic systems.1 Molander and McKie have employed an in-
tramolecular Barbier-type reductive coupling reaction to promote
the formation of bicyclo[m.n.1]alkan-1-ols from the correspond-
ing iodo ketone substrates in good yield (eq 15).16

n

(15)I

O

n
m

2 equiv SmI2
cat. Fe(dbm)3, THF
–78 °C to rt, <2 h

75–85%

OH

m

Annulation of five- and six-membered rings proceeds with
excellent diastereoselectivity via an intramolecular Barbier-type
process (eq 16).17 The Barbier-type coupling scheme provides
a reliable and convenient alternative to other such methods for
preparing fused bicyclic systems.

(16)

2 equiv SmI2
cat. FeCl3, THF

–78 °C to rt

65%

O
HOI

4

only diastereomer

The SmI2-promoted Barbier-type reaction has also been uti-
lized in the synthesis of polyquinanes. Cook and Lannoye have
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employed this method to effect a bis-annulation of an appropri-
ately substituted diketone (eq 17).18

O O

H

HO OH

HH

H H

H
Br Br

(17)

2 equiv SmI2
THF, HMPA

68%

3 3

Substituted β-keto esters also provide excellent substrates for
the intramolecular Barbier cyclization (eq 18).19 Diastereoselec-
tivities are typically quite good but are highly dependent on sub-
stituent and solvent effects.

O

OO

I
(18)

2 equiv SmI2
THF

–78 °C to rt

100%

92% de

2

O

OOH

Nucleophilic Acyl Substitutions. Samarium(II) iodide facil-
itates the highly selective intramolecular nucleophilic acyl substi-
tution of halo esters (eqs 19 and 20).20

(19)

2 equiv SmI2
cat. FeIII, THF

91%
O

O OI OH

3 3

(20)

2 equiv SmI2
cat. FeIII, THF

91%

O O
OH

O

I

Unlike organolithium or organomagnesium reagents, SmI2-
promoted nucleophilic substitution does not proceed with double
addition to the carbonyl, nor are any products resulting from re-
duction of the final product observed. With suitably functionalized
substrates, this procedure provides a strategy for the formation of
eight-membered rings (eq 21).

(21)

2 equiv SmI2
cat. FeIII, THF

82%

O

O

O OH
Cl

(  )2

Ketone–Alkene Coupling Reactions. Ketyl radicals derived
from reduction of ketones or aldehydes with SmI2 may be coupled
both inter- and intramolecularly to a variety of alkenic species.
Excellent diastereoselectivities are achieved with intramolecular
coupling of the ketyl radical with α,β-unsaturated esters.21 In
the following example, ketone–alkene cyclization took place in
a stereocontrolled manner established by chelation of the result-
ing Sm(III) species with the hydroxyl group incorporated in the
substrate (eq 22).21b

O

X

Y

HOOH
H

(22)

H SmI2, MeOH, THF
–78 °C

75–85%

Y X
OH

X = CO2Me, Y = H
X = H, Y = CO2Me

X = CH2CO2Me, Y = H
X = H, Y = CH2CO2Me

A similar strategy utilizing β-keto esters provided very high
diastereoselectivities in the ketyl–alkene coupling process. In
these examples, chelation control about the developing hydroxyl
and carboxylate stereocenters was the source of the high diastere-
oselectivity achieved (eq 23).22

(23)

2 equiv SmI2
THF, t-BuOH

–78 °C

87%
O

OO

2

O

OOH

Alkynic aldehydes likewise undergo intramolecular coupling to
generate five- and six-membered ring carbocycles. This protocol
has been utilized as a key step in the synthesis of isocarbacyclin
(eq 24).23 SmI2 was found to be superior to several other reagents
in this conversion.

80% de

(24)

2 equiv SmI2
THF, t-BuOH
–70 °C, 0.5 h

71%

CHO

RO
R'

OH
RO

R'

OH

HO

R = TBDMS, R' = C5H11

Samarium(II) iodide in the presence of HMPA effectively
promotes the intramolecular coupling of unactivated alkenic ke-
tones by a reductive ketyl–alkene radical cyclization process (eq
25). This protocol provides a means to generate rather elaborate
carbocycles through a sequencing process in which the resulting
organosamarium species is trapped with various electrophiles to
afford the cyclized product in high yield.24

(25)

1. 2.2 equiv SmI2
    THF, HMPA
2. El

    75–85%

O

El

El = RCHO, RCOR, CO2, Ac2O, O2

HO

3

Pinacolic Coupling Reactions. In the absence of a proton
source, both aldehydes and ketones are cleanly coupled in the
presence of SmI2 to the corresponding pinacol.25 Considerable
diastereoselectivity has been achieved in the coupling of aliphatic
1,5- and 1,6-dialdehydes, providing near exclusive formation of
the cis-diols (eq 26).26

(26)

R = TBDMS

CHORO

CO2Me

COMe
CO2Me

RO

OH

OH

2 equiv SmI2, THF
–78 °C to rt, 2 h

81%

92% de
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Intramolecular cross coupling of aldehydes and ketones pro-
ceeds with excellent diastereoselectivity and high yield in suitably
functionalized systems wherein chelation control by the resulting
Sm III species directs formation of the newly formed stereocenters
(eq 27).22a,27 A similar strategy has been utilized with a β-keto
amide substrate to provide a chiral, nonracemic oxazolidinone
species. This strategy permits entry to highly functionalized, enan-
tiomerically pure dihydroxycyclopentanecarboxylate derivatives
(eq 28).

O

OO

OHC OHO

2 equiv SmI2
THF, MeOH

–78 °C

44%
O

OH

(27)
2

(28)NO

O O O

CHOi-Pr

OHXc

O

H
2 equiv SmI2
THF, t-BuOH

52%

HO

2

Radical Addition to Alkenes and Alkynes. Samarium(II)
iodide has proven effective for initiation of various radical addition
reactions to alkenes and alkynes. Typically, tin reagents are used in
the initiation of these radical cyclization reactions; however, the
SmI2 protocol often provides significant advantages over these
more traditional routes.

Samarium(II) iodide-mediated cyclization of aryl radicals onto
alkene and alkyne acceptors provides an excellent route to
nitrogen- and oxygen-based heterocycles (eq 29).28

(29)

SmI2
THF, HMPA

rt, 6 h

55%

Br

N
N

The SmI2 reagent is unique in that it provides the ability to con-
struct more highly functionalized frameworks through a sequential
radical cyclization/intermolecular carbonyl addition reaction.29

Thus the intermediate radical formed after initial cyclization may
be further reduced by SmI2, forming an organosamarium inter-
mediate which may be trapped by various electrophiles, affording
highly functionalized products (eq 30).

(30)

SmI2
THF, HMPA

rt

76%

I

O

NEt2

O

O

Et2N OH

+
3

3

Samarium(II) iodide further mediates the cyclization reactions
of alkynyl halides (eq 31).30 When treated with SmI2, the alkynyl
halides are converted to the cyclized product in good yield.
Addition of DMPU as cosolvent provides slightly higher yields in
some instances.

(31)

3 equiv SmI2
THF

Δx, 24 h

74%

TMS

Br
TMS

Highly functionalized bicyclic and spirocyclic products are
obtained in good yield and high diastereoselectivity by a tandem
reductive cleavage–cyclization strategy (eq 32).31 Radical ring
opening of cyclopropyl ketones mediated by samarium(II) iodide-
induced electron transfer permits the elaboration of a tandem ring
opening–cyclization strategy wherein the resultant samarium eno-
late may be trapped by either oxygen or carbon electrophiles.

(32)

SmI2
THF–DMPU

AcCl

57%

O OAc

First Update
André Charette
Université de Montréal, Montréal, Québec, Canada

Reductive Cross-coupling of Imines and Aldehydes.
Samarium iodide-mediated intramolecular reductive cross-
coupling of aldehydes or ketones with oximes (eq 33),32 hydra-
zones (eq 34),33 and imines (eq 35)34 is well-documented.

O

BnO

BnO NOBn

OBn

BnO

BnO

BnO

BnO

NHOBn

OH

BnO

SmI2, t-BuOH, THF, −78 °C

(33)

80%

H Me

N
Ph2N

O

NHNPh2

Me

OH

SmI2, THF, HMPA

63%

(34)

NPh

Me

O

H

(OC)3Cr

NHPh
OHMe

1. SmI2, THF, 0 °C

2. hν, O2, Et2O

75%

(35)

The intermolecular coupling of imine derivatives and alde-
hydes can be achieved using samarium iodide. For example,



382 SAMARIUM(II) IODIDE

N-tosylimines and aldehydes gave syn-β-amino alcohol deriva-
tives in good yields and diastereoselectivities (eq 36).35 Access
to enantiopure syn-β-amino alcohols can be achieved if chiral
chromium complex of the aldehyde is used (eq 37).

H

N
Ts

H

O

HN
Ts

OAc

HN
Ts

OAc

+
1. SmI2

(36)+

97:3

73%
2. Ac2O, pyr

H

N
Ts

H

O

Me

HN
Ts

OAc Me

(OC)3Cr

+
1. SmI2

(37)

2. Ac2O, pyr, 67%

3. hν, air, Et2O, 90%

It is also possible to couple planar chiral ferrocenecarbox-
aldehydes with imines with excellent diastereocontrol.36 Oximes
can be coupled with aldehydes in good to excellent yields.
However, the level of diastereocontrol is usually quite modest
(eq 38).

Ph H

N
BnO

O

H

Ph

N

OH

BnHO

SmI2
+

(38)

75%, 1:1

It is possible to use samarium iodide catalytically in several
reactions if a cheap alloy of the light lanthanides (La, Ce, Nd, Pr,
Sm) called Mischmetall is used.37

Synthesis of Alkenes by Reductive Elimination. The treat-
ment of 2-halo-3-hydroxy esters and amides with samarium
iodide leads to the corresponding di- or trisubstituted (E)-α,β-
unsaturated derivatives in high yields and diastereoselectivities
(eqs 39 and 40).38 The precursors are readily accessible by con-
densation of the lithium enolate of α-haloesters or amides. If the
substrate contains γ ,δ-unsaturation, the β,γ-unsaturated ester is
generated in the process (eq 41).

C7H15 OEt

OOH

Cl Me

C7H15 OEt

O

Me

SmI2, THF

75%

(39)

E:Z >98:2

Ph NEt2

OOH

Cl

Ph NEt2

O
SmI2, THF

90%
(40)

E:Z >98:2

OEt

OOH

Cl Me
C6H13

OEt

O

Me

C6H13

SmI2, THF

79%

(41)

E:Z >98:2

The stereoselective reduction of α,α-dichloro-β-hydroxy
esters using samarium iodide yields (Z)-α-chloro-α,β-unsaturated
esters (eq 42).39

OMe

OOH

Cl Cl

OMe

O

Cl

SmI2, THF

62%

(42)

Z:E >98:2

Similarly, γ-acetoxy-α,β-enoates are reduced by samarium
diodide to generate dienolates which are kinetically trapped at
the α-position by electrophiles (proton, aldehydes, or ketones).40

(Z)-Alkenylsilanes are obtained in high diastereoselectivities
if O-acetyl-1-chloro-1-trimethylsilylalkan-2-ols are treated with
samarium iodide (eq 43). The stereochemical outcome is indepen-
dent from the relative stereochemistry of the starting material.41

SiMe3
Bu

OAc

Cl

SiMe3

Bu

SmI2, THF
(43)

reflux, 96%

Samarium iodide can also be used as an alternative to sodium/
mercury amalgam for the reductive elimination of 1,2-acetoxy-
sulfones in the Julia-Lythgoe olefination.42 The alkene is gener-
ated in a two-step process that first involves DBU or LDA treat-
ment to generate a vinyl sulfone that is then reductively cleaved
with samarium iodide (eq 44). The diastereoselectivity of both
transformations is usually quite good and the method is com-
patible with the synthesis of monoalkenes as well as dienes and
trienes.
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OAc

Ph

SO2Ph

Ph
DBU

Ph
PhO2S

Ph

Ph
Ph

SmI2, THF

DMPU, MeOH

94%

94%

(44)

Synthesis of ααα-Heteroalkyl Samarium. Samarium iodide is
the reagent of choice to generate α-alkoxyalkylsamarium species
from suitable precursors. For example, the anomeric position of
glycosides can be functionalized by treating a pyridylsulfone
precursor with samarium iodide (eq 45). A subsequent quench
with an aldehyde generates the corresponding C-glycoside via the
Barbier reaction with outstanding diastereoselectivity.43 It
is also possible to generate similar reactive intermediates
from the corresponding glycosyl phenylsulfones44 or glycosyl
phosphates.45

O

OTBS

OBn

S

BnO

OBn

O

O

N

O

OBn

BzO

OMe

O

H

OBz

+

O

OTBS

OBn

BnO

BnO

OH

H

O

OMe
H

BnO

BzO

BzO

SmI2 (3 equiv)

THF, 20 °C
73%

(45)

An alternative but related approach involves the coupling of
epoxides and carbonyl compounds (eq 46).46 In this reaction,
the addition of a catalytic amount of nickel(II) iodide47 produced
slightly higher yields of the C-glycoside.

O

O

OBn

BnO

OBn

Me Me

O

O

OBn

BnO

OBn

OH

Me

OH
Me

+

SmI2, NiI2 (cat)

THF, −78 °C

63%

(46)

In a related fashion, benzyloxymethyl 2-pyridylsulfone can be
used as a hydroxymethylation equivalent to provide a convenient
approach for the one-carbon homologation of carbonyl com-
pounds (eq 47).48 The pyridylsulfone derivative is a superior pre-
cursor than the corresponding chloride.

O
BnO S N

O O

OHBnO

+
SmI2, THF

91%

(47)

Another hydroxymethyl equivalent is the silylmethyl group.
Tamao oxidation of the product obtained from the samarium
iodide-promoted intramolecular reductive cyclization of bromosi-
lyloxy derivatives leads to the hydroxymethyl group (eq 48).49

Ph Et

O O
Si Br

Me Me

O
Si

Ph
OH

Et

Me Me

SmI2 (2 equiv), HMPA (4 equiv)

THF, −78 °C
61%

(48)

The diiodomethylation of carbonyl compounds is also possible
if samarium iodide is used in conjunction with iodoform.50 The
products are synthetically useful since they are easily converted
into α-hydroxyacids or α-iodoaldehydes upon basic treatment
(eq 49).

Ph H

O
CHI3

Ph

OH

I

I

+
SmI2, THF, 0 °C

(49)

75%

It is possible to generate an α-heteroalkyl radical by a 1,5-
hydrogen atom transfer from the radical obtained from an
o-iodobenzyl protected amine (eq 50). It can then be subjected
to several reactions such as condensation with a ketone.51

N I

O

SmI2

N

OH

(50)

85%

Alternatively, an α-amino radical can be generated from an
α-benzotriazolylamine precursor (eq 51).
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N

N

N
N

O

COOEt

N
COOEt

O

SmI2

75%

(51)

Opening of ααα,βββ-Epoxy Esters and Amides. Treatment of
aromatic α,β-epoxyamides with samarium iodide leads to the
highly stereoselective synthesis of α,β-unsaturated amides with
high diastereocontrol (eq 52).52 If the reaction is run on a substrate
that contains γ-protons, then a base-promoted reaction produces
the (E)-α-hydroxy-β,γ-unsaturated amide (eq 53).53

Ph
CONEt2

O

Ph
CONEt2

SmI2 (2.5 equiv), MeOH

(52)

75%

CONEt2
O

Me

Me

Me

CONEt2Me

Me
OH

Me

SmI2 (0.5 equiv)

(53)

82%

Analogous reactions with the α,β-unsaturated ester generates
the saturated ester derivative (eq 54).54

Bu
COOi-Pr

O

Ph

Bu
COOi-Pr

Ph

SmI2 (2.5 equiv), MeOH

(54)

71%

Addition of Vinylsamarium to Aldehydes. Treatment of
(Z)-α-chloro-α,β-unsaturated ketones with samarium iodide leads
to the vinylsamarium reagent that can be trapped with aldehydes
or ketones to produce Baylis-Hillman type adducts with inversion
of stereochemistry at the alkene (eq 55).55

Coupling of N-Acyl Lactams with Aldehydes or Ketones.
Treatment of N-acyl lactams with samarium iodide leads to an
acylsamarium species that is trapped by ketones or aldehydes
(eq 56).56

Ph
Cl

O

Ph

O

n-C7H15

OH

Ph

O

n-C7H15

OH

SmI2, CH3CN

+
(55)

96:4

n-C7H15CHO
72%

N O

O

O

H
N

O

O
OH

+
SmI2, THF

75%

(56)

It is also possible to couple imides with alkyl halides both
interintramolecularly57 and intramolecularly.58 Alternative pre-
cursors to generate acylsamarium species also include acyl
chlorides59 and amides.60

Synthesis of 1,2-Dicarbonyl by Coupling Reactions. It is
possible to generate 1,2-diketones easily by treating an appropri-
ate precursor with samarium iodide. For example, the transforma-
tion of N-acylbenzotriazoles into 1,2-diketones can be achieved
in good to excellent yields (eq 57).61

N

N N

O

Br

O

Br
O

Br

SmI2 (2.2 equiv), THF

95%

(57)

Synthesis of Homoenolate Equivalent. The samarium
iodide-induced coupling of carbonyl derivatives with methoxyal-
lene provides 4-hydroxy 1-enol ethers in high yields (eq 58).62

An almost equimolar mixture of the two enol ethers are usually
observed but acid hydrolysis leads to the aldehyde.

O

OMe

HO
OMe

+
SmI2, t-BuOH

(58)

85%
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Related examples include the coupling of ketones with indole
(eq 59)63 and alkynyl moieties (eq 60).64 In the latter case,
tetrakis(triphenylphosphine)palladium must also be added to gen-
erate the electrophilic component.

N
Me

O

N Me

H OH

SmI2, THF, HMPA

70%

(59)

Ph OCOPh

OMe

SmI2, Pd(PPh3)4

Ph
OH

Me

(60)

Synthesis of Amidines from Amines and Nitriles. An effi-
cient one-step preparation of N,N′-disubstituted amidines is pos-
sible by direct nucleophilic addition of an amine to a nitrile using
catalytic amounts of samarium iodide (eq 61).65 Alternatively, an
azide can be used instead of an amine.66

CN

NH2

N

NH

+
SmI2, THF

59%

(61)

Chemoselective Reduction of Carboxylic Acids. The facile
chemoselective reduction of carboxylic acids in the presence of an
aldehyde proceeds smoothly with samarium iodide in combination
with lanthanide triflate and methanol (eq 62).

COOH
Me

CHO

Me

OH OH

SmI2, Sm(OTf)3, MeOH, KOH
+

+ (62)

82% 8%

Reduction of Azides. Reduction of alkyl, aryl, and aroyl-
azides to the corresponding primary amine or amide occurs

in good yield upon treatment with excess samarium iodide in
THF.67,68

Reductive Cleavage of N–O Bonds. An efficient process for
the reductive cleavage of N–O bonds using samarium iodide that
is compatible when base sensitive substrate is available (eqs 63
and 64). 69 This reagent is sometimes superior to aluminum amal-
gam or sodium amalgam. Furthermore, the direct quenching of
the reduction mixture with acylating agents provides high yields
of the corresponding protected amine.

O

O

O

OMOMO

OMOM

NHOBn

O

O

O

OMOMO

OMOM

NH2

SmI2, THF, rt

69%

(63)

O

O

N

OBn

CF3

O

O

O

N

H

CF3

O

SmI2, THF, rt

93%

(64)

Cleavage of Haloethyl Derived Protecting Groups. Samar-
ium diiode is a mild and effective reagent for the deprotection of
2-bromoethyl and 2-iodoethyl esters70 and (2,2,2-trichloroethoxy)
methoxy ethers.71

Cleavage of N-Tosyl Protecting Groups. The deprotec-
tion of N-benzenesulfonamides or N-p-toluenesulfonamides of
the parent primary or secondary amines occurs in good yield
upon heating with excess samarium iodide in a mixture of THF
and DMPU (eq 65).72 The method has also been used in the
epimerization-free deprotection of protected α-chiral amines.73

N

SO2Tol

CPh3Me

N

H

CPh3Me
SmI2, THF, DMPU

(65)
97%

It is also possible to deprotect N-sulfonylated amides under
similar conditions.74

Tishchenko Reduction of Carbonyl Derivatives. The samar-
ium iodide-catalyzed Tishchenko reaction has been used quite
extensively in synthesis. Interesting examples include the
diastereoselective synthesis of anti-1,3-diols (eq 66)75 and
δ-lactones (eq 67).76
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Me

OH O

Me

Me

O OH

Me

O

Me
(66)

SmI2 (15 mol %)
CH3CHO

96%

>99:1

H

O

t-Bu

O

OO

H

H

t-Bu

SmI2, i-PrSH

91%

(67)

trans:cis 81:19

A mechanistically different stereoselective reduction of
β-hydroxy ketones leading to anti-1,3-diol using stoichiometric
amounts of samarium iodide has been reported.77

Preparation of Silyl Enol Ethers. Ketones and α-substituted
aldehydes are converted into their corresponding silyl enol ethers
by the reaction with trimethylsilyl ketene acetal derived from
methyl isobutyrate in the presence of a catalytic amount of samar-
ium iodide (eqs 68 and 69).78 Mixtures are usually obtained with
unsymmetrical ketones.

Me
OSiMe3

Me

OMe

Ph
H

O

Me

+

SmI2 (5 mol %)

Ph
OSiMe3

Me
+

Me
OSiMe3

Ph
(68)

90:10

72%

O

OSiMe3

Me
OSiMe3

Me

OMe

+
SmI2 (5 mol %)

(69)

88%

Lewis Acid Catalyzed Reactions. Samarium iodide catalyzes
several transformations by presumably acting as a Lewis acid. For
example, it is an efficient catalyst for the imino-Diels-Alder (eq 70)
and for imino-aldol reactions.79 Tandem Mukaiyama-Michael-
aldol (eq 71)80 and Michael imino-aldol processes have also been
reported.81

Ph

N
Ph

OTMS

OMe

N

OPh

Ph

SmI2 (10 mol %)
+

61%

(70)

O

Me
OSiMe3

Me

OMe

+ + Ph
CHO

O

Ph

OTMS

COOMe
Me

Me

H

H

SmI2 (10 mol %)

72%
(71)

Three-componentααα-Amino Phosphonate Synthesis. A sim-
ple and efficient synthesis of α-amino phosphonates is possible
under relatively mild conditions by the reaction of aldehydes,
amines, and a dialkylphosphite using samarium iodide in catalytic
amounts (eq 72).82

Ph H

O

Ph NH2 HOP(OEt)2

Ph NHPh

P(O)(OEt)2

+ +
SmI2 (10 mol %)

60%

(72)
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Scandium Trifluoromethanesulfonate

Sc3+ O S
O

O
CF3

_

[144026-79-9] C3F9O9S3Sc (MW 492.16)
InChI = 1S/3CHF3O3S.Sc/c3*2-1(3,4)8(5,6)7;/h3*(H,5,6,7);/

q;;;+3/p-3
InChIKey = HZXJVDYQRYYYOR-UHFFFAOYSA-K

(a Lewis acid catalyst)

Physical Data: mp >300 ◦C.
Solubility: soluble in H2O, alcohol, acetonitrile, and most polar

organic solvents.
Form Supplied in: colorless solid.
Preparative Methods: 1scandium triflate is commercially avail-

able. On the other hand, it can also be prepared from the corre-
sponding oxide (Sc2O3) and aqueous trifluoromethanesulfonic
acid (TfOH). After filtration and concentration of the clear aque-
ous solution in vacuo, the resulting hydrated salt is dried in
vacuo (<1 mmHg) at 200 ◦C for 40 h to afford the anhydrous
triflate, which is stored over P2O5.

Sc2O3    +    6 TfOH
100 °C, 1 h

(1:1 TfOH:H2O)

2Sc(OTf)3    +    3 H2O

Handling, Storage, and Precautions: the anhydrous triflate is
fairly hygroscopic (not decomposed, forms a hydrate) and must
be kept in a desiccator over P2O5 and freshly dried in vacuo (<1
mmHg) at 200 ◦C for 1 h before using.

Original Commentary

Masaharu Sugiura & Shu Kobayashi
The University of Tokyo, Tokyo, Japan

Scandium triflate [Sc(OTf)3] is a new type of Lewis acid that is
different from typical Lewis acids such as AlCl3, BF3, SnCl4,
etc.2 While most Lewis acids are decomposed or deactivated in
the presence of water, Sc(OTf)3 is stable and works as a Lewis
acid catalyst in water solution. Many reactions proceed smoothly
when this reagent is used in catalytic quantities, while stoichiomet-
ric amounts of conventional Lewis acids are needed in the same
reactions. Moreover, many nitrogen-containing compounds such
as imines and hydrazones are also successfully activated by a cat-
alytic amount of Sc(OTf)3 in both organic and aqueous solvents.
Sc(OTf)3 can be recovered almost quantitatively after reactions are
complete and can be reused. While lanthanide triflates [Ln(OTf)3]
have similar properties, the catalytic activity of Sc(OTf)3 is higher
than that of Ln(OTf)3 in several cases.

Aldol-type Reactions. Sc(OTf)3 is an effective catalyst in
aldol-type reactions of silyl enol ethers with aldehydes. The activi-
ties of typical rare-earth triflates [Sc, Y, Yb(OTf)3] were evaluated
in the reaction of 1-trimethylsiloxycyclohexene with benzalde-

hyde in dichloromethane (eq 1).3 While the reaction proceeds
sluggishly at −78 ◦C in the presence of Yb(OTf)3 or Y(OTf)3,
the aldol-type adduct is obtained in 81% yield in the presence of
Sc(OTf)3. Obviously, Sc(OTf)3 is more active than Y(OTf)3 or
Yb(OTf)3 in this case.

PhCHO

OSiMe3 O

Ph

OH

Sc(OTf)3 (5 mol %)

CH2Cl2, –78 °C, 15 h

81%

Y(OTf)3 or Yb(OTf)3 : trace

(1)+

Sc(OTf)3 also catalyzes aldol-type reactions of silyl
enolates with acetals. For example, the reaction of 3-
phenylpropionaldehyde dimethyl acetal with the ketene
silyl acetal of methyl isobutyrate proceeds at 0 ◦C to room
temperature to give the desired adduct in 97% yield (eq 2).2

Ph OMe

OMe

OMe

OSiMe3

Ph

OMe

OMe

O

+
Sc(OTf)3 (5 mol %)

CH2Cl2, 0 °C to rt

97%

(2)

Sc(OTf)3 is effective in the aldol-type reaction of silyl enolates
with aldehydes in aqueous media (H2O–THF) without any sig-
nificant decomposition of the water-sensitive silyl enolates. Thus,
aldehydes available in aqueous-solution such as formaldehyde and
chloroacetaldehyde can be directly used to afford the correspond-
ing aldol adduct in high yield (eq 3).2

Ph

OSiMe3

Ph

OOH
HCHO   +

Sc(OTf)3 (5 mol %)

H2O-THF (1:9), rt

84%

(3)

The Sc(OTf)3-catalyzed aldol-type reactions of silyl enol ethers
with aldehydes can be performed in micellar systems using a
catalytic amount of a surfactant such as sodium dodecylsulfate
(SDS).4,5 In these systems, reactions proceed smoothly in water
without using any organic solvent.

Sc(OTf)3 is more soluble in water than in organic solvents such
as dichloromethane. After the reaction is complete, the catalyst
can be recovered almost quantitatively from the aqueous layer.
The recovered catalyst is also effective in a second reaction, and
the yield of the subsequent run is comparable to that of the first
experiment (eq 4).2

PhCHO OMe

OSiMe3 Sc(OTf)3 (5 mol %)

CH2Cl2, –78 °C, 1 h

88% (1st run)
89% (2nd run)

(4)

+

Ph

OH

OMe

O
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Aldol-type reactions of polymer-supported silyl enol ethers
with aldehydes are also catalyzed by Sc(OTf)3.6 A 2-silyloxypyr-
role and aldehydes undergo aldol-type reactions in the presence
of 5 mol % Sc(OTf)3.7 The aldol-type reaction of silyl enol
ethers with chiral η6-(benzaldehyde)chromium complexes has
been reported.8 Ketones unusually show higher reactivity than
aldehydes in the presence of a Lewis acid such as Sc(OTf)3

or (C6F5)2SnBr2 due to the differentiated recognition of ke-
tone and aldehyde carbonyls.9 The cross-aldol reactions be-
tween aldehydes and scandium enolates prepared from ketones,
Sc(OTf)3, and diisopropylethylamine have been reported,10 while
the Sc(OTf)3/triphenylphosphine reagent is recognized to pro-
mote Reformatsky-type reactions between α-bromo carboxylic
acid derivatives and aldehydes.11

Related Sc(OTf)3-catalyzed reactions, i.e. alkylation of silyl
enol ethers with sulfur dioxide adduct of 1-methoxybutadiene,12

that of lithium enolates with epoxides13, and benzopyran forma-
tion from o-hydroxybenzaldehydes and dimethoxypropane14 have
also been reported.

Michael Reactions. The Michael reactions of silyl enol
ethers or ketene silyl acetals with α,β-unsaturated carbonyl com-
pounds are catalyzed by Sc(OTf)3 to give the corresponding 1,5-
dicarbonyl compounds in high yields after acid work-up (eq 5).2

When the crude adducts were worked up without acid, the syn-
thetically valuable silyl enol ethers could be isolated. The cata-
lyst can be recovered almost quantitatively and reused. Sc(OTf)3

also catalyzes 1,4-addition of PhMe2Si-ZnMe2Li to enones in the
presence of 3 mol % of Me2Cu(CN)Li2.15

R2R1

O
R3

R5

OSiMe3

R4

R1 R5

O

R3 R4

O R2
H+

+

Sc(OTf)3 

(10 mol %)

CH2Cl2, rt

(5)

Mannich-type Reactions. The reactions of imines with
ketene silyl acetals proceed smoothly in the presence of Sc(OTf)3

to afford the corresponding β-amino ester derivative in moder-
ate yield (eq 6).16 Sc(OTf)3 shows higher activity than Yb(OTf)3

does in this case. The catalyst can be recovered after the re-
action is complete and reused. A Mannich-type reaction of N-
(β-aminoalkyl)benzotriazoles with silyl enolates has also been
developed.17 Mannich-type reactions of polymer-supported silyl
enol ethers with imines18 or of polymer-supported α-iminoaceta-
tes with silyl enolates19 are also catalyzed by Sc(OTf)3.

Ph H

NBn

SEt

OSiMe3

Ph

BnHN

SEt

O
+

M(OTf)3 (5 mol %)

CH2Cl2, 0 °C
(6)

80% (M = Sc)
65% (M = Yb)

Four-component (silyl enolates, α,β-unsaturated thioesters,
amines, and aldehydes) coupling reactions are catalyzed by
Sc(OTf)3 to produce the corresponding amino thioester and

γ-acyl-δ-lactam derivatives stereoselectively in high yields
(eq 7).20

EtS

O

SEt

OSiMe3
SbCl5   Sn(OTf)2

EtS SEt

OMe3OSi PhCHO, PhNH2

PhEtS

O NHPh

O SEt
N
Ph

O Ph

SEt

O

Sc(OTf)3

N
Ph

PO h

SEt

O

CH2Cl2, –78 °C, 5 h

(7)

78 °C, 15 h

+ +

Hg(OCOCF3)2, CH3CN, 0 °C, 5 h

(5 mol %)

+

_

Mannich-type reactions of aldehydes, amines, and vinyl ethers
proceed smoothly in the presence of a catalytic amount of
Sc(OTf)3 in aqueous media (eq 8).21 Interestingly, dehydration
accompanied by imine formation and successive addition of a
vinyl ether proceed smoothly in aqueous solution.

Me

OMe

R1

ArHN

Me

O
(8)

PhCOCHO  H2O  +  p-ClC6H4NH2   +

cat Sc(OTf)3

H2O−THF (1:9)
91%

•

The Sc(OTf)3-catalyzed three-component reactions of silyl enol
ethers with aldehydes and aromatic amines can be performed in
micellar systems using SDS without using any organic solvent
(eq 9).22

R2

OSiMe3

R3

R4

R1

ArHN

R2

O

R3 R4

(9)

R1CHO   +  p-MeOC6H4NH2   +

Sc(OTf)3 (5 mol %)

H2O, rt, 2–5 h

64–88%

SDS (20 mol %)

Polymer-supported silyl enol ethers (PSSEEs) can be employed
in Sc(OTf)3-catalyzed reactions with aldehydes and aromatic
amines.23 This process provides a convenient method for the con-
struction of a β-amino alcohol library.
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In the presence of a catalytic amount of Sc(OTf)3, benzoylhy-
drazones react with ketene silyl acetals to afford the correspond-
ing adducts, β-N-benzoylhydrazino esters, in high yield (eq 10).24

Several benzoylhydrazones including those derived from aro-
matic, aliphatic, α,β-unsaturated aldehydes, and glyoxylate work
well. The reactions of polymer-supported hydrazones with silyl
enolates are also catalyzed by Sc(OTf)3 to produce pyrazolone
derivatives after base treatment.25

R2

OSiMe3

R3

R4

N

R1

NHBz

H

R1

NH

R2

O

R3 R4

BzHN

Sc(OTf)3 (5 mol %)

CH3CN, rt to 0 °C

36–100%

+

(10)

Allylation Reactions. The allylation reactions of carbonyl
compounds with tetraallyltin proceed smoothly under the influ-
ence of a catalytic amount of Sc(OTf)3. The reaction can be car-
ried out in aqueous media as exemplified by unprotected sugars
that react directly to give the adducts in high yield (eq 11).26

Sn
4

HO

O
OH

HO

AcO

OAcOAc

OAc

+

1. Sc(OTf)3 (5 mol %)

    H2O–CH3CN (1:9)

(11)

2. Ac2O, pyridine

Related Sc(OTf)3-catalyzed allylation of aldehydes with allyl-
tributyltin in nitromethane,27 allylation of aldehydes with allyl-
germanes,28 allylation of acylsilanes,29 and intramolecular
allenylation of propargyl silanes30 have also been reported. The
allylation of aldehydes with tetraallyltin proceeds smoothly in mi-
cellar systems without using any organic solvents.31 Novel allyla-
tion of aldehydes with alkeneylepoxides is catalyzed by Sc(OTf)3

to produce δ-hydroxy-α,β-unsaturated aldehydes.32

While allylation of imines is also catalyzed by Sc(OTf)3 in
dichloromethane to give homoallylic amines in moderate yield,33

three-component reactions of aldehydes, amines, and allyltribut-
yltin proceed in micellar systems to afford the corresponding ho-
moallylic amines in good to high yield (eq 12).34 It is suggested
that imine formation from aldehydes and amines is very fast under
these conditions, and that the selective activation of imines rather
than aldehydes is achieved. Allylation of N-benzoylhydrazone or
three-component reaction of aldehydes, benzoylhydrazine, and
tetraallyltin are also catalyzed by Sc(OTf)3.35

SnBu3

R1

NHR2
(12)

R1CHO   +   R2NH2   +

Sc(OTf)3 (20 mol %)

SDS (20 mol %)

H2O, rt, 20 h

66–90%

Friedel–Crafts Acylation, Alkylation, and Related
Reactions. While a stoichiometric amount of AlCl3 is needed in
Friedel–Crafts acylations, a small amount of Sc(OTf)3 smoothly
catalyzes the same reaction.36 In the acetylation of thioanisole
and o- or m-dimethoxybenzene, a single acetylated product is
formed in an excellent yield. In the benzoylation of anisole,
both benzoic anhydride and benzoyl chloride are effective, while
benzoic anhydride gives a slightly higher yield. Addition of
lithium perchlorate (LiClO4) as a cocatalyst improves the yield
dramatically (eq 13).37

MeCO+  Ac2O
Sc(OTf)3 (20 mol %)

MeNO2, 50 °C, 1 h

LiClO4: none
          8 equiv

12%
88%

(13)

The Fries rearrangement of acyloxybenzene or naphthalene
derivatives proceeds smoothly in the presence of a catalytic
amount of Sc(OTf)3 (eq 14).38 The direct acylation of phenol or
naphthol derivatives with acid chlorides is also catalyzed to give
the 2-acylated product in high yields.

OH OCOR

OH

R

O

cat Sc(OTf)3

+   RCOCl or

(14)

Friedel–Crafts alkylations of arenes with mesylates,39 benzyl
or allyl alcohols,40 aldehyde/diol combinations (reductive alkyla-
tion),36b 1,3-dienes,41 or alkenes in an ionic liquid42 are also ef-
fectively catalyzed by Sc(OTf)3. Sc(OTf)3 works as an efficient
catalyst for the condensation reaction of trimethylhydroquinone
with isophytol to afford α-tocopherol.43 2-Aminoalkylation of
phenols with α-iminoacetates (or glyoxylate/amine) is catalyzed
by Sc(OTf)3 to produce amino acid derivatives.44 The Sc(OTf)3-
catalyzed alkylations of indoles with α-hydroxy esters,45 aziri-
dines,46 acetals,47 and aldehydes48 have been utilized as key steps
of total syntheses as exemplified in eq 15.48
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N

TIPSO
OHH

H

HO

O

H

OH

H H

OH

N
H

O

TIPSO
OHH

H OHC

OH
OH

HH

cat Sc(OTf)3

N
H

O

TIPSO
OH

H

OH
OH

HH

+

Benzene, rt, 1 h

62%

(15)(−)-Penitrem D

Sc(OTf)3 shows high catalytic activity for the nitration of arenes
with nitric acid.49 Sequential Claisen rearrangement/cyclization
of allyl phenyl ethers is efficiently catalyzed by Sc(OTf)3 at high
temperature in an ionic liquid to give 2,3-dihydrobenzofurans.50

Diels–Alder Reactions and Related Cycloadditions. In the
Diels–Alder reaction of methyl vinyl ketone (MVK) with iso-
prene, the adduct is obtained in 91% yield in the presence of
10 mol % Sc(OTf)3, while 10 mol % Y(OTf)3 or Yb(OTf)3

gives only a trace amount of the adduct.1c,51 Sc(OTf)3-catalyzed
Diels–Alder reactions generally provide high yields with high
endo selectivities. The present Diels–Alder reaction even proceeds
in aqueous media. Thus, naphthoquinone reacts with cyclopenta-
diene in H2O–THF (9:1) at room temperature to give the cor-
responding adduct in high yield (100% endo) (eq 16). Sc(OTf)3

also serves as an effective catalyst for Diels–Alder reactions in
supercritical carbon dioxide (sc CO2).52

O

O

+

O

O
Sc(OTf)3 (10 mol %)

H2O−THF (1:9)
93%, 100% endo

(16)

In the presence of 10 mol % Sc(OTf)3, N-benzylideneaniline
reacts with 2-trans-1-methoxy-3-trimethylsiloxy-1,3-butadiene
(Danishefsky’s diene) to afford the corresponding aza Diels–Alder
adduct, a tetrahydropyridine derivative, quantitatively (eq 17).16

On the other hand, in the reaction of N-benzylideneaniline with

cyclopentadiene under the same conditions, the tetrahydroquino-
line derivative is obtained (eq 18).16

Ph H

N

R

OMe

OSiMe3

N

Ph O

R

+
cat Sc(OTf)3

CH3CN, rt

(17)

Ph H

N

R

N
H

Ph
H

H
R

+
cat Sc(OTf)3

CH3CN, rt
(18)

Sc(OTf)3-catalyzed three-component coupling reactions of
aldehydes, amines, and dienes have also been developed.53 In
the presence of 10 mol % Sc(OTf)3 and magnesium sulfate, the
reaction of benzaldehyde with aniline and Danishefsky’s diene
produces the tetrahydropyridine derivative in 83% yield, while
the reaction with cyclopentadiene instead of Danishefsky’s di-
ene produces the tetrahydroquinoline derivative. Various combi-
nations of aldehydes, amines, and alkenes are possible in these re-
actions to produce diverse tetrahydroquinoline derivatives in high
yield. Moreover, the three-component coupling reactions proceed
smoothly in aqueous solution, and commercial formaldehyde-
water solution can be used directly (eq 19). Sc(OTf)3-catalyzed
three-component aza Diels–Alder cycloadditions also proceed
smoothly in an ionic liquid.54

HCHO
H2N

Cl

N
H

H

H
Cl

+
cat Sc(OTf)3

H2O−EtOH−toluene
(1:9:4), rt

90%

(19)

+

The three-component coupling reaction of benzaldehyde, N-
benzylhydroxylamine, and N-phenylmaleimide proceeds smoo-
thly in the presence of a catalytic amount of Sc(OTf)3, to afford
the corresponding isoxazolidine derivative in good yield and with
high diastereoselectivity (eq 20).55

PhCHO   +   BnNHOH   +
N
Ph

O O

O
N

NPh
Ph

O

O
Bn

cat Sc(OTf)3

MS 4 Å
CH2Cl2, 0 °C

52%, >99% endo

(20)

endo
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In the presence of a catalytic amount of Sc(OTf)3, imines
and alkynyl sulfides undergo [2 + 2] cycloaddition and successive
fragmentation to afford α,β-unsaturated thioimidates (eq 21).56

Alkynyl selenides57 or alkynyl silyl ethers58 undergo similar
reactions in the presence of Sc(OTf)3.

R1 H

N
R2

+
cat Sc(OTf)3

CH3CN, rt

(21)

SR3

R4

N

R1 R4

SR3R2

N
R2

R1

R4
SR3

Sc(OTf)3-catalyzed [5 + 2] cycloaddition of a methyleneoxin-
dole and a η3-pyridinylmolybdenum complex59 and [4 + 3]
cycloaddition of 2-silyloxyacrolein and furan60 have also been
reported.

Asymmetric Catalysts Using Sc(OTf)3. The chiral Sc cat-
alyst prepared from Sc(OTf)3, (R)-BINOL, and a tertiary amine
in dichloromethane (eq 22) serves as an asymmetric catalyst for
the Diels–Alder reactions of an acrylic acid derivative with di-
enes (eq 23).61 The highest enantioselectivities are observed when
cis-1,2,6-trimethylpiperidine is employed as the amine. Even
3 mol % of the catalyst is enough to complete the reaction yield-
ing the endo adduct in 92% ee. The structure of the chiral Sc
catalyst is indicated by 13C-NMR and IR spectra.62 A similar
Sc(OTf)3/(R)-BINOL/diisopropylethylamine complex serves as
an effective catayst for the Diels–Alder reaction of N-benzyloxy-
carbonyl-1-aminobutadiene with 3-acyl-1,3-oxazolidin-2-one.63

Sc(OTf)3

OH
OH

N

O

O
Sc(OTf)3

H

H

N

N

(1.2 equiv), MS 4 Å

(2.4 equiv), 0 °C, 30 min

(22)

chiral Sc triflate

1.

2.

ON

OO

Me

O ON

O

Me

MS 4 Å, CH2Cl2
+

chiral Sc triflate

endo/exo = 87/13

3 mol %

(23)

83%

92% ee (endo)

A chiral scandium catalyst prepared from Sc(OTf)3, (R)-
BINOL, and DBU is effective in enantioselective aza Diels–Alder
reactions (eq 24).64 The reaction of N-alkylidene- or N-arylidene-
2-hydroxyaniline with cyclopentadiene proceeds in the pres-
ence of the chiral catalyst and 2,6-di-tert-butyl-4-methylpyridine
(DTBMP) to afford the corresponding 8-hydroxyquinoline deriva-
tives in good to high yields with good to excellent diastereo se-
lectivity and enantioselectivity.

H

N

HO

N
H

OH

MS 4 Å, CH2Cl2
–15 °C

58%

+

cis/trans = >99/1

cat
chiral Sc triflate

DTBMP

(24)

73% ee (cis)

In the presence of the chiral scandium catalyst, the 1,3-dipolar
cycloaddition of benzylbenzylideneamine N-oxide with 3-(2-
butenoyl)-1,3-oxazolidin-2-one proceeds to yield the endo adduct
(endo/exo 99/1) in 69% ee (eq 25).65 Chiral scandium complexes
prepared from Sc(OTf)3 and 2,2′-bis(oxazolyl)-BINOL deriva-
tives also serve as efficient catalysts.66

N

Ph H

O Bn+
ON

OO

Me

O
N

Ph
O

Bn

N O

O

MS 4 Å, CH2Cl2
rt, 20 h

58%

+

20 mol %

chiral Sc triflate

(25)

69% ee

Sc(OTf)3/3,3′-bis(aminomethyl)-BINOL complexes work as
asymmetric catalysts for Michael-type reaction of 2-(trimethyl-
silyloxy)furan to 3-(2-butenoyl)-1,3-oxazolidin-2-one.67
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Sc(OTf)3/iPr-pybox complexes are found to catalyze asymmet-
ric glyoxylate-ene reaction, though enantioselectivity is low.68

Miscellaneous Reactions. Sc(OTf)3 also catalyzes
Meerwein–Ponndrof–Verley reductions,1d Tishchenko
reductions,69 Baeyer–Villiger oxidations,70 acetalization
reactions,71 acylal formation,72 β-selective glycosilation reac-
tions with thioglycosides,73 acylation reactions of alcohols,74

chemoselective deprotection of silyl alkyl ethers,75 silyl ether
protection of alcohols with allyl silanes,76 deprotection of
benzylic poly(ethyleneglycol) ethers,77 guanidium formation
reactions of carbodiimide with benzylamine,78 stereoselective
radical reactions,79 reactions of α-diazocarbonyl compounds,80

decarbonylation of aromatic aldehydes,81 dehydration reactions
of aldoximes to nitriles,82 rearrangements of epoxides,83 ring ex-
pansions of cyclic ethers,84 Ferrier rearrangements,85 Prins-type
cyclizations,86 additions of 1-trimethylsilyl nitropropanoate to
imines,87 sequential carbonyl ene reaction/acetylations,88 three-
component reactions of aldehydes/amines/tributyltin cyanide,89

Biginelli reactions,90 and a new three-component condensation
of 2-aminopyridine/aldehydes/isonitrile.91 Interestingly, mul-
tiple reactions in one-pot (Diels–Alder reaction, allylation of
aldehydes, and acetylation of alcohols) proceed smoothly in the
presence of Sc(OTf)3 (eq 26).92

Sn
4O

O

O

O

CHO

OH

O
O

O

O
OAc

OAc

Ac2O+ + +

Sc(OTf)3 (40 mol %)

CH2Cl2, 0 °C to rt

81%

(26)

Related Reagents. Related polymer-supported scandium tri-
flates, i.e. Nafion-Sc,93 MC Sc(OTf)3,94 PA-Sc-TAD,95 and a
polymer-supported scandium that works efficiently in water.96

A Lewis acid-surfactant combined scandium catalyst, scandium
tris(dodecylsulfate).97

First Update

Thierry Ollevier
Université Laval, Québec, QC, Canada

Intramolecular Redox Reaction. Polycyclic tetrahydro-
quinolines were prepared by a scandium triflate-catalyzed 1,5-
hydride shift/ring-closure sequence (eq 27).98 While the title com-
pound readily catalyzes this intramolecular neutral C–H bond
functionalization, Gd(OTf)3 proved to be more efficient.

N

MeO2C CO2Me

Sc(OTf)3 (10 mol %)

CH3CN, rt, 4 h

93%

N

CO2Me
CO2Me

(27)

Scandium triflate catalyzed the intramolecular redox reaction
from yne-enones to ring-fused tetrahydroquinolines (eq 28).99

This Lewis acid-catalyzed intramolecular redox domino reac-
tion occurs via domino 1,5-hydride shift and cyclization to af-
ford tetrahydroquinolines in moderate to excellent yields and with
high diastereoselectivity. A similar Sc(OTf)3-catalyzed tandem
1,5-hydride transfer cyclization process was applied in the con-
struction of 3-amino-3-carboxy-tetrahydroquinoline derivatives
(eq 29).100

Sc(OTf)3 (10 mol %)

75%
11:1 dr

(28)

N

Ph O

N

O

Ph

ClCH2CH2Cl 

reflux, 4 h

Sc(OTf)3 (5 mol %)

97%
70:30 dr

(29)

N

O
N O

Ph

N

ON

O

Ph

H

Mesitylene, 190 °C

Sealed tube, 0.3 h

Functionalization of Indole Derivatives. Fully substituted
1,2-dihydro-β-carbolines could be efficiently synthesized via a
tandem process involving α-indolyl propargylic alcohols and
nitrones using 30 mol % of Sc(OTf)3 (eq 30).101

(30)

N

Sc(OTf)3 (30 mol %)

CH3NO2, 0 °C, 0.25 h

62%

Ph
OH Ph

N

N

Bn

Bn

Ph

Ph

Ph

O
Ph

N

Ph

O Ph
+

_

The enantioselective Friedel–Crafts reaction of α,β-unsaturated
2-acyl N-methylimidazoles with electron-rich heterocycles, such
as indole derivatives, 2-methoxyfuran, and pyrrole, was catalyzed
by Sc(OTf)3 conjointly used with a chiral bis(oxazolinyl)pyridine
ligand (eq 31).102 The reaction afforded good enantioselectivities
(>90% ee) for a broad range of substrates.
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(31)

N

Sc(OTf)3 (5 mol %)

L (5 mol %)

91%

N
Bn

+
O

O

L =

93% ee

Bn

CH3CN, 4 Å MS

0 °C, 20 hN

N

N

N

NO
N N

O

The title compound, when used in partner with a chi-
ral N,N′-dioxide, efficiently catalyzes a highly enantioselective
Friedel–Crafts reaction of indoles and pyrroles with chalcone
derivatives (eq 32).103a A series of β-heteroaryl-substituted dihy-
drochalcones was obtained with high enantioselectivities and in
moderate to excellent yields. The enantioselective Friedel–Crafts
alkylation of indoles with alkylidene malonates has also been de-
veloped by the same authors using chiral N,N′-dioxide–Sc(OTf)3

complexes as catalysts.103b Asymmetric vinylogous Michael
reaction of α-angelica lactone and its derivatives to α,β-
unsaturated γ-keto esters, affording the corresponding γ ,γ-
disubstituted butenolide products in moderate to good yields (up to
93%), was also reported using the same type of Sc(OTf)3-derived
catalyst.103c

(32)

N
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CH2Cl2, 35 °C, 28 h

99%

N
H
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+
Ph Ph

O
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N N

NHR NHR

O O
O O
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L =

92% ee

H

_ _

A direct catalytic asymmetric aldol-type reaction of 3-
substituted-2-oxindoles with glyoxal derivatives was catalyzed by
a similar chiral N,N′-dioxide–Sc(OTf)3 complex (eq 33).104 The
complex efficiently catalyzed the aldol reaction affording the 3-(α-
hydroxy-β-carbonyl) oxindoles with vicinal quaternary–tertiary
stereocenters, in up to 93% yield, 99:1 dr, and >99% ee under
mild conditions.

(33)
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*
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_ _

Scandium triflate is an efficient catalyst for the reaction
of indolylmethyl Meldrum’s acids with a variety of nucle-
ophiles (eq 34).105 The reaction proceeds through the nucleophilic
displacement of Meldrum’s acid moiety via a gramine-type frag-
mentation. This method allowed access to unsymmetric diin-
dolemethanes in moderate yields.

(34)

N

Sc(OTf)3 (10 mol %)

CH3CN, 50 °C, 3 h

100%

O

O
O

O

Ph

N
H

Ph NH

N
+

H H

The direct C6 functionalization reaction of 2,3-disubstituted
indoles with various N–Ts aziridines was catalyzed by Sc(OTf)3

(eq 35).106 The reaction proceeds in mild conditions using var-
ious 2,3-disubstituted indoles and aziridines, leading to the C6-
functionalized indole as the major regioisomer.

(35)
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Lewis Acid-catalyzed [3+2] Cycloaddition. The title com-
pound efficiently catalyzed an efficient and highly regiose-
lective 1,3-dipolar cycloaddition reaction of alkynes and N-
tosylazomethine ylides (eq 36).107 Cleavage of the C–C bond
of N-tosyl aziridines under mild conditions was catalyzed by
Sc(OTf)3, affording the N-tosylazomethine ylides. The reaction
proceeds smoothly with various internal alkynes to afford the de-
sired cycloadducts in moderate to good yields.

(36)

Sc(OTf)3 (5 mol %)

80%

N
Ts

PhEtO2C
EtO2C +

CH2Cl2, 4 Å MS 

rt, 3 h

n-BuMeO

N
Ts

EtO2C
EtO2C

Ph

n-Bu

MeO

Alkylation Using Alkanes. Direct alkylation of pyridines and
quinolines using simple alkanes and tert-butyl peroxide as oxidant
was developed.108 This C–C bond forming reaction was carried
out by using Sc(OTf)3 as a Lewis acid to increase the reactivity
of pyridine and quinoline derivatives (eq 37). Scandium triflate
demonstrated the best catalytic activity among the Lewis acids
tested. While bis-alkylation product was obtained using quinoline,
only mono-alkylation products were afforded when isoquinoline
was used. Cycloheptane, cyclohexane, and norbornane were de-
termined to be suitable reaction partners.

(37)
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O O
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Sodium Azide1

NaN3

[26628-22-8] N3Na (MW 65.02)
InChI = 1/N3.Na/c1-3-2;/q-1;+1
InChIKey = PXIPVTKHYLBLMZ-UHFFFAOYAH

(nucleophilic azide source for organoazide preparation;2

precursor to reagents such as hydrazoic acid,3 halogen
azides,4 trimethylsilyl azide,5 tosyl azide,6 and diphenyl

phosphorazidate7)

Physical Data: dec ca. 300 ◦C; d 1.850 g cm−3.
Solubility: sol water (39 g/100 g at 0 ◦C, 55 g/100 g 100 ◦C);

slightly sol alcohol; insol ether.
Form Supplied in: white solid; widely available.
Handling, Storage, and Precautions: while relatively insensitive

to impact, the solid can decompose explosively above its melt-
ing point. It forms highly explosive azides with metals such as
Cu, Pb, Hg, Ag, Au, their alloys and compounds, and reacts
with acids to form hydrazoic acid (HN3) which is a toxic, spon-
taneously explosive gas. Explosive gem-diazides can be formed
in CH2Cl2 or other chlorinated solvents and shock or heat sen-
sitive metal azidothioformates in CS2. All work with NaN3 and
other azides should be conducted on a very small scale be-
hind a shield, in a fume hood. Excess NaN3 on flasks, paper,
etc. can be destroyed in a fume hood by soaking with acidified
Sodium Nitrite or by oxidation with Cerium(IV) Ammonium
Nitrate.8

Original Commentary

Kenneth Turnbull
Wright State University, Dayton, OH, USA

Introduction. The reaction of NaN3 with I2 (releasing N2)
is catalyzed by thiols and thiones and this has been used as a
spot test for such compounds.9 NaN3 has been used to assess the
interactions between charged sites in myoglobin.10

Preparation of Organic Azides. Organic azides can be
reduced readily to amines, utilized for amine, azide or diazo
transfer, act as nitrene or nitrenium precursors, and undergo Cur-
tius and Schmidt rearrangements, cycloadditions and Staudinger
reactions.1b They are prepared most often by nucleophilic
displacement of a leaving group by azide ion (commonly NaN3)
(eq 1). Various leaving groups have been used, including halides,
sulfonates (mainly OTs, OMs, or OTf, although brosylates11 and
nosylates12 have been employed), sulfites,13 and anhydrides.14

Displacement of allylic acetates (and related species),15 with
Tetrakis(triphenylphosphine)palladium(0) as catalyst, and
groups such as nitro,16 phosphine sulfides (from thiaphospho-
nium species),17 and phenylseleninates18 has been reported.

(1)R–X  +  NaN3 R–N3

Eliminative azidation to form α-azidovinyl ketones occurs

on NaN3 treatment of some dibromo ketones (eq 2).19 This
approach also works well for the preparation of α-azidostyrenes
from styrene.20 Usually, gem-dihalo compounds react with NaN3

to give gem-diazides;21 however, an unusual nitrile formation has
been reported (eq 3) under these conditions.22 An interesting,
stereospecific, solvent-dependent, azide-induced ring opening
reaction of a dioxaphospholane has been observed (eq 4).23
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O Br
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O
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Displacements can occur at the carbon atom of alkyl (pri-
mary, or secondary; tertiary requires Zinc Chloride or Zinc
Iodide catalysis24), allyl, benzyl, acyl,25 activated vinyl,26 aryl,27

or heteroaryl28 species, and aryl diazonium salts (ArN2
+, from

ArNH2/HNO2),29 or at the heteroatom of, amongst others,
organosulfonyl, silyl and phosphoryl halides. Of the latter,
p-Toluenesulfonyl Azide (PTSN3),6 Azidotrimethylsilane
(TMSN3),5 and Diphenyl Phosphorazidate, (PhO)2P(O)N3

(DPPA),7 are the most common and the last two are commer-
cially available.

Nucleophilic azide ion displacements are enhanced by polar,
aprotic solvents (e.g. DMSO) with which high yield, aryl halide
displacement to form even mononitrophenyl azides can occur.27

Phase-transfer catalysis30 (permitting the use of less polar sol-
vents) or ultrasonication (for activated primary halides)31 has also
been used. Under such conditions, SN 2 inversion of configuration
occurs and this has been observed also for alcohols under Mit-
sunobu conditions (Triphenylphosphine, Diethyl Azodicarboxy-
late, HN3).32 Retention is possible where a neighboring group is
present.33

Tertiary alcohols are converted directly to azides using NaN3/
Sulfuric Acid or HN3/Boron Trifluoride or Titanium(IV) Chlo-
ride (eq 5),34 and the carboxylic acid to acyl azide transformation
(often en route to Curtius rearrangements to isocyanates) occurs
with DPPA7,1b or via activation with DMF/Thionyl Chloride.35

HO

HN3

N3

(5)
BF3

NaN3 reacts with epoxides at 25–30 ◦C (pH 6–7) to give azido
alcohols.36 Usually, inversion of stereochemistry takes place and
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attack at the least hindered site is preferred. The regio- and stereos-
electivity of the reaction can often be enhanced by using TMSN3

with a Lewis acid.37 High selectivity was shown by NaN3 on a
calcium cation-exchanged Y-type zeolite (CaY) (eq 6),38 but less
so with NaN3 on silica or alumina or the NaN3/NH4Cl system.
NaN3/ZnCl2 gave lower yields than TMSN3/BF3···OEt2 for the
ring opening of 1,2-epoxysilanes;39a selective azide opening at
the site of silyl substitution has been reported.39b With a PhSO2

group attached to the epoxide, azidation–elimination occurs to
form the corresponding azidoaldehydes.40 Reaction of the epoxy
ester (1) with NaN3 under more vigorous conditions gave (2) in
60% yield (eq 6).41

O H

H
EtO2C

CO2Et
NH

O

EtO2C

H
(6)

NaN3, NH4Cl
H2O, EtOH

(1) (2)

Δ

Hydrazoic acid (HN3; NaN3/H+) reacts with alkenes to form
azidoalkanes.42 Alkenes bearing a phenyl group or two geminal
alkyl groups require a Lewis acid (TiCl4 is best). Mono- or 1,2-
dialkyl alkenes do not react and Michael additions occur with
α,β-unsaturated alkenes.26b Enol ethers and silylenol ethers give
azido ethers42 and a similar process occurs with Trifluoroacetic
Acid catalysis43 or from acetals44 or aldehydes with TMSN3.43

Interestingly, TiCl4-catalyzed HN3 addition to silyl enol ethers
in the presence of primary or secondary alcohols gives the azido
ethers shown (eq 7).42 Recently, it has been found that (3) reacts
with NaN3/CAN to form the α-azido ketone (4) (eq 8).45

Ph OTMS Ph OR
(7)

N3

HN3

ROH, TiCl4

OSi(i-Pr)3 O

N3

(8)

NaN3
CAN

(3) (4)

72%

Other oxidative double bond azidations have been reported.
Thus an azidohydrin was formed from pregnenolone acetate and
chromyl azide (NaN3, Chromium(VI) Oxide)46 and steroidal
dienones reacted with TMSN3/Lead(IV) Acetate47 to give
diazido compounds. Vicinal diazides also result from alkenes
and FeIII,48 Manganese(III) Acetate (eq 9),49 or Iodosylbenzene
and NaN3.50 Anti-Markovnikov selenoazido products were pre-
pared from the reaction of azide ion with alkenes and (Diace-
toxyiodo)benzene/Diphenyl Diselenide (eq 10);51 α-keto azides
(with TMSN3) are formed without PhSeSePh.52

N3

C8H17

N3

(9)

NaN3
Mn(OAc)3C8H17

68%

Ph PhI(OAc)2
SePhN3

Ph
(10)+    NaN3

PhSeSePh

Azide ion (or congener) attack upon nonconjugated alkenes
is aided by the use of Dimethyl(methylthio)sulfonium Tetra-
fluoroborate.53 Trans products are obtained and, in general, the
amount of anti-Markovnikov product increases with increased
azide nucleophilicity, and vice versa. Monosubstituted alkenes
favor anti-Markovnikov addition, whereas the opposite occurs
with trisubstitution. 1,1-Disubstituted alkenes can give either
orientation.

Schmidt Reactions.54 This term is used for several trans-
formations, general examples of which are shown in eqs 11 and
12. The former is used infrequently due to the drastic conditions
required compared to the analogous Curtius and Hoffmann rear-
rangements and the discovery that DPPA effects the transforma-
tion under mild conditions.7,1b TMSN3 has been used frequently.

NaN3
RNH2 (11)RCO2H  

H+

RCOR
NaN3

RCONHR (12)
H+

The ketone to amide transformation (eq 12) is still of con-
siderable utility (with the provisos regarding the hazards associ-
ated with HN3) and various acids have been employed, including
H2SO4 (the most common), Polyphosphoric Acid, and Methane-
sulfonic Acid. With an unsymmetrical ketone a mixture of amide
products can result although preferential migration of an aryl
group (over alkyl) has been reported. In one case, the amount
of ‘aryl migration’ product (6) (R = H, 75%) was greater (80%)
starting from the 7-nitroketone (5) (R = NO2) and lower (70%)
from the 7-amino species (5) (R = NH2) (eq 13).55 Aldehydes
usually give nitriles under Schmidt conditions.56

O

R

R R
H
N NH

O O

(13)

(5)

+

(6) (7)

NaN3

H2SO4

Curtius Reaction.57 The Curtius reaction involves conver-
sion of an acid chloride (or anhydride) to an isocyanate (eq 14).
Trapping of the isocyanate is possible in the presence of a nucle-
ophile. Some cyclic anhydrides react to give isocyanates which
can cyclize subsequently.

(14)
1. NaN3 or TMSN3

RCOCl RNCO
2. Δ
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Preparation of Heterocycles. As mentioned, heterocycles
can be obtained via Schmidt or Curtius reactions. In addition,
organic azides react with alkenes to form triazolines (triazoles
from alkynes), aziridines, or other heterocycles.58 In situ triazo-
line generation and subsequent cleavage can lead to other hetero-
cycles (see eq 15).59 Reaction of NaN3 with other α,β-unsaturated
alkenes (or alkynes) provides different heterocycles dependent on
the substituents. Such reactions are too numerous to mention in
detail and only selected examples are shown in eqs 16–18.60–62

MsO
Bu

CO2Me N
H

Bu
NaN3, DMF

(15)
rt

EtO2C CO2Et

N
O

EtO CO2Et

NaN3, TFA
(16)

EtO

67%

Ph

O NaN3

N
N

NH

PhOC

(17)
DMF

N
O

N
–O

(18)

+

NO2

O2N NaN3

A useful tetrazole preparation is the addition of NaN3 (under
acidic conditions) to nitriles.63 Similar processes occur with
Tri-n-butyltin Azide or TMSN3.64

First Update

B. Narsaiah, J. S. Yadav, T. Yakaiah & B. P. V. Lingaiah
Indian Institute of Chemical Technology,
Hyderabad, India

Sodium azide is a nucleophilic reagent used in the synthesis of
ring systems such as tetrazole and triazole derivatives. It is also
used in the ring cleavage of epoxides and aziridines, and also for
the conversion of alkyl halides, alcohols, amines, esters, alkenes,
alkynes, cyclic ketones, and nitro compounds to the respective
azides. It is prepared65 in high yield by the reaction of alkyl
nitrites with 30–50% NaOH solution containing 0.8–1.5 equiv
of hydrazine hydrate. The details of the reactions and syntheses
of specific ring systems using sodium azide are discussed below.

Tetrazole Derivatives. Tetrazole-containing organic com-
pounds are considered potent HIV-1 protease inhibitors, a target in
many ongoing medicinal chemistry programs.66,67 The tetrazole
derivatives are mainly synthesized from nitriles, amides, acid
nitriles, acid azides, aldehydes, dienones, isocyanates by the
reaction with sodium azide using various catalysts. More
specifically, aryl nitriles68–71 with tri(n-butyl)tin chloride72

or aliphatic nitriles using AlCl3,73,74 triethylammonium
chloride,75,76 tetrabutylammonium salts,77 magnesium salts,78

zinc chloride (Demko Sharpless tetrazole synthesis),79 zinc
bromide,80 tetrachlorosilane,81,82 and others83–87 were reacted
with sodium azide to obtain tetrazole derivatives. Typical
examples are outlined in eqs 19–26.

CN
NaN3

MW

20 W

N
N

NHN

+ (19)

60%

O

CN

NaN3

O

N
N

NHN

+

96%

(20)
MW

20 W

CH3CN NaN3

AlCl3

Δ
N

N
N

HN

H3C

+ (21)

NC CN NaN3

AlCl3
N

N

N NH N N
N

H
N

+ (22)

75.6%

F

CN
NaN3

Et3N · HCl

F

N
N

NHN

+ (23)

(NO2)3CCN
N

N
N

HN

F3C

+

+ –

CCl4–CHCl3–HOAc
(24)NaN3

(Bu)4NX

H3C

NC

NaN3

MgCl2

DMF

H3C

N

N
N

NH

+

(25)

HN N
N

N

N
N

NHN
N

N

CH2

CN

CN

ZnCl2 NaN3

N N

H2O

· H2O

+ + + +

Zn 

+2

(26)

n

Similarly, amides such as quinone amide using triflic
anhydride,88 N-cyclohexyl-5-hydroxy pentamide using PCl5,89

dicyandiamide,90,91 thiourea,92 and thiocyanates,93 on reaction
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with sodium azide, resulted in the formation of tetrazole deriva-
tives. Some examples are outlined in eqs 27–31.

O

O

O

N
H

CN NaN3

rt

(CF3SO2)2O

CH3CN

O

O

N
N

NN

CN

N

+

(27)

n

n

X N
H

O

N
N

NN

X

1. PCl5/CH2Cl2

2. NaN3

(28)

X = Cl 92%

H2N C NHCN

NH

NaN3

NN

N
N NH2

H

N
NH

N

N

H
N

HN
N

NN

+ (29)

SCN NaN3

H2O

phase transfer
catalyst

NH4Cl

N

N
N
H

N
S (30)+

RCHO
IN3

CH3CN
[RNCO] RNHCON3 Tetrazoles

(31)Δ

Reaction of carboxylic acids96,97 with sodium azide formed
intermediate acid azides for peptide synthesis, and these are
further cyclized to tetrazole derivatives. Acid nitriles,98

aldehydes,99,100 and dienones101 also reacted with sodium azide
to form tetrazoles. Representative examples are displayed in
eqs 32–34.

H2N-CH2-COOH NaN3 CH(OC2H5)3

NN
N N

OH

O

+ +

(32)

N O

OR′′ O

CN

N N

N
N

N O

OR′′ O

R′
R′′′

R′

+ R′′′N3

(33)R

R

RCHO
N
H

N

NN
R

1. I2, aq NH3 rt

2. NaN3, ZnBr2

(34)

Δ

Reaction of sodium azide with alcohols using DEAD/PPh3,102

PPh3,103 BF3···Et2O,104 or Zeolites105 can be used to form azides.
Similarly, alkyl halides in ionic liquids106,107 or under other
conditions,108–114 chlorocyclodextrin,115 and certain amines116

can be reacted with sodium azide to form organic azides as
outlined in eqs 35–40.

Br

OH

Br

N3

DEAD, PPh3

HN3, 0–25 °C
(35)

I

+    NaN3

ionic liquid

80 °C
(36)

N3

O

N3

O

Cl

+
[Bmim][BF4]

(37)NaN3

SH3C

Br

CN SH3C CN

N3

+   NaN3 (38)

Cl
COOMe

CH3

COOMe

CH3

N3

+  NaN3 (39)
* *

N

NH2

N

N3

Tf N3
     (40)

Similarly, reaction of carboxylic acid halides with sodium azide
led to the formation of the respective acyl azides, which are
stable.117–119 By contrast, reaction of carboxylic acid chlorides96

with sodium azide in toluene at 70–100 ◦C transpires via a Cur-
tius rearrangement to generate isocyanates. The details of these
transformations are outlined in eqs 41–43.

NHCHRCOClFmoc NHCHRCON3Fmoc+  NaN3
acetone

0 °C

(41)
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N

N

N

N

OO

N

N

O

N

N

N

OCOR

RCOO OCOR

N

N

N

Cl

ClCl

N O

CH2Cl2

Cl–

NaN3

Cl–

Cl–

RCON3

RCOOH

0–5 °C

(42)

++

25 °C

+ 

(43)+ NaN3RCOCl [RCON3] RNCO

Triazole Derivatives. Triazole derivatives are known to
possess tumor necrosis factor-α (TNF-α) production inhibitor acti-
vity. The synthesis of triazole derivatives can be achieved from
alkynes120 or diynes121 by a tandem cascade reaction involving
1,3-dipolar cycloaddition, anionic cyclization and sigmatropic
rearrangement on reaction with sodium azide. Some of the
benzoyl triazole derivatives were considered to be potent local
anaesthetics and are comparable with Lidocaine. The triazoles
can also be prepared from benzoyl acetylenes,122 triazoloquina-
zoline derivatives,123 2-trifluoromethyl chromones,124 aliphatic
alkynes,125 2-nitroazobenzenes,126 ring opening of [1,2,4]triazolo
[5,1-c] [2,4]benzothiazepin-10 (5H)-one,127 alkenyl esters128 and
dendrimers.129 A number of these reactions are outlined in eqs
44–48.

F N
DMA

N

F

N
N

N

H

+  NaN3 100 °C

(44)

n-Bu

Ar

NaN3

N N
N

n-Bu

Ar
N N

N

n-Bu

Ar80 °C
+ (45)

CO C CH
NaN3

C
N

NN

H

O
(46)

N

NO2

N
NaN3

DMSO
N

N
N

Ph

H

H

(47)

R′COCH CHCO2R′′
FeCl3

DMF
R′

N
N

N

O H

R′′COO

+  NaN3 (48)

Ring Cleavage of Aziridines and Epoxides. Several
activated aziridines were cleaved by sodium azide in aqueous ace-
tonitrile and led to the formation of chiral 1,2-azidoamines in the
absence of Lewis acid. The rate of reaction can be increased in
unactivated aziridines by employing 50 mol % CuCl2···2H2O.130

Azidolysis of epoxides in the presence of water131 or polyacryl-
amide132 resulted in the regioselective formation of azidohydrins.
Similarly,133,134 a wide variety of epoxides and aziridines were
also converted to the respective β-azido alcohols and β-azido
amines with sodium azide using Oxone as a catalyst. The highly
efficient sodium-azide-mediated endocyclic cleavage of N-
acyloxazolidinones resulted in the formation of N-acyl-β-amino
alcohols.135 Details of representative examples are outlined in
eqs 49–54.

N

Me

Ph

H
N

Me
N3

Ph
H
N

Me
N3

Ph

NaN3, 0.5 equiv CuCl2 · 2H2O

MeCN:H2O (9:1)

Δ 12 h

+

(S,S,R) (R,R,R)

(49)

n

n n

a, n = 1 yield 80% ratio = 1:3 (inseparable)
b, n = 2 yield 97% ratio = 1:4.5 (separable)

O
NaN3

OH

N3

OH

OH

+
0.2 equiv Yb(OTf)3

30 °C, 12 h

(50)

100%

O
NaN3

OH

N3

(51)
H2O, 8 h

resin

89%

O

OH

N3

NaN3/Oxone

MeCN:H2O (9:1)
rt, 45 min

98%

(52)

X
Ce(III)Cl3

OH

N3

(53)
NaN3, CH3CN

X = O, NH

N OPh

O O

Ph

N
H

Ph

O

OH

Ph

NaN3 (3 equiv)

MeOH, 40 °C
15 h

92%

(54)
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Reaction with Cyclic Enones. Conjugate addition of azide
ion to cyclic enones in water using sodium azide in the presence of
Lewis base136 resulted in the formation of β-azido carbonyl com-
pounds (eq 55). The Schmidt reaction137 of benzopyranones with
sodium azide led to pyrano[3,2-b]azepines in reasonable yields
(eq 56).

O O

N3

NaN3 (4 equiv)

HOAc (4 equiv)

Et3N (20 mol %)
rt/H2O/24 h

(55)

93%

O

O

O

NHR′′′
R′′

R′

O O

NHR′′′N

R′

R′′

OH

O O

NHR′′′N

R′

R′′

H
O

32–35 °C
2 h

+ (56)

3.2:1 (96%)

NaN3

CHCl3

Miscellaneous Reactions. Regiospecific substitution of a 4-
NO2 group with sodium azide in benzothiophene led to the forma-
tion of 4-azidobenzothiophenes (eq 57).138 Similarly, nitroalkenes
react with sodium azide to afford the corresponding azido deriva-
tives, which subsequently cyclize to generate triazoles (eq 58).139

S

NO2

O2N

CO2Et
NaN3

SO2N

CO2Et

N3

NMP, 25 °C

60%

(57)

NO2 NaN3

N
N

N

O
O

(58)

O

Ph

H

O

Ph

Finally, electrophilic amination of methylbenzenes140 or
exposing NaN3 to N2O4 can be used to produce a surface film
of nitrogen.141

Related Reagents. Azidotrimethylsilane; N-Bromosuccini-
mide–Sodium Azide; Hydrazoic Acid.
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Sodium Borohydride

NaBH4

[16940-66-2] BH4Na (MW 37.84)
InChI = 1S/BH4.Na/h1H4;/q-1;+1
InChIKey = YOQDYZUWIQVZSF-UHFFFAOYSA-N

(reducing agent for aldehydes and ketones, and many other
functional groups in the presence of additives1)

Physical Data: mp 400 ◦C; d 1.0740 g cm−3.
Solubility: sol H2O (stable at pH 14, rapidly decomposes at

neutral or acidic pH); sol MeOH (13 g/100 mL)1b, and EtOH
(3.16 g/100 mL),1b but decomposes to borates; sol polyethylene
glycol (PEG),2a sol and stable in i-PrOH (0.37 g/100 mL)3 and
diglyme (5.15 g/100 mL);1b insol ether;1b slightly sol THF.1c

Form Supplied in: colorless solid in powder or pellets; supported
on silica gel or on basic alumina; 0.5 M solution in diglyme;
2.0 M solution in triglyme; 12 wt % solution in 14 M aqueous
NaOH. Typical impurities are sodium methoxide and sodium
hydroxide.

Analysis of Reagent Purity: can be assessed by hydrogen
evolution.4

Purification: crystallize from diglyme3 or isopropylamine.4

Handling, Storage, and Precautions: harmful if inhaled or ab-
sorbed through skin. It is decomposed rapidly and exothermi-
cally by water, especially if acid solutions are used. This de-
composition forms toxic diborane gas and flammable/explosive
hydrogen gas, and thus must be carried out under a hood. Solu-
tions in DMF can undergo runaway thermal reactions, resulting
in violent decompositions.5 The addition of supported noble
metal catalysts to solutions of NaBH4 can result in ignition of
liberated hydrogen gas.5

Original Commentary

Luca Banfi, Enrica Narisano & Renata Riva
Università, di Genova, Italy

Reduction of Aldehydes and Ketones. Sodium borohydride
is a mild and chemoselective reducing agent for the carbonyl func-
tion. At 25 ◦C in hydroxylic solvents it rapidly reduces aldehydes
and ketones, but it is essentially inert to other functional groups
such as epoxides, esters, lactones, carboxylic acid salts, nitriles,
and nitro groups. Acyl halides, of course, react with the solvent.1a

The simplicity of use, the low cost, and the high chemoselec-
tivity make it one of the best reagents for this reaction. Ethanol
and methanol are usually employed as solvents, the former hav-
ing the advantage of permitting reductions in homogeneous solu-
tions with relatively little loss of reagent through the side reaction
with the solvent.1a Aprotic solvents such as diglyme greatly de-
crease the reaction rates.1a On the other hand, NaBH4 in polyethy-
lene glycol (PEG) shows a reactivity similar to that observed in
EtOH.2a Although the full details of the mechanism of ketone re-
duction by NaBH4 remain to be established,6 it has been demon-
strated that all four hydrogen atoms can be transferred. Moreover,
the rate of reduction was shown to slightly increase when the

hydrogens on boron are replaced by alkoxy groups.1a,c,d However,
especially when NaBH4 is used in MeOH, an excess of reagent
has to be used in order to circumvent the competitive borate
formation by reaction with the solvent. Ketone reduction has been
accelerated under phase-transfer conditions7 or in the presence of
HMPA supported on a polystyrene-type resin.8

The isolation of products is usually accomplished by diluting
the reaction mixture with water, making it slightly acidic to destroy
any excess hydride, and then extracting the organic product from
the aqueous solution containing boric acid and its salts.

Kinetic examination of the reduction of benzaldehyde and ace-
tophenone in isopropyl alcohol indicated a rate ratio of 400:1.1a

Thus it is in principle possible to reduce an aldehyde in the pres-
ence of a ketone.9a Best results (>95% chemoselectivity) have
been obtained using a mixed solvent system (EtOH–CH2Cl2 3:7)
and performing the reduction at −78 ◦C,9a or by employing an
anionic exchange resin in borohydride form.10 This reagent can
also discriminate between aromatic and aliphatic aldehydes. On
the other hand, reduction of ketones in the presence of aldehydes
can be performed by NaBH4–Cerium(III) Chloride. NaBH4 in
MeOH–CH2Cl2 (1:1) at −78 ◦C reduces ketones in the presence
of conjugated enones and aldehydes in the presence of conjugated
enals.9

Conjugate Reductions. NaBH4 usually tends to reduce α,β-
unsaturated ketones in the 1,4-sense,1d affording mixtures of satu-
rated alcohol and ketone. In alcoholic solvents, saturated β-alkoxy
alcohols can be formed as byproducts via conjugate addition of
the solvent.11 The selectivity is not always high. For example,
while cyclopentenone is reduced only in the conjugate fashion,
cyclohexenone affords a 59:41 ratio of allylic alcohol and satu-
rated alcohol.1d Increasing steric hindrance on the enone increases
1,2-attack.11 Aldehydes undergo more 1,2-reduction than the cor-
responding ketones.1c,1d The use of pyridine as solvent may be
advantageous in increasing the selectivity for 1,4-reduction, as
exemplified (eq 1) by the reduction of (R)-carvone to dihydro-
carveols and (in minor amounts) dihydrocarvone.12

O OOH

+

NaBH4
py

(1)
75%

Trialkyl borohydrides such as Lithium Tri-s-butylborohydride
and Potassium Tri-s-butylborohydride are superior reagents for
the chemoselective 1,4-reduction of enones. On the other hand,
1,2-reduction can be obtained by using NaBH4 in the mixed sol-
vent MeOH–THF (1:9),13 or with NaBH4 in combination with
CeCl3 or other lanthanide salts.14

NaBH4 in alcoholic solvents has been used for the conjugate
reduction of α,β-unsaturated esters,15 including cinnamates and
alkylidenemalonates, without affecting the alkoxycarbonyl group.
Conjugate nitroalkenes have been reduced to the corresponding
nitroalkanes.16 Saturated hydroxylamines are obtained by reduc-
ing nitroalkenes with the Borane–Tetrahydrofuran complex in
the presence of catalytic amounts of NaBH4, or by using a combi-
nation of NaBH4 and Boron Trifluoride Etherate in 1:1.5 molar
ratio.17 Extended reaction can lead also to the saturated amines.17
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Reduction of Carboxylic Acid Derivatives. The reduction
of carboxylic esters1c,1d by NaBH4 is usually slow, but can be
performed by the use of excess reagent in methanol or ethanol18

at room temperature or higher. The solvent must correspond to
the ester group, since NaBH4 catalyzes ester interchange. This
transformation can also be achieved at 65–80 ◦C in t-BuOH19 or
polyethylene glycol.2b Although the slow rate and the need to use
excess reagent makes other stronger complex hydrides such as
Lithium Borohydride or Lithium Aluminum Hydride best suited
for this reaction, in particular cases the use of NaBH4 allows inter-
esting selectivity: see, for example, the reduction of eq 2,20 where
the β-lactam remains unaffected, or of eq 3,21 where the epoxide
and the cyano group do not react.

N

H
N CO2Me

O

Ph

Z

N

H
N

O

Ph

Z

(2)

NaBH4
THF–H2O

rt, 3 h

OH

78%

O CO2Et

CNAr(R)

O

CNAr(R)NaBH4, EtOH
(3)OH

80–88%

Borohydrides cannot be used for the reduction of α,β-
unsaturated esters to allylic alcohols since the conjugate reduc-
tion is faster.18b The reactivity of NaBH4 toward esters has
been enhanced with various additives. For example, the system
NaBH4–CaCl2 (2:1) shows a reactivity similar to LiBH4.18b

Esters have also been reduced with NaBH4–Zinc Chloride in
the presence of a tertiary amine,22 or with NaBH4–Copper(II)
Sulfate. The latter system reduces selectively aliphatic esters in
the presence of aromatic esters of amides.23 Finally, esters have
also been reduced with NaBH4–Iodine.24a In this case the reac-
tion seems to proceed through diborane formation, and so it cannot
be used for substrates containing an alkenic double bond. A re-
lated methodology, employing Borane–Dimethyl Sulfide in the
presence of catalytic NaBH4,25 is particularly useful for the re-
gioselective reduction of α-hydroxy esters, as exemplified by the
conversion of (S)-diethyl malate into the vicinal diol (eq 4).

EtO2C
CO2Et

OH

CO2Et

OH
(4)HO

BH3•Me2S, THF
NaBH4 (5 mol %)

regioisomer ratio = 200:1

88%

Lactones are only slowly reduced by NaBH4 in alcohol sol-
vents at 25 ◦C, unless the carbonyl is flanked by an α-heteroatom
functionality.1d Sugar lactones are reduced to the diol when the
reduction is carried out in water at neutral pH, or to the lactol
when the reaction is performed at lower (∼3) pH.26 Thiol esters
are more reactive and are reduced to primary alcohols with NaBH4

in EtOH, without reduction of ester substituents.27

Carboxylic acids are not reduced by NaBH4. The conver-
sion into primary alcohols can be achieved by using NaBH4 in
combination with powerful Lewis acids,1k,28 Sulfuric Acid,28

Catechol,24b Trifluoroacetic Acid,24b or I2.24a In these cases the
actual reacting species is a borane, and thus hydroboration of dou-
ble bonds present in the substrate can be a serious side reaction.
Alternatively, the carboxylic acids can be transformed into acti-
vated derivatives,29 such as carboxymethyleneiminium salts29a or

mixed anhydrides,29b followed by reduction with NaBH4 at low
temperature. These methodologies tolerate the presence of double
bonds, even if conjugated to the carboxyl.29a

Nitriles are, with few exceptions,21 not reduced by NaBH4.1k

Sulfurated NaBH4,30 prepared by the reaction of sodium borohy-
dride with sulfur in THF, is somewhat more reactive than NaBH4,
and reduces aromatic nitriles (but not aliphatic ones) to amines
in refluxing THF. Further activation has been realized by us-
ing the Cobalt Boride system, (NaBH4–CoCl2) which appears
to be one of the best methods for the reduction of nitriles to pri-
mary amines. More recently it has been found that Zirconium(IV)
Chloride,31 Et2SeBr2,32 CuSO4,23 Chlorotrimethylsilane,33 and
I2

24a are also efficient activators for this transformation. The
NaBH4–Et2SeBr2 reagent allows the selective reduction of ni-
triles in the presence of esters or nitro groups, which are readily
reduced by NaBH4–CoCl2.

NaBH4 in alcoholic solvents does not reduce amides.1a,1c–d

However, under more forcing conditions (NaBH4 in pyridine at
reflux), reduction of tertiary amides to the corresponding amines
can be achieved.32 Secondary amides are inert, while primary
amides are dehydrated to give nitriles. Also, NaBH4–Et2SeBr2 is
specific for tertiary amides.32 Reagent combinations which show
enhanced reactivity, and which are thus employable for all three
types of amides, are NaBH4–CoCl2, NaBH4 in the presence of
strong acids34 (e.g. Methanesulfonic Acid or Titanium(IV) Chlo-
ride) in DMF or DME, NaBH4–Me3SiCl,33 and NaBH4–I2.24a

An indirect method for the reduction of amides to amines by
NaBH4 (applicable only to tertiary amides) involves conversion
into a Vilsmeier complex [(R2N=C(Cl)R)+Cl−], by treatment
with Phosphorus Oxychloride, followed by its reduction.35 In a
related methodology, primary or secondary (also cyclic) amides
are first converted into ethyl imidates by the action of Triethy-
loxonium Tetrafluoroborate, and the latter reduced to amines
with NaBH4 in EtOH or, better, with NaBH4–Tin(IV) Chloride
in Et2O.36

In addition to the above-quoted methods, tertiary δ-lactams have
been reduced to the corresponding cyclic amines by dropwise ad-
dition of MeOH to the refluxing mixture of NaBH4 and substrate in
t-BuOH,37 or by using trifluoroethanol as solvent.38 This reaction
was applied during a synthesis of indolizidine alkaloid swainso-
nine for the reduction of lactam (1) to amine (2) (eq 5).38

N

HO
H

O

O

O

N

HO
H

O

ONaBH4
EtOH–CF3CO2H (10:1)

reflux

(2)(1)

(5)
60%

Acyl chlorides can be reduced to primary alcohols by
reduction in aprotic solvents such as PEG,2a or using NaBH4–
Alumina in Et2O.39 More synthetically useful is the partial re-
duction to the aldehydic stage, which can be achieved by using a
stoichiometric amount of the reagent at −70 ◦C in DMF–THF,40

with the system NaBH4–Cadmium Chloride–DMF,41 or with
Bis(triphenylphosphine)copper(I) Borohydride.

Alternative methodologies for the indirect reduction of car-
boxylic derivatives employ as intermediates 2-substituted 1,3-
benzoxathiolium tetrafluoborates (prepared from carboxylic
acids, acyl chlorides, anhydrides, or esters)42 and dihydro-1,3-
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thiazines or dihydro-1,3-oxazines (best prepared from nitriles).43

These compounds are smoothly reduced by NaBH4, to give acetal-
like adducts, easily transformable into the corresponding alde-
hydes by acidic hydrolysis. Conversion of primary amides into
the N-acylpyrrole derivative by reaction with 1,4-dichloro-1,4-
dimethoxybutane in the presence of a cationic exchange resin,
followed by NaBH4 reduction, furnished the corresponding
aldehydes.44

Cyclic anhydrides are reduced by NaBH4 to lactones in mod-
erate to good yields. Hydride attack occurs principally at the
carbonyl group adjacent to the more highly substituted carbon
atom.45 Cyclic imides are more reactive than amides and can be re-
duced to the corresponding α′-hydroxylactams by using methano-
lic or ethanolic NaBH4 in the presence of HCl as buffering agent.1c

These products are important as precursors for N-acyliminium
salts. The carbonyl adjacent to the most substituted carbon is
usually preferentially reduced46 (see also Cobalt Boride). N-
Alkylphthalimides may be reduced with NaBH4 in 2-propanol
to give an open-chain hydroxy-amide which, upon treatment with
AcOH, cyclizes to give phthalide (a lactone) and the free amine.
This method represents a convenient procedure for releasing
amines from phthalimides under nonbasic conditions.47

Reduction of C=N Double Bonds. The C=N double bond
of imines is generally less reactive than the carbonyl C=O to-
ward reduction with complex hydrides. However, imines may
be reduced by NaBH4 in alcoholic solvents under neutral con-
ditions at temperatures ranging from 0 ◦C to that of the refluxing
solvent.1c,1d,48 Protonation or complexation with a Lewis acid of
the imino nitrogen dramatically increases the rate of reduction.1i

Thus NaBH4 in AcOH (see Sodium Triacetoxyborohydride) or
in other carboxylic acids is an efficient reagent for this trans-
formation (although the reagent of choice is probably Sodium
Cyanoborohydride). Imines are also reduced by Cobalt Boride,
NaBH4–Nickel(II) Chloride, and NaBH4–ZrCl4.31 Imine forma-
tion, followed by in situ reduction, has been used as a method
for synthesis of unsymmetrical secondary amines.48 Once again,
Na(CN)BH3 represents the best reagent.1c,1d,48 However, this
transformation was realized also with NaBH4,48,49 either by treat-
ing the amine with excess aqueous formaldehyde followed by
NaBH4 in MeOH, or NaBH4–CF3CO2H, or through direct re-
action of the amine with the NaBH4–carboxylic acid system. In
the latter case, part of the acid is first reduced in situ to the alde-
hyde, which then forms an imine. The real reagent involved is
NaB(OCOR)3H (see Sodium Triacetoxyborohydride). Reaction
of an amine with glutaric aldehyde and NaBH4 in the presence of
H2SO4 represents a good method for the synthesis of N-substituted
piperidines.49c Like protonated imines, iminium salts are read-
ily reduced by NaBH4 in alcoholic media.1c,50 N-Silylimines are
more reactive than N-alkylimines. Thus α-amino esters can be
obtained by reduction of N-silylimino esters.51 α,β-Unsaturated
imines are reduced by NaBH4 in alcoholic solvents in the 1,2-
mode to give allylic amines.52 Enamines are transformed into sat-
urated amines by reduction with NaBH4 in alcoholic media.48,53

The reduction of oximes and oxime ethers is considerably
more difficult and cannot be realized with NaBH4 alone. Effective
reagent combinations for the reduction of oximes include sulfu-
rated NaBH4,30 NaBH4–NiCl2, NaBH4–ZrCl4,31 NaBH4–
MoO3,54 NaBH4–TiCl4,55 and NaBH4–Titanium(III)
Chloride.56 In all cases the main product is the corresponding

primary amine. NaBH4–ZrCl4 is efficient also for the reduction
of oxime ethers. NaBH4–MoO3 reduces oximes without affecting
double bonds, while NaBH4–NiCl2 reduces both functional
groups. The reduction with NaBH4–TiCl3 in buffered (pH 7)
aqueous media has been used for the chemoselective reduction
of α-oximino esters to give α-amino esters (eq 6).56

Ph
OMe

O

OH
N

Ph
OMe

O

NH2•HCl
1. NaBH4, TiCl3
    L-tartaric acid, pH 7

    MeOH–H2O
(6)

2. HCl

    82%

NaBH4 reduces hydrazones only when they are N,N-dialkyl
substituted. The reaction is slow and yields are not usually
satisfactory.57 More synthetically useful is the reduction of N-
p-tosylhydrazones to give hydrocarbons,1c,1d,58 which has been
carried out with NaBH4 in refluxing MeOH, dioxane, or THF.58

Since N-p-tosylhydrazones are easily prepared from aldehydes or
ketones, the overall sequence represents a mild method for car-
bonyl deoxygenation. α,β-Unsaturated tosylhydrazones show a
different behavior yielding, in MeOH, the allylic (or benzylic)
methyl ethers.58c The reduction of tosylhydrazones with NaBH4

is not compatible with ester groups, which are readily reduced
under these conditions. More selective reagents for this reduction
are NaBH(OAc)3 and NaCNBH3.

Reduction of Halides, Sulfonates, and Epoxides. The re-
duction of alkyl halides or sulfonates by NaBH4 is not an easy
reaction.1d It is best performed in polar aprotic solvents59 such as
DMSO, sulfolane, HMPA, DMF, diglyme, or PEG (polyethylene
glycol),2a at temperatures between 60 ◦C and 100 ◦C (unless for
highly reactive substrates), or under phase-transfer conditions.60a

The mechanism is believed to be SN2 (I > Br > Cl and pri-
mary > secondary). Although the more nucleophilic Lithium Tri-
ethylborohydride seems better suited for these reductions,59b the
lower cost of NaBH4 and the higher chemoselectivity (for exam-
ple esters, nitriles, and sulfones can survive)59a makes it a useful
alternative. Also, some secondary and tertiary alkyl halides, ca-
pable of forming relatively stable carbocations, for example ben-
zhydryl chloride, may be reduced by NaBH4. In this case the
mechanism is different (via a carbocation) and the reaction is ac-
celerated by water.59a,b Primary, secondary, and even aryl iodides
and bromides1d have been reduced in good yields by NaBH4 un-
der the catalysis of soluble polyethylene-or polystyrene-bound tin
halides (PE–Sn(Bu)2Cl or PS–Sn(Bu)2Cl).61 Aryl bromides and
iodides have also been reduced with NaBH4–Copper(I) Chloride
in MeOH.62

NaBH4 reduces epoxides only sluggishly.1d Aryl-substituted
and terminal epoxides can be reduced by slow addition of MeOH
to a refluxing mixture of epoxide and NaBH4 in t-BuOH,63 or
by NaBH4 in polyethylene glycol.2b The reaction is regiose-
lective (attack takes place on the less substituted carbon), and
chemoselective (nitriles, carboxylic acids, and nitro groups are
left intact).63 The opposite regioselectivity was realized by the
NaBH4-catalyzed reduction with diborane.64

Other Reductions. Aromatic and aliphatic nitro compounds
are not reduced to amines by NaBH4 in the absence of an
activator.1d The NaBH4–NiCl2 system (see Nickel Boride) is a
good reagent combination for this reaction, being effective also
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for primary and secondary aliphatic compounds. Other additives
that permit NaBH4 reduction are SnCl2,65 Me3SiCl,33 CoCl2 (see
Cobalt Boride), and MoO3 (only for aromatic compounds),66

Cu2+ salts (for aromatic and tertiary aliphatic),23,67 and Palla-
dium on Carbon (good for both aromatic and aliphatic).68 Also,
sulfurated NaBH4

30 is an effective and mild reducing agent for
aromatic nitro groups. In the presence of catalytic selenium or
tellurium, NaBH4 reduces nitroarenes to the corresponding N-
arylhydroxylamines.69

The reduction of azides to amines proceeds in low yield un-
der usual conditions, but it can be performed efficiently under
phase-transfer conditions,60b using NaBH4 supported on an ion-
exchange resin,70 or using a THF–MeOH mixed solvent (this last
method is well suited only for aromatic azides).71

Tertiary alcohols or other carbinols capable of forming a
stable carbocation have been deoxygenated by treatment with
NaBH4 and CF3CO2H or NaBH4–CF3SO3H.72 Under the same
conditions,72 or with NaBH4–Aluminum Chloride,73 diaryl
ketones have also been deoxygenated.

Cyano groups α to a nitrogen atom can be replaced smoothly by
hydrogen upon reaction with NaBH4.74 Since α-cyano derivatives
of trisubstituted amines can be easily alkylated with electrophilic
agents, the α-aminonitrile functionality can be used as a latent
α-amino anion,74a as exemplified by eq 7 which shows the syn-
thesis of ephedrine from a protected aminonitrile. The reduction,
proceeding with concurrent benzoyl group removal, is only mod-
erately stereoselective (77:23).

N
Me

CN

Bz

Ph

OH

N

CN

Me Bz

Ph

OH

N

NaBH4
MeOH

2. PhCHO

Me H

(7)

75%

1. LDA

0 °C

Primary amines have been deaminated in good yields through
reduction of the corresponding bis(sulfonimides) with NaBH4 in
HMPA at 150–175 ◦C.75 NaBH4 reduction of ozonides is rapid
at −78 ◦C and allows the one-pot degradation of double bonds to
alcohols1b (see also Ozone). The reduction of organomercury(II)
halides (see also Mercury(II) Acetate) is an important step
in the functionalization of double bonds via oxymercuration–
or amidomercuration–reduction. This reduction, which proceeds
through a radical mechanism, is not stereospecific, but it can be in
some cases diastereoselective.76 In the presence of Rhodium(III)
Chloride in EtOH, NaBH4 completely saturates arenes.77 NaBH4

has also been employed for the reduction of quinones,78 sulfox-
ides (in combination with Aluminum Iodide79 or Me3SiCl33),
and sulfones (with Me3SiCl),33 although it does not appear to be
the reagent of choice for these reductions. Finally, NaBH4 was
used for the reduction of various heterocyclic systems (pyridines,
pyridinium salts, indoles, benzofurans, oxazolines, and
so on).1c,1d,48,80 The discussion of these reductions is beyond
the scope of this article.

Diastereoselective Reductions. NaBH4, like other small
complex hydrides (LiBH4 and LiAlH4), shows an intrinsic pref-
erence for axial attack on cyclohexanones,1c,1d,81 as exem-
plified by the reduction of 4-t-butylcyclohexanone (eq 8).81a

This preference, which is due to stereoelectronic reasons,82 can
be counterbalanced by steric biases. For example, in 3,3,5-

trimethylcyclohexanone, where a β-axial substituent is present,
the stereoselectivity is nearly completely lost (eq 9).81a

O

t-Bu

H

t-Bu OH

OH

t-Bu H (8)+

86:14

O H

OH

OH

H (9)+

48:52

Also, in 2-methylcyclopentanone81c the attack takes place from
the more hindered side, forming the trans isomer (dr = 74:26).
In norcamphor,81a both stereoelectronic and steric effects favor
exo attack, forming the endo alcohol in 84:16 diastereoisomeric
ratio. In camphor, however, the steric bias given by one of the two
methyls on the bridge brings about an inversion of stereoselectivity
toward the exo alcohol.81a

The stereoselectivity for equatorial alcohols has been enhanced
by using the system NaBH4–Cerium(III) Chloride, which has an
even higher propensity for attack from the more hindered side,83

or by precomplexing the ketone on Montmorillonite K10 clay.84

On the other hand, bulky trialkylborohydrides (see Lithium Tri-s-
butylborohydride) are best suited for synthesis of the axial alcohol
through attack from the less hindered face.

NaBH4 does not seem to be the best reagent for the stere-
oselective reduction of chiral unfunctionalized acyclic ketones.
Bulky complex hydrides such as Li(s-Bu)3BH usually afford bet-
ter results.1c,1d When a heteroatom is present in the α- or β-
position, the stereochemical course of the reduction depends also
on the possible intervention of a cyclic chelated transition state.
Also, in this case other complex hydrides are often better suited for
favoring chelation (see Zinc Borohydride). Nevertheless, cases
are known85 where excellent degrees of stereoselection have
been achieved with the simpler and less expensive NaBH4. Some
examples are shown in eqs 10–15.
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80:20 < dr < 99:1

The stereoselective formation of anti adduct (4) in the reduction
of ketone (3) was explained through the intervention of a chelate
involving the methoxy group,85a although there is some debate on
what the acidic species is that is coordinated (probably Na+). A
chelated transition state is probably the cause of the stereoselective
formation of anti product (6) from (5).85b Methylation of the NH
group indeed provokes a decrease of stereoselection. On the other
hand, when appropriate protecting groups that disfavor chelation
are placed on the heteroatom, the reduction proceeds by way of
the Felkin model where the heteroatomic substituent plays the role
of ‘large’ group, and syn adducts are formed preferentially. This
is the case of α-dibenzylamino ketones (eqs 12 and 13)85c,d and
of the α-silyloxy ketone of eq 14.85e Finally, the sulfonium salt
of eq 15 gives, with excellent stereocontrol, the anti alcohol.85f

This result was explained by a transition state where the S+ and
carbonyl oxygen are close due to a charge attraction.

The reduction of a diastereomeric mixture of enantiomerically
pure β-keto sulfoxides (7) furnished one of the four possible iso-
mers with good overall stereoselectivity (90%), when carried out
under conditions which favor epimerization of the α chiral cen-
ter (eq 16). This outcome derives from a chelation-controlled re-
duction (involving the sulfoxide oxygen) coupled with a kinetic
resolution of the two diastereoisomers of (7).86
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: ONaBH4, EtOH–H2O
NaOH

:
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ds = 90%

The reduction of cyclic imines and oximes follows a trend
similar to that of corresponding ketones. However, the ten-
dency for attack from the most hindered side is in these cases
attenuated.1c,1d,57,87 In the case of oximes, while NaBH4–MoO3

attacks from the axial side, NaBH4–NiCl2 attacks from the equa-
torial side.88 An example of diastereoselective reduction of acyclic
chiral imines is represented by the one-pot transformation of
α-alkoxy or α,β-epoxynitriles into anti vicinal amino alcohols
(eq 17) or epoxyamines. The outcome of these reductions was
explained on the basis of a cyclic chelated transition state.89
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Ar CN
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80:20 < dr < 98:2

NaBH4

Enantioselective Reductions. NaBH4 has been employed
with less success than LiAlH4 or BH3 in enantioselective ketone
reductions.1d,90,91 Low to moderate ee values have been obtained
in the asymmetric reduction of ketones with chiral phase-transfer
catalysts, chiral crown ethers,91a β-cyclodextrin,91b and bovine
serum albumin.91c On the other hand, good results have been re-
alized in the reduction of propiophenone with NaBH4 in the pres-
ence of isobutyric acid and of diisopropylidene-d-glucofuranose
(ee = 85%),91d or in the reduction of α-keto esters and β-keto
esters with NaBH4–l-tartaric acid (ee >86%).91e

Very high ee values have been obtained in the asymmetric con-
jugate reduction of α,β-unsaturated esters and amides with NaBH4

in the presence of a chiral semicorrin (a bidentate nitrogen ligand)
cobalt catalyst.92 Good to excellent ee values were realized in the
reduction of oxime ethers with NaBH4–ZrCl4 in the presence of
a chiral 1,2-amino alcohol.93

First Update

Nikola Stiasni & Martin Hiersemann
Technische Universität Dortmund, Dortmund, Germany

Conjugate Reductions. A wide range of activated conju-
gated alkenes such as α,α-dicyano olefins and α,β-unsaturated ni-
triles underwent a highly chemoselective reduction of the carbon-
carbon double bond in the presence of NaBH4 and a catalytic
amount of InCl3 (10–15 mol %) to give saturated products in
good to high yields (57–96%).94 Activated α,β,γ ,δ-unsaturated
alkenes could be reduced chemoselectively to afford exclusively
γ ,δ-unsaturated derivatives in 77–97% yields.95 1,4-Reduction of
α,β-unsaturated ketones, aldehydes, carboxylic acids, and esters
could be achieved chemoselectively by NaBH4–NiCl2 to give sat-
urated products in 61–96% yields.96,97

Reduction of Carboxylic Acid Derivatives. Carboxylic
acids were reduced to the corresponding alcohols by activa-
tion of the carboxy function with cyanuric chloride and N-
methylmorpholine, and subsequent reduction by NaBH4 in
73–98% yields.98 The method was shown to be particu-
larly useful for the reduction of N-protected amino acids
containing Boc, Cbz, or Fmoc protective groups. Enan-
tiopure amino acids were reduced without any observ-
able racemization. NaBH4 could also reduce carboxylic
acids in the presence of a catalytic amount of 3,4,5-
trifluorophenylboronic acid (1 mol %) to the corresponding al-
cohols in 78–99% yields.99 It was shown that functional groups
such as halogeno, cyano, nitro, and azido have not been at-
tacked under these conditions. α-Aza gem-dicarboxylic esters un-
derwent chemo- and stereoselective decarboxylative reduction,
when treated with NaBH4 and a catalytic amount of InCl3 (20
mol % based on diester), to afford monoalcohols in 77–84% yields
(eq 18).100,101 The proposed mechanism includes radical decar-
boxylation by the in situ formed indium hydride, Cl2InH, followed
by chemoselective reduction of the ester group. The presence of
the N-atom alpha to the dicarboxylic esters proved to be essential
for the observed chemo- and stereoselectivity. Lactams were not
reduced under these conditions and could be chemoselectively re-
duced in the presence of gem-dicarboxylic esters by NaBH4–I2.102
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NaBH4, InCl3 (20 mol %)
CH3CN, reflux

77–84%
(18)

NaBH4 modified with equimolar amounts of CoII salts (see
Cobalt Boride) or NiII salts (see Nickel Boride) reduces nitriles
to amines. It was found that nitriles could be reduced with NaBH4

in the presence of a catalytic amount (10 mol %) of NiII salts.103

To circumvent dimerization of formed amines, Boc2O was added
in a one-pot reaction to furnish the corresponding Boc-protected
amines in 45–96% yields. Pure products could be obtained af-
ter removal of the metal catalyst with diethylenetriamine and
extractive workup. Upon treatment with NaBH4 in ethanol, δ-
hydroxynitriles afforded pyranosylamines in moderate to good
yields (50–70%).104 The reductive cyclization resulted in the pref-
erential formation of the β-anomer. The method is, however, lim-
ited in substrate scope.

Primary amides could be reduced to alcohols in a two step
procedure by initially converting them into di-tert-butyl acylimi-
dodicarbonates with 2 equiv of Boc2O and a catalytic amount of
DMAP, followed by subsequent reduction with NaBH4 in ethanol
(54–97% yields).105

Reduction of Halides, Sulfonates, and Epoxides. NaBH4 in
the presence of a catalytic amount of InCl3 (10–20 mol %) forms
indium hydride Cl2InH capable of reducing alkyl halides under
mild conditions (eq 19).106,107 This reagent can serve as an alter-
native to toxic Tri-n-butylstannane, however, the disadvantage
is that the BH3, generated during the transmetalation causes side
reactions with substrates containing double bonds.108 Another al-
ternative to minimize the use of toxic Bu3SnH is to employ cat-
alytic amounts of Bu3SnCl (5–20 mol %), together with an excess
of NaBH4 in the presence of a radical initiator.109–111
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I NaBH4, InCl3 (20 mol %)
MeCN

>70%

(19)

α,β-epoxy ketones and α,β-epoxy esters were successfully
reduced with a NaBH4–PhSeSePh system (see also Diphenyl
Diselenide).112 Na[PhSeB(OEt)3] formed in situ opens epoxides
regioselectively α to ester or carbonyl groups to form the cor-
responding β-hydroxy compounds in good to excellent yields
(80–99%). In conjunction with subsequent NaBH4–Et2B-(OMe)
reduction (see Diastereoselective Reductions), this method al-
lowed access to syn 1,3-diols.113 2,3-Epoxy bromides have been
reduced to allylic alcohols with NaBH4 and a catalytic amount
of InCl3 (20 mol %) in 50–85% yields (eq 20).114 Trisubstituted
epoxides failed to undergo this reaction.

R Br

R1

O

R R1

OH
NaBH4, InCl3 (20 mol %)

CH3CN

50–85% (20)

Other Reductions. The reductive removal of 2-oxazolidinone
chiral auxiliaries with NaBH4 is a mild and chemoselective
method that provided the corresponding alcohols in good to excel-
lent yields (75–95%), with complete preservation of stereochem-

istry (>99% ee).115,116 As exemplified by eq 21, the removal of 2-
oxazolidinone proceeded in quantitative yield and without any ob-
servable racemization.117 Lithium Borohydride, on the contrary,
led to considerable racemization, whereas Lithium Aluminum
Hydride was not usable due to the presence of nitrile functional
group in the substrate.
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OHNaBH4, THF, H2O

100%, ee>99%
(21)

The conversion of the azide (8) to the amine (9) could be
achieved with NaBH4 in the presence of a catalytic amount of
CoCl2 (2 mol %) in 93% yield (eq 22).118 Under catalytic hydro-
genation conditions debromination was a significant side reaction.
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NaBH4

CoBr2 (2 mol %)
EtOH

(8) (9)

93% (22)

NaBH4–CoCl2 reduction of azides could also be carried out
in water to give products in 91–98% yields. In the case of hy-
drophobic azides a phase-transfer catalyst was added.119 NaBH4

with a catalytic amount of 1,3-Propanedithiol (1 mol %) is a
chemoselective and efficient reagent for the reduction of azides to
amines.120 α-Hydroxy-β-azido carboxylic acids were reduced to
the corresponding α-hydroxy-β-amino acids in 85–96% yields
by employing NaBH4 with a catalytic amount of Cu(NO3)2

(10 mol %).121 γ-Azido-α,β-unsaturated esters underwent reduc-
tive cyclization when treated with NaBH4 in the presence of a
catalytic amount of CoCl2 (1 mol %) to afford the corresponding
lactams in 77–93% yields. By adding an appropriate chiral ligand,
the products could be obtained in moderate to high ee’s (51–98%
ee, eq 23)122 (see also Enantioselective Reductions).

R OEt

O
N3 NH
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CoCl2 (1 mol %)
chiral ligand (1.1 mol %)

NaBH4, DMF, EtOH

77–93%, 51–98% ee
(23)

α,β-Alkynoic-γ-hydroxy esters were reduced with NaBH4 in
methanol to formα,β-alkenoic-γ-hydroxy esters in 60–86% yields
and with excellent (E)-selectivity (eq 24).123 It was found that the
free γ-hydroxy group is involved in E/Z stereocontrol and crucial
for the reaction to proceed.

R

OH

CO2Me
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CO2Me
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NaBH4, MeOH

60–86% (24)

NaB(OMe)4, easily prepared from NaBH4 and methanol, was
found to be a mild catalyst for various Michael additions at room
temperature. The reaction was applicable to a wide variety of nu-
cleophiles and Michael acceptors, providing products in good to
excellent yields (69–100%).124 Baylis–Hillman adducts could be
reduced by NaBH4 with a catalytic amount of InCl3 (13 mol %)
to give the corresponding trisubstituted (E)-alkenones chemo-
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and diastereoselectively in 54–84% yields (eq 25).125 It could
be shown that the presence of acetonitrile was necessary to obtain
good yields.
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R1 R3

H
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O
NaBH4, InCl3 (13 mol %)

MeCN

54–84%
(25)

Diastereoselective Reductions. The diastereoselective reduc-
tions of β-hydroxy ketones could be accomplished with NaBH4 in
the presence of Et2B(OMe) to form 1,3-syn diols in 68–99% yields
and excellent stereochemical purities (dr>98:2) (eq 26).126,127

Et2B(OMe) could be generated in situ from Triethylborane and
methanol. The method has been successfully utilized in sev-
eral natural product syntheses128–130 and complements the anti-
selective reductions performed with Tetramethylammonium Tri-
acetoxyborohydride (see also Zinc Borohydride).

R R′

OH O

R R′

OH OH
Et2B(OMe), NaBH4

THF, MeOH

68–99%, dr>98:2
(26)

In the synthesis of (R)-salmeterol, a phenylglycinyl ketone
derivative (10) was diastereoselectively reduced by NaBH4 in the
presence of a stoichiometric amount of CaCl2 to afford the alcohol
(11) in 76% yield and good diastereoselectivity (dr 10:1).131 It was
shown that the presence of free amino- and hydroxy-groups were
essential for the observed diastereoselectivity. This selectivity was
explained to arise by chelate formation between the calcium ion,
the carbonyl oxygen atom, and the primary hydroxy group result-
ing in a complex, which is then attacked by the borohydride from
the less hindered face.

O

O

H
N

O

OH

O

O

H
N

OH

OH

CaCl2, NaBH4

MeOH

76%, dr 10:1

(10)

(11)

(27)

A new synthetic route to anti-α,β-dihydroxy esters was de-
veloped by performing a stereoselective reduction of α-keto-β-
hydroxy esters with NaBH4.132 The best results were achieved
in CH2Cl2 at low temperatures to give the corresponding
products in 60–86% yields. Reductions of the α-keto-β-hydroxy
esters with β-aryl substituents proceeded with high diastereose-
lectivities (>95:5 anti/syn) (eq 28), whereas the corresponding
substrates with β-alkyl substituents yielded products with lower
diastereoselectivities (85:15–93:7 anti/syn).

Ar
CO2Et

O

OH

Ar
CO2Et

OH

OH
NaBH4, CH2Cl2

60–86%, dr>95/5
(28)

This method has been extended to α-hydroxy-β-(N-tosyl)-
amino esters to provide anti-α-hydroxy-β-amino esters in 40–95%
yields (eq 29).133 The observed diastereoselectivity (>95:5
anti/syn) was shown to be highly dependent on the presence of
the amino-group hydrogen atom.

Ar
CO2Me

O

NHTs

Ar
CO2Me

OH

NHTs
NaBH4, THF

40–95%, dr >95:5
(29)

The corresponding reductions under catalytic hydrogenation
conditions (Pd/C) led exclusively to the syn-configured deriva-
tives (>95:5 syn/anti).133 Anti-configured α-hydroxy β-amino es-
ters could be efficiently converted into syn-configured isomers.134

Reduction of α-amino-γ-oxo acids by NaBH4 in the presence of
a catalytic amount of MnCl2 (20 mol %) afforded syn-α-amino-
γ-hydroxy acids in 60–80% yields and high diastereoselectivities
(>95:5 dr) (eq 30).135–137

CO2H

NHR

Ar

O

CO2H

NHR

Ar

OH

NaBH4

MnCl2 (20 mol %)
MeOH

60–80%, dr>95/5 (30)

Enantioselective Reductions. Enantioselective reductions
utilizing NaBH4 premodified with alcohols such as tetrahydro-
furfuryl alcohol, methanol, or ethanol in the presence of cat-
alytic amounts (1–5 mol %) of enantiopure β-ketoiminato CoII

complexes138,139 could be applied to aromatic ketones140,141

(eq 31) and N-diphenylphosphinyl imines142 to give the cor-
responding products in good yields (>81%) and high ee’s
(>90% ee). The reduction of α,β-unsaturated amides143 pro-
ceeded in good to high yields (69–99%) and moderate to high ee’s
(49–91% ee).

MeO

O

MeO

OH

NaBH4, EtOH, 
tetrahydrofurfuryl alcohol

CHCl3, CoII catalyst (1 mol %)

98%, 94% ee

(31)

The method could be applied to reduce 1,3-diaryl-
1,3-diketones to 1,3-diaryl-1,3-propanediols in 93–100%
yields and high ee’s (>97% ee). The products were ob-
tained as a mixture of diastereomers (81:19 – 90:10)
and could be purified by recrystallization.144 Symmet-
rical 2-substituted-1,3-diaryl-1,3-diketones underwent
reductive desymmetrization to give rise to β-hydroxyketones
(45–97% yields) in high ee’s (>91% ee) and diastereoselectiv-
ities (dr>99:1) (eq 32).145 Unsymmetrical 2-alkyl-3-aryl-1,3-
diketones were reduced chemoselectively at the aryl-substituted
carbonyl group to yield 2-alkyl-3-aryl-3-hydroxyketones
(41–48% yields) in high ee’s (>95%) and diastereoselectivities
(dr>97:3).146 The yields could be further improved by the
addition of a stoichiometric amount of sodium methoxide in a
one-pot reaction.147 1,4-Diaryl-1,4-butanediones were reduced to
enantiopure 1,4-diaryl-1,4-butanediols (60–100% yields), which
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could be elaborated in two steps to enantiopure 2,5-disubstituted
pyrrolidines (>99% ee).148 It was found that the use of an
appropriate alcohol and the addition of a catalytic amount
of chloroform (10–25 mol % based on the CoII catalyst) were
indispensable for achieving good yields and high ee’s.138,149 Both
enantiomers of the CoII catalyst are accessible, thus allowing
generation of both enantiomers of the desired product.

Ar Ar

O O

Ar Ar

OH O
NaBH4, EtOH 

tetrahydrofurfuryl alcohol
CHCl3, CoII catalyst (5 mol %)

93%, 99% de, 99% ee

(32)

Excellent results were obtained using NaBH4 in combination
with the tartaric acid-derived boronic ester (TarB-NO2) to reduce
aromatic ketones in good yields (65–90%) and high ee’s (93–98%
ee).150,151 In reduction of aliphatic, sterically hindered ke-
tones, TarB-NO2 performed comparable to Tetrahydro-1-methyl-
3,3-diphenyl-1H,3H-pyrrolo[1,2-c]-[1,3,2]oxazaborole.152 Con-
jugate reduction of α,β-unsaturated esters and amides could be
achieved with NaBH4 in the presence of catalytic amounts of chi-
ral aza-bis(oxazoline) ligand (2.8 mol %) and CoCl2, giving rise
to products in 85–89% yields and high ee’s (92–96 % ee).153

Related Reagents. Cerium(III) Chloride; Nickel Boride;
Potassium Triisopropoxyborohydride; Sodium Cyanoboro-
hydride; Sodium Triacetoxyborohydride; Cobalt Boride; Lithium
Borohydride; Lithium Aluminium Hydride; Zinc Borohydride;
Tetramethylammonium Triacetoxyborohydride.

Second Update

Tohru Yamada & Tatsuyuki Tsubo
Keio University, Yokohama, Japan

Conjugate Reduction. The carbon–carbon double bonds of
various α,β-unsaturated ketones and related compounds can be
selectively reduced with a heterogeneous palladium catalyst.154

When nonpolar solvents such as toluene were employed, 1,4-
reduction products of α,β-unsaturated ketones, esters, amides,
and nitriles were obtained in high yields (87–100%) with high
chemoselectivities in the presence of a catalytic amount of
Pd/C(2.5–5 mol %) and acetic acid. Highly-polar solvents
enhanced 1,2-reduction to afford alcohols as a result of
overreduction.

Reduction of Carboxylic Acid Derivatives. Reduction of
carboxylic esters has been enhanced with various activators.

CoCl2 effects the reduction of carboxylic esters with appropriate
additives. While CoCl2·6H2O-catalyzed reduction using NaBH4

does not react with alkyl esters, phenyl esters can be reduced
to alcohols.155 When ethyl cinnamate was used as substrate, the
carbon–carbon double bond was reduced to the allylic alcohol.
In contrast, when phenyl cinnamate was used as substrate, both
the carbon–carbon double bonds and the ester carbonyl func-
tions were reduced to give the saturated alcohol. Various satu-
rated and α,β-unsaturated aryl esters were converted into the cor-
responding saturated alcohols with CoCl2·6H2O (1 mol %) and
NaBH4 in EtOH under mild conditions in high yields (83–99%)
(eq 33). Synthesis of (R)-tolterodine, a muscarinic receptor an-
tagonist, was achieved with this methodology. Cobalt-catalyzed
reduction of carboxylic esters to alcohols is employed with alkyl
esters with amine additives.156 The CoCl2·6H2O–NaBH4 system
reduces ethyl cinnamate to give only saturated ethyl ester, ethyl
3-phenylpropanoate, in 95% yield. However, using the CoCl2·
6H2O–NaBH4 system with a catalytic amount of iPr2NH
smoothly reduces ethyl cinnamate to give the saturated alcohol,
3-phenyl-1-propanol, in 85% yield (eq 34). The combination of
CoCl2·6H2O (10 mol %) and iPr2NH (20 mol %) was an effective
catalytic system for the reduction of α,β-unsaturated, aliphatic and
aromatic esters and lactones affording the corresponding saturated
alcohols in good to high yields (79–85%).

R OAr

O
CoCl2·6H2O (1 mol %)

NaBH4, EtOH, 0–10 °C

83–99%
R OH ArOH (33)+

OEt

O
catal. CoCl2

NaBH4

EtOH

catal. iPr2NH

85%
OH

OEt

O

no amine

95%

(34)

The combination of NaBH4 and CeCl3 used for chemoselec-
tive or diastereoselective reduction of ketones (see Original Com-
mentary and First Update) could also be employed for the reduc-
tion of carboxylic esters.157 In the presence of a catalytic amount
of CeCl3·7H2O (1 mol %), various methyl carboxylates were re-
duced to alcohols with NaBH4 in EtOH at ambient temperature
in good to high yields (75–95%).

Reduction of Halides, Sulfonates, and Epoxides. Aryl to-
sylates could be reduced by Ni catalyst and NaBH4 under
mild conditions.158 In the presence of a catalytic amount of
Ni(PPh3)4Cl2 (7 mol %) and an electron-rich monodentate phos-
phine ligand such as tricyclohexylphosphine (PCy3) (28 mol %),
hydrogenolysis of various aryl tosylates was achieved in high
yields (47–100%) (eq 35).

OTos
R

NaBH4

Ni(PPh3)4Cl2 (7 mol %)

PCy3 (28 mol %) H
R

47–100%
(35)
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Regioselective reduction of aryl-substituted epoxides with
NaBH4 is catalyzed by PdCl2 in the presence of moist alumina
(H2O content, 19 wt%) in hexane.159 The selectivity in reduction
of aryl-substituted epoxides was the same as with NaBH4 and
diborane.64 In addition, the alumina can be easily recovered and
reused without further treatment.

Other Reductions. The (porphinato)irons could realize the
reduction of alkenes and alkynes with NaBH4.160,161 Vari-
ous unsaturated carbon–carbon bonds were saturated by meso-
tetraphenylporphinatoiron chloride (TPPFeIIICl) derivatives (up
to 81% yield). Ruthenium(III) complexes also pair with NaBH4 in
the reduction of unsaturated carbon–carbon bonds (as does cobalt
boride). In the presence of a catalytic amount of Ru(PPh3)4H2

(0.5–1 mol %) and NaBH4, unsaturated carbon–carbon bonds in
a wide variety of alkenes and alkynes were saturated in toluene
at 100 ◦C.162 Addition of water was required to provide a proton
source. Similar systems with RuCl3 in aqueous solution reduce
unsaturated bonds under milder conditions. Various unactivated
mono- or disubstituted olefins and activated trisubstituted olefins
were reduced with RuCl3 (10 mol %) and NaBH4 in THF–H2O at
0 ◦C to room temperature (eq 36).163 When the RuCl3-catalyzed
reductions of olefins were carried out in aqueous amide solution,
unactivated trisubstituted olefins were also hydrogenated.164,165

NaBH4, H2O

Ru(PPh3)4H2 (0.5 mol %)

toluene, 100 °C, 2.5 h

71% yield

(100% conversion)

(36)

Deoxygenation of sulfoxides by NaBH4 is effected by the com-
bination of CoCl2·6H2O and moist alumina in hexane (eq 37).166

The reactivity is a function of steric hindrance. When the combi-
nation of TPPFeIIICl and NaBH4 was used, sulfilimines could be
as smoothly reduced as the sulfoxides.167

R1 S
R2

O

NaBH4, almina-H2O

CoCl2·6H2O (catal.)

hexane

12–95% R1 S
R2 (37)

The TPPFeIIICl–NaBH4 system also achieves the reduction of
nitrobenzene to aniline.168 Although catalysts such as TPPCoII or
TPPMnIIICl can also effect nitrobenzene reduction, the reactivities
were lower.

Enantioselective Reductions. Enantioselective borohydride
reduction of aromatic ketones catalyzed by optically active β-
ketoiminato CoII complexes138 could be applied to a continuous-
flow microreactor and the corresponding alcohols were obtained
in gram scale maintaining enantioselectivity as high as the batch
reaction.169 The β-ketoiminato CoII-catalyzed reduction system
enables reduction of aliphatic as well as aromatic ketones. By
changing a precursor of the axial ligand on the cobalt com-
plex from chloroform to 1,1,1-trichloroethane, the enantioselec-
tivity was improved and various tert-alkyl ketones were reduced
with 80–90% ee (eq 38).170,171 In addition, the chlorovinyl-
CoIII derived from the original CoII and 1,1,1-trichloroethane
in the presence of NaBH4 could be recovered via silica gel
column chromatography and the enantioselective catalytic re-
duction performed several times without loss of reactivity or
enantioselectivity.172

O
NaBH4, MeOH

CoII catal. (5 mol %)

CH3CCl3, THF, –20 °C, 16 h

85% yield, 88% ee

OH

(38)

By modification of the reaction condition, biaryl lactones could
be efficiently reduced to the corresponding biaryl products by
this cobalt-catalyzed system.173 Various axially chiral biaryl com-
pounds were obtained with high ee values (80–93% ee) by the
atropo-enantioselective borohydride reduction with the dynamic
kinetic resolution of biaryl lactones in the presence of EtOH and
1-(2-pyridinyl)ethanol (eq 39).

O

O
R1

R2
O

O
R1

R2

NaBH4, EtOH

1-(2-pyridinyl)ethanol

CHCl3, CoII catal. (5 mol %)

64–96% yield, 80–93% ee

OH

OH
R1

R2

(39)

Reduction of cycloalkenone with α-substituents using NaBH4

and TarB-NO2 could proceed with high enantioselectivity and
regioselectivity.174 Carbonyl groups of cycloalkenones substi-
tuted with alkyl or aryl halides in the α-position were success-
fully reduced to the corresponding allylic alcohols with high
ee values (80–99% ee) (eq 40). Asymmetric 1,2-reductions of
enones by borohydride were also achieved with a N,N-
dioxide-ScIII catalyst.175 NaBH4 reduces (E)-4-phenylbut-3-en-
2-one to the corresponding allylic alcohol in excellent yield and
with good enantioselectivity (99% yield and 77% ee). In this re-
action, however, NaBH4 does not seem to be the best hydride
source for achieving high enantioselectivity. When KBH4 was
used as a reductant, the product derived from (E)-4-phenylbut-3-
en-2-one was produced with higher enantioselectivity (90% ee)
and the other substrates were also reduced with high ee values
(85–95% ee).



415SODIUM BOROHYDRIDE

O

X

R
n

X = Br, I, alkyl

R = H, Me, Cl

n = 1, 2

TarB-NO2
NaBH4

50–93% yield, 80–99% ee

OH

X

R
n

(40)

O2N

B
O

O CO2H

CO2H

Asymmetric synthesis of β-functionalized optically active sec-
ondary alcohols was realized by TarB-NO2-catalyzed enantios-
elective reduction150–152 of α-halo ketones to an intermedi-
ate terminal epoxide and sequential ring opening with various
nucleophiles.176 Optically active styrene oxide was prepared from
α-bromoacetophenone with NaBH4 and TarB-NO2 in high yield
and with high enantioselectivity (98% yield and 94% ee). β-
Functionalized secondary alcohols could be obtained from the
epoxides by nucleophilic attack under appropriate conditions
(eq 41).

O

Br

NaBH4

(L)-TarB-NO2

98% yield, 94% ee

O
Nucleophile

OH

R

R = NEt2, OiPr, SC4H9

       CN, CH2CN

(41)

O2N

B
O

O CO2H

CO2H

Functionalization of Olefins. Oxygenation of olefins by
molecular oxygen was performed in the presence of NaBH4

and metal catalysts such as MnIII,177,178 CoII,179 and FeIII

(eq 42).180,181

NaBH4

FeIII catal., O2
(42)

OH

88%

Various functional groups could also be introduced to unac-
tivated alkenes by excess NaBH4 and FeIII.182–184 NaBH4 and
iron complexes coordinated by appropriate ligands mediated the
Markovnikov olefin addition of radical traps such as sodium
azide, potassium thiocyanate, air (O2), N-acetylsulfanilyl chlo-
ride, potassium cyanate, tosyl cyanide, and TEMPO (eq 43). Hy-
drofluorination of unactivated alkenes were also realized by this
system with Selectfluor

©R
.185

R1

R2

R3

NaBH4

FeIII complex

radical traps

up to 90%
R2

X
R3

R1

N3, OH, SCN, Cl, CN
NHCONH2, TMPO, NO

X =

(43)

H

Synthesis of oximes from aryl-conjugated ethylenes could be
achieved by cobalt or iron catalysts using borohydride. The system
of CoII and ethyl nitrite and ammonium borohydride rather than
sodium borohydride was more optimal with most substrates.186

The reaction with FeII and tert-butyl nitrite gave the oxime
products in moderate to high yield using sodium borohydride
(eq 44).187

Ar

NaBH4

FeII catal. (1 mol %)

t-BuONO, EtOH

Ar

NOH

32–88%
(44)
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Sodium Cyanoborohydride1

NaBH3CN

[25895-60-7] CH3BNNa (MW 62.85)
InChI = 1/CH3BN.Na/c2-1-3;/h2H3;/q-1;+1
InChIKey = CVDUGUOQTVTBJH-UHFFFAOYAX

(selective, mild reducing reagent for reductive aminations of alde-
hydes and ketones, reductions of imines, iminium ions, oximes
and oxime derivatives, hydrazones, enamines; reductive deoxy-
genation of carbonyls via sulfonyl hydrazones, reductions of alde-
hydes and ketones, polarized alkenes, alkyl halides, epoxides,

acetals, and allylic ester groups)

Physical Data: white, hygroscopic solid, mp 240–242 ◦C (dec).
Solubility: sol most polar solvents (e.g. MeOH, EtOH, H2O,

carboxylic acids) and polar aprotic solvents (e.g. HMPA,
DMSO, DMF, sulfolane, THF, diglyme); insol nonpolar sol-
vents (e.g. ether, CH2Cl2, benzene, hexane).

Form Supplied in: widely available; the corresponding deuter-
ated (or tritiated) reagent is available via acid-catalyzed
exchange with D2O (or T2O).1a,2

Handling, Storage, and Precautions: store under dry N2 or Ar.

Original Commentary

Robert O. Hutchins
Drexel University, Philadelphia, PA, USA
MaryGail K. Hutchins
LNP Engineering Plastics, Exton, PA, USA

Functional Group Reductions: General. The chemoselecti-
vity available with NaBH3CN is remarkably dependent on solvent
and pH. Under neutral or slightly acidic conditions (pH > 5), only
iminium ions are reduced in protic and ether (e.g. THF) solvents.2

Most other functional groups including aldehydes, ketones, esters,
lactones, amides, nitro groups, halides, and epoxides are inert un-
der these conditions.

Reductive Aminations. The relative inertness of aldehydes
and ketones toward NaBH3CN at pH > 5 allows reductive am-
inations with amine and amine derivatives (usually in MeOH)
via in situ generation of iminium ions which are then reduced to
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87%
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(   )4
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amines (eqs 1 and 2).2–4 This protocol is compatible with most
other functional groups, can be used to prepare N-heterocycles
with stereochemical control (eqs 3 and 4),5,6 and serves as a
methylation process using CH2O as the aldehyde (eq 5).7,8 For
difficult cases (e.g. aromatic amines, hindered and trifluoromethyl
ketones), yields may be greatly improved by prior treatment of
the carbonyl and amine with Titanium(IV) Chloride (eq 6)9 or
Titanium Tetraisopropoxide10a A reagent system prepared from
NaBH3CN and Zinc Chloride also is also effective for reduc-
tive aminations10b (see also Sodium Triacetoxyborohydride and
Tetrabutylammonium Cyanoborohydride).
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Reductions of Imines and Derivatives. Preformed imines
(eq 7),2,11,12 iminium ions (eq 8),2,11,13 oximes (eq 9),2,14 oxime
derivatives (eqs 10 and 11),15,16 hydrazones (eq 12),17 and other
N-heterosubstituted imines (eqs 13 and 14)18,19 are reduced to the
corresponding amine derivatives by NaBH3CN, usually in acidic
media (see also Lithium Aluminum Hydride and Sodium Boro-
hydride).
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Also under acidic conditions, enamines are reduced to amines
via iminium ions by NaBH3CN (eq 15).2,20 This type of con-
version is also effected with NaBH3CN/ZnCl2.10b Pyridines and
related nitrogen heterocycles are reduced by NaBH3CN/H+ to di-
or tetrahydro derivatives (eq 16).1e,21 Likewise, pyridinium and
related salts (e.g. quinolinium, isoquinolinium) are reduced. With
4-substituted derivatives, 1,2,5,6-tetrahydropyridine products are
produced (eq 17).22

N
Ts

NPr2

NaBH3CN

N
Ts

NPr2

(15)
MeCN, HOAc

78%

N

NC CN
NaBH3CN

N
H

NC CN
(16)

 HOAc
98%

NNC

O
Br

NaBH3CN

NNC

O
Br (17)

EtOH, H2O, rt
75%

Reductive Deoxygenation of Aldehydes and Ketones.23,24

p-Toluenesulfonylhydrazones (tosylhydrazones), generated in
situ from unhindered aliphatic aldehydes and ketones and tosylhy-
drazine, are reduced by NaBH3CN in slightly acidic DMF/sulfo-
lane (ca. 100–110 ◦C) to hydrocarbons via diazene intermediates
(eq 18).24 With hindered examples the tosylhydrazones must be
preformed and large excesses (5–10×) of NaBH3CN used in
more acidic media (e.g. pH < 4) (eq 19).24,25 Likewise, aryl
tosylhydrazones are nearly inert to the reagent, but exceptions
are known.26 Reduction of tosylhydrazones to hydrocarbons also
occurs with NaBH3CN/ZnCl2 in refluxing MeOH. This combina-
tion also gives poor yields with aryl systems.10b

O

O

O

CN

O

O CN

p-TosNHNH2, NaBH3CN

(   )3 6
(   )

6
(   )

(18)
(   )4

DMF, sulfolane, H+

100 °C

75%

N O
O

NNHTs

CO2Me

N O
O

CO2Me

xs NaBH3CN
(19)

DMF, sulfolane
pH <3.8

53%

Reductive deoxygenation of most α,β-unsaturated tosylhydra-
zones with NaBH3CN cleanly affords alkenes in which the double
bond migrates to the former tosylhydrazone carbon (eq 20).24,27,28

However, the process gives mixtures of alkenes and alkanes with
cyclohexenones27 (see also Bis(triphenylphosphine)copper(I)
Borohydride, Catecholborane and Sodium Borohydride).

NNHTs
MeO OMe

NaBH3CN

MeO OMe

(20)

DMF, sulfolane
pH <4
70%

Reduction of Otherπππ-Bonded Functional Groups. In acidic
media (i.e. pH < 4), aldehydes and ketones are selectively reduced
to alcohols (eq 21).2a,28 α,β-Unsaturated ketones are reduced pri-
marily to allylic alcohols (eq 22)29 except cyclohexenones, which
give mixtures of allylic and saturated alcohols. Allylic ethers are
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also produced concomitantly with substrates further conjugated
with aryl rings.29

N

H
N

O

Cl

CO2CHPh2

CHO

PhO

O NaBH3CN

N

H
N

O

Cl

CO2CHPh2

OH

PhO

O (21)

AcOH, THF
90%

(22)

O OH
NaBH3CN

MeOH, HCl
88%

The combination of NaBH3CN/ZnCl2 in ether also reduces
aldehydes and ketones to alcohols.10b With 5% H2O present,
cyclohexanones are selectively reduced in the presence of aliphatic
derivatives.30a With NaBH3CN/Zinc Iodide, however, aryl alde-
hydes and ketones are converted to aryl alkanes.30b

While isolated alkenes are inert toward NaBH3CN, highly
polarized double bonds (i.e. containing an attached nitro or two
other electron-withdrawing groups) are reduced to hydrocarbons
in acidic EtOH (eq 23).31,32 Reductions of iron carbonyl–alkene
complexes to the corresponding alkyl complexes also occurs
readily with NaBH3CN in MeCN.33

O

Br

O

CO2Me

NaBH3CN O

Br

O

CO2Me

(23)
EtOH, H+

97%

Nitriles are inert toward NaBH3CN even under strongly acidic
conditions. However, methylation with Me2Br+SbF6

− and sub-
sequent reduction with NaBH3CN affords the corresponding
methylamine (eq 24).34

1. Me2Br+SbF6
–

(24)

NC

MeO2C

MeNHCH2

MeO2C

2. NaBH3CN
         54%

Reduction of σσσ-Bonded Functional Groups. In SN2 rate en-
hancing polar aprotic solvents (e.g. HMPA, DMSO), primary and
secondary alkyl, benzylic and allylic halides, sulfonate esters (eqs
25 and 26),35a and quaternary ammonium salts36 are reduced
to hydrocarbons. As expected for an SN2-type process, the

order of reactivity is I > Br, RSO3 > Cl.35a In addition, primary
alcohols are reduced to hydrocarbons via in situ conversion to
iodides with Methyltriphenoxyphosphonium Iodide (MTPI) and
subsequent reduction (eq 27).35a,37 On the other hand, the combi-
nations NaBH3CN/Tin(II) Chloride38a or NaBH3CN/ZnCl238b

reduce tertiary, allylic, and benzylic halides but are inert to-
ward primary, secondary, and aryl derivatives (eq 28)38 (see also
Lithium Aluminum Hydride, Lithium Tri-sec-butylborohydride
and Sodium Borohydride).
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O
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O

NaBH3CN
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70 °C
89%

O

Ph
Br

NaBH3CN O

Ph
(26)

HMPA
70 °C
63%

(   )6 (27)HO CN CN(   )5

1. MTPI, HMPA

2. NaBH3CN
          66%

Et

Cl
Et

NaBH3CN

Et

Et

(   )3 (   )3

(28)
SnCl2

94%

In the presence of Boron Trifluoride Etherate, NaBH3CN
reduces epoxides to alcohols39 with attack of hydride at the site
best able to accommodate a carbocation. Epoxide opening occurs
primarily anti (eq 29).39 Acetals are also reduced to ethers by
NaBH3CN in acetic media (eq 30).40

(29)

O OH
OH

+

87% 3%

NaBH3CN

BF3 · Et2O

OMe

OMe NaBH3CN
OMe(   )8

(   )8
(30)

MeOH, HCl
0 °C
80%

Allylic groups that are normally not displaced by hydrides (e.g.
carboxylates, ethers) are effectively activated via Pd0 complexa-
tion to give π-allyl complexes which are reduced by NaBH3CN
to alkenes (eq 31).41
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Pd(PPh3)4, PPh3
NaBH3CN

(31)

O2N

OAc

O2N

THF
80 %

First Update

Matthew L. Crawley
Wyeth Research, Collegeville, PA, USA

Expanded Utility of Sodium Cyanoborohydride. Sodium
cyanoborohydride is a highly chemoselective reducing agent with
reactivity that can be controlled and directed by subtle changes in
reaction conditions. Its primary uses have historically been reduc-
tive aminations,1–10 reduction of imines and derivatives,11–22 re-
ductive deoxygenation,23–27 and reductive cleavage of σ-bonded
functional groups.35–41 While these applications continue to be
reported, the use of NaBH3CN has grown to include an expanded
scope of reducible σ-bonded functional groups, protocols for
direct deoxygenation of aldehydes, ketones, and esters under mild
conditions, participation in radical cyclization reactions, and poly-
mer supported applications. Additionally, in recent years, utiliza-
tion of sodium cyanoborohydride in reductive aminations and
imine reductions has focused on stereoselective methods, work
with compounds containing highly sensitive functional groups,
and testing of biological hypotheses in enzymatic systems.

Reductive Aminations. The selective reactivity profile of
sodium cyanoborohydride for iminium ions over aldehydes
continues to drive the use of this reagent for reductive amina-
tion transformations in the synthesis of drug targets (eq 32).42 As
shown in this reaction, reductive aminations with NaBH3CN are
sensitive to substitution on the amine and compatible with an array
of functional groups.

N

N

NH2

H2N N

H
N

R

N

N

NH2

H2N N

N

Me
R (32)

NaBH3CN, HCHO

CH3CN, conc. HCl
61–80%

Synthesis involving sugar chemistry continues to take advan-
tage of the mildness and selectivity of sodium cyanoborohydride
as well, demonstrated in the synthesis of glucuronides (eq 33).43

A large portion of recent articles featuring NaBH3CN have
reported stereoselective chemistry, such as in the report of
diastereoselective reductive amination of 3-hydroxy ketones
(eq 34).44 In some cases, essentially complete control of diastere-
oselectivity could be obtained. In another example, where a galac-

tose sugar was used as a chiral auxiliary, the synthesis of a chiral
pyrrolidine was achieved (eq 35).45
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syn:anti
up to      98:2
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O
N

OPiv

PivO
PivO

OPiv

(35)

NaBH3CN, AcOH
4A MS, 45%

single diastereomer

Highly conjugated systems, such as a hydrophilic porphyrin,
can be appended to a β-cyclodextrin conjugate system utilizing
excess NaBH3CN as the reducing agent (eq 36).46
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–O3S SO3
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SO3
–H2N

(36)

6-deoxy-6-formyl-β-cyclodextrin

NaBH3CN, H2O, MeOH
 23%

porphyrin–NH–CH2–cyclodextrin
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Applications with sodium cyanoborohydride now include the
synthesis of large molecular entities used in biological testing.
Conjugation of lactose to human serum albumin by reductive
amination (eq 37)47 and carbohydrate conjugation with PEG
amines48 have been added to the array of transformations reported
for NaBH3CN.
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O OH
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O

OH
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OH

O OH

OH

HO

OH

OH

H
N

HSA

NaBH3CN

(37)

H2N–HSA

Sodium cyanoborohydride is selective and stable under
physiological conditions of biological assays and its use has been
reported in work including enzyme mechanism studies49 and in
biology involving substrate deactivation of synthases.50

Polymer-supported sodium cyanoborohydride (PSCBH),51

now available commercially, has become more widely used. It
is stable and effective even in the presence of oxidants, such as
manganese dioxide, shown in this one pot oxidation–reduction
amination protocol (eq 38).52

R1CH2OH R1CH2NHR2 (38)

(a) MnO2, R2NH2, PSCBH

    DCM, 4A MS, reflux

(b) AcOH, 41–80%

Reduction of Imines and Derivatives. Imines are often
reduced with NaBH3CN using Bronsted acids to form the more
reactive iminium ion.11,12 However, since the first report of utiliz-
ing zinc chloride with sodium borohydride,10b the use of Lewis
acids has become common. A hydroamination/reduction series,
where the imine was preformed followed by the addition of
NaBH3CN, highlighted this combination of reagents (eq 39).53

R1 R1 R2 NH2

HN

R1R1

R2

(39)

+
1. Cp*2TiMe2, toluene

2. NaBH3CN, ZnCl2
     MeOH, 25 oC
     78–91% (2 Steps)

Sodium cyanoborohydride has been utilized in C60 chemistry,
illustrated in the dual reduction of an imine and cyclopropane ring
appended to a [60]fullerene (eq 40).54

NaBH3CN reductions often proceed with complete control of
diastereoselectivity if the adjacent chiral groups are sufficiently
large (eq 41)55 or coordinating (eq 42).56 In both reactions high
yield of a single diastereomer was obtained as product.
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R2 R3

Cl Cl
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R2 R3

(42)

NaBH3CN, AcOH

MeOH, rt
71–88%

Nitrogen containing heterocycles can be reduced by NaBH3CN
under acidic conditions.1e Two recent examples involved the
stereoselective reduction of pyrazines to piperazines (eq 43)57 and
pyrazinones to piperazinones (eq 44).58 The effectiveness of the
ongoing use of sodium cyanoborohydride in reduction of cyclic
imine derivatives was demonstrated by these reactions. In both
cases only a single diastereomer of product was detected and iso-
lated.

Reduction of Enamines. The reduction of enamines with
NaBH3CN under acidic conditions proceeds via an iminium ion,
similar to that seen in the reduction of imines.2 Examples, such
as the reduction of an enamine-fulvene to the corresponding
amine target (eq 45)59 and the reduction of the enamino-butenolide
to the expected lactone (eq 46),60 are abundant in the current
literature.
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As with reductive aminations and imine reductions that em-
ploy sodium cyanoborohydride, a significant number of enamine
reductions now are reported to afford products stereoselectively.
Two representative examples include a reduction and subsequent
transformation of a bicyclic enamine (eq 47)61 and the reduction
of a highly functionalized enamine (eq 48).62 In both instances the
reduction proceeded with high (>9:1 ratio) diastereoselectivity.
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NaBH3CN, THF
2N HCl in MeOH

CH2Cl2, –90 °C

>9:1 dr

Reductive Deoxygenation of Aldehydes and Ketones. The
most common procedure to deoxygenate an aldehyde or ketone
with sodium cyanoborohydride has involved in situ generation and
reduction of a tosylhydrazone under acidic conditions.24 While
the targets for deoxygenation have not significantly changed, sev-
eral direct deoxygenation protocols have emerged, including the
combination of NaBH3CN/BF3-OEt2 (eqs 49 and 50)63,64 and
the combination of NaBH3CN/TMSCl (eq 51).65 These reactions,
particularly when TMSCl is used, are highly selective over what
are typically viewed as Lewis acid sensitive functional groups.
While these deoxygenations are high yielding for aldehydes and
ketones, little or no reduction is observed with esters or acids.
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(51)

NaBH3CN, TMSCl
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Lactones, previously not reported as substrates for direct or
indirect deoxygenation reactions, can be deoxygenated by a
NaBH3CN/Bu3SnCl/AIBN combination originally utilized for
the purpose of a radical cyclization reaction (eq 52).66 The
authors reported all three reagents in combination are needed to
observe the deoxygenation of the lactone carbonyl.
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up to 75%
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Radical Cyclization Reactions. Since the first report of a
catalytic tin system used in combination with sodium cyanoboro-
hydride for trapping radicals from cyclization reactions (eq 53),67

its use has seen steady growth. Recent examples, including the
one discussed previously where unexpected lactone reduction
occurred (eq 52),66 have focused on regioselective (eq 54)68 and
stereoselective (eq 55)69 cyclizations. It has been postulated that
the role of NaBH3CN in these reactions is to maintain a low con-
centration of tin hydride and thus maintain the turnover of the
catalytic cycle.
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46–92%, >95:5 dr

1,4-Reductions. Reduction of other π-bonded functional
groups, including 1,4-type reductions of olefins activated by
ketones and esters, continue to be reported with NaBH3CN.32

The new applications push the limit of sodium cyanoborohydride
in terms of functional group compatibility and selectivity; a
representative example of this type of process was reported in
the stereoselective reduction of a highly functionalized natural
product derivative (eq 56).70
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Reduction and Replacement of σσσ-Bonded Functional
Groups. More than three decades have elapsed since the use of
NaBH3CN in combination with Me3SnCl was reported for the
selective catalytic dehalogenation of alkyl iodides (eq 57).71 Since
that time the application of sodium cyanoborohydride to reduce
σ-bonded functional groups, including other halides, alcohols, and
epoxides in an SN2-type process has been widely reported.35–41

The scope of functional groups that could be reduced by this
method was recently expanded by the report of reductive decya-
nation of aminonitriles with a NaBH3CN/Hg(O2CCF3)2 combi-
nation (eq 58).72
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There have been a significant number of reports of the reduc-
tive removal of alcohols and ethers from hemiacetals (eq 59),73

hemiacyliminals (eq 60),74 and acetals (eqs 61 and 62).75,76 These
reactions employ a variety of Lewis acids that are best suited for
the activation of the σ-bonded leaving group. In many cases the
processes are both high yielding and diastereoselective. Either the
ether/amide products (eqs 59, 60 and 62) or the alcohol products
(eq 61) can be isolated from these reactions.
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Another example of acetal cleavage that utilized a mild Lewis
acid is the cleavage of a chiral acetal to a differentially protected
diol product (eq 63).77 In this example the ether and the alcohol
generated are tethered together and are thus both isolated. Addi-
tionally, the silyl chloride serves the dual role as the acid catalyst
and a trapping group for the resulting alcohol. A similar tethered
system gave high yield in the reductive opening of iminocyclitol
derivatives catalyzed by acetic acid (eq 64).78
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A new method to reduce 2,3-epoxy alcohols and vinylic epox-
ides in a regioselective and stereoselective manner was reported
using a combination of NaBH3CN and a zeolite (H-ZSM-5) cata-
lyst (eq 65).79 This represents a new and significantly more mild
method of reductive epoxide opening than the combination of
NaBH3CN/BF3-OEt239 or NaBH3CN/MeOH–HCl40 as the ac-
tive reducing agent.
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Sodium Hexamethyldisilazide1

NaN(SiMe3)2

[1070-89-9] C6H18NNaSi2 (MW 183.42)
InChI = 1/C6H18NSi2.Na/c1-8(2,3)7-9(4,5)6;/h1-6H3;/q-1;+1/

rC6H18NNaSi2/c1-9(2,3)7(8)10(4,5)6/h1-6H3
InChIKey = WRIKHQLVHPKCJU-JSJAVMDOAQ

(useful as a sterically hindered base and as a nucleophile)

Alternate Names: NaHMDS; sodium bis(trimethylsilyl)amide.
Physical Data: mp 171–175 ◦C; bp 170 ◦C/2 mmHg.
Solubility: soluble in THF, ether, benzene, toluene.1

Form Supplied in: (a) off-white powder (95%); (b) solution in
THF (1.0 M); (c) solution in toluene (0.6 M).

Analysis of Reagent Purity: THF solutions of the reagent
may be titrated using 4-phenylbenzylidenebenzylamine as an
indicator.2

Handling, Storage, and Precautions: the dry solid and solutions
are flammable and must be stored in the absence of moisture.
These should be handled and stored under a nitrogen atmo-
sphere. Use in a fume hood.

Original Commentary

Brett T. Watson
Bristol-Myers Squibb Pharmaceutical Research Institute,
Wallingford, CT, USA

Introduction. Sodium bis(trimethylsilyl)amide is a syntheti-
cally useful reagent in that it combines both high basicity3 and
nucleophilicity,4 each of which may be exploited for useful or-
ganic transformations such as selective formation of enolates,5

preparation of Wittig reagents,6 formation of acyl anion equi-
valents,7 and the generation of carbenoid species.8 As a nucle-
ophile, it has been used as a nitrogen source for the preparation of
primary amines.9,10

Sterically Hindered Base for Enolate Formation. Like other
metal dialkylamide bases, sodium bis(trimethylsilyl)amide is suf-
ficiently basic to deprotonate carbonyl-activated carbon acids5

and is sterically hindered, allowing good initial kinetic vs. ther-
modynamic deprotonation ratios.11 The presence of the sodium
counterion also allows for subsequent equilibration to the ther-
modynamically more stable enolate.5f More recently, this base
has been used in the stereoselective generation of enolates for
subsequent alkylation or oxidation in asymmetric syntheses.12 As
shown in eq 1, NaHMDS was used to selectively generate a (Z)-
enolate; alkylation with Iodomethane proceeded with excellent
diastereoselectivity.12a In this case, use of the sodium enolate was
preferred as it was more reactive than the corresponding lithium
enolate at lower temperatures.

The reagent has been used for the enolization of carbonyl com-
pounds in a number of syntheses.13 For ketones and aldehydes
which do not have enolizable protons, NaHMDS may be used to
prepare the corresponding TMS-imine.14

Generation of Ylides for Wittig Reactions. In the Wittig
reaction, salt-free conditions have been shown to improve (Z):(E)
ratios of the alkenes which are prepared.15 NaHMDS has been
shown to be a good base for generating ylides under lithium-
salt-free conditions.6 It has been used in a number of synthe-
ses to selectively prepare (Z)-alkenes.16 Ylides generated under
these conditions have been shown to undergo other ylide reactions
such as C-acylations of thiolesters and inter- and intramolecular
cyclization.6 Although Wittig-based syntheses of vinyl halides
exist,17 NaHMDS has been shown to be the base of choice for the
generation of iodomethylenetriphenylphosphorane for the stere-
oselective synthesis of (Z)-1-iodoalkenes from aldehydes and ke-
tones (eq 2).18

NO

O

Et

O

i-Pr

NO

O

Et

O

i-Pr

Na

NO

O

Et

O

i-Pr

(1)

79%
99:1 diastereoselectivity

NaHMDS MeI

(2)

I

O

I

96%
(Z):(E) = 62:1

61%

[Ph3PCH2I]+ I– [Ph3PCHI]
NaHMDS

PhCHO

THF

NaHMDS has been shown to be the necessary base for the
generation of the ylide anion of sodium cyanotriphenylphospho-
ranylidenemethanide, which may be alkylated with various elec-
trophiles and in turn used as an ylide to react with carbonyl
compounds.19 NaHMDS was used as the base of choice in a
Horner–Emmons–Wadsworth-based synthesis of terminal conju-
gated enynes.20

Intramolecular Alkylation via Protected Cyanohydrins
(Acyl Anion Equivalents). Although NaHMDS was not the base
of choice for the generation of protected cyanohydrin acyl carban-
ion equivalents in the original references,21 it has been shown to be
an important reagent for intramolecular alkylation using this strat-
egy (eqs 3 and 4).7,22 The advantages of this reagent are (a) that
it allows high yields of intramolecularly cyclized products with
little intermolecular alkylation and (b) the carbanion produced in
this manner acts only as a nucleophile without isomerization of
double bonds α,β to the anion or other existing double bonds in
the molecule. Small and medium rings as well as macrocycles22a

have been reported using this methodology (eqs 3 and 4).



429SODIUM HEXAMETHYLDISILAZIDE

(3)

Cl
CN

OEtO

CN

OEtO
1. H2SO4
2. NaOHNaHMDS

O

61%  85%

(4)

OTs

NC

O
OEt O

1. NaHMDS
    78%

2. NaOH
    81%

Generation of Carbenoid Species. Metal bis(trimethylsilyl)
amides may be used to effect α-eliminations.23 It is proposed that
these nucleophilic agents undergo a hydrogen–metal exchange re-
action with polyhalomethanes to give stable carbenoid species.23b

NaHMDS has been used to generate carbenoid species which have
been used in a one-step synthesis of monobromocyclopropanes
(eqs 5 and 6).23c,d NaHMDS has been shown to give better
yields than the corresponding lithium or potassium amides in this
reaction.

(5)

CH2Br2
NaHMDS

Br

cis:trans = 1.5:1

40%

(6)

CH2Br2
NaHMDS

Br
50%

A similar study which evaluated the use of NaHMDS ver-
sus Butyllithium for the generation of the active carbenoid
species from 1,1-dichloroethane and subsequent reaction with
alkenes, forming 1-chloro-1-methylcyclopropanes, suggested that
the amide gave very similar results to those with n-butyllithium.24

In an initial report, the carbenoid species formed by the treat-
ment of diiodomethane with NaHMDS was shown to react as a
nucleophile, displacing primary halides and leading to a synthe-
sis of 1,1-diiodoalkanes; this is formally a 1,1-diiodomethylene
homologation (eq 7).25 This methodology is limited in that elec-
trophiles which contain functionality that allows facile E2 elim-
ination (i.e. allyl) form a mixture of the desired 1,1-diiodo com-
pound and the iododiene. In the case of Allyl Bromide, addition
of 2 equiv of the sodium reagent allows isolation of the iododiene
as the major product.

(7)
Br

I

R I

RX, THF

NaHMDS
THF

I

1/2

(E):(Z) = 40:60

61–66%

R = Et, Bu, heptyl

83%

CH2I2 [NaCHI2]
–90 °C

Synthesis of Primary Amines. The nucleophilic properties of
this reagent may be utilized in the SN2 displacement of primary
alkyl bromides, iodides, and tosylates to form bis(trimethylsilyl)
amines (1) (eq 8).9a HCl hydrolysis of (1) allows isolation of
the corresponding hydrochloride salt of the amine, which may
be readily separated from the byproduct, bis(trimethylsilyl) ether.
In one example a secondary allylic bromide also underwent the
conversion with good yield.

(8)R N(TMS)2RX  +  NaHMDS

(1) (2)

75%
77%
73%
66%

  99%
  98%
100%
  97%

RNH3Cl  +  (TMS)2O

R
Me
Et
Br

X
I
OTs
Br
Br

Aminomethylation. NaHMDS may be used as the nitrogen
source in a general method for the addition of an aminomethyl
group (eq 9).10 The reagent is allowed to react with chloromethyl
methyl ether, forming the intermediate aminoether. Addition of
Grignard reagents to this compound allows the displacement of the
methoxy group, leaving the bis(trimethylsilyl)-protected amines.
Acidic hydrolysis of these allows isolation of the hydrochloride
salt of the corresponding amine in good yields.

(9)

MeO Cl MeO N(TMS)2

R NH3 Cl–

1. RMgX, Et2O

+

R = Me, 89%; allyl, 76%; Cy, 75%; Ph, 78%; propargyl, 66%

NaHMDS

THF 2. HCl, H2O

First Update

Professor Hélène Lebel
Université de Montréal, Montréal, Quebec, Canada

Synthesis of Sulfinamides. The nucleophilic substitution of
chiral enantiopure sulfinate esters with NaHMDS led to S-O
bond breakage with inversion of configuration at the S atom,
giving quantitative conversion to chiral sulfinamides (eq 10).
Lithium amide in liquid ammonia at −78 ◦C could be also
used, although in some cases such as in the synthesis of (R)-
(+)-p-toluenesulfinamide higher ee’s were observed when using
NaHMDS.26

N-Alkylation of Aryl Amines. Various aryl amines and
aminopyridines have been reacted with di-t-butyldicarbonate in
the presence of 2 equiv of NaHMDS in THF to lead to the corre-
sponding Boc-protected amines in high yields.27 A series of ani-
lines were treated with 1.5 to 2.0 equiv of NaHMDS and reacted
with the appropriate esters or lactones to give the corresponding
N-aryl amides in 88–99% yields (eq 11).28 No diminution of the
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reaction rate was observed with sterically hindered esters and the
method could be applied to the preparation of N-aryl amides con-
taining functional groups that are incompatible with strong bases
such as n-BuLi. The reaction with alkyl amines was not efficient
as the mechanism involved the formation of the corresponding
sodium amide, and NaHMDS is strong enough to deprotonate
aryl amines, but not alkyl amines.

Me

S
H2N

O

Me

S
O

ONH
MesO2S

1. NaHMDS/THF

    −78 °C to rt

(10)

2. H2O, 0 °C

85%
99% ee

NH

R2

R1

N

R2

O

R3

R1
(11)

R1 = H, F, Br, I, OMe, CF3, PhCO

R2 = H, Me

R3 = H, alkyl, aryl

R4 = Me, Et, t-Bu

88−99%

1. NaHMDS/THF
    0 °C to rt

2. R3COOR4

Palladium-catalyzed ααα-Arylation of Carbonyl Compounds
and Nitriles. A variety of bases have been used in the palladium-
catalyzed α-arylation of carbonyl derivatives.29,30 The pKa of the
carbonyl moiety determines the choice of the base. For instance,
α-arylation with ester derivatives requires the use of strong bases
such as NaHMDS.31 The best yields for the arylation of t-butyl
acetate were reported with LHMDS, whereas the arylation of
t-butyl propionate occurred in higher yields in the presence of
NaHMDS (eq 12).32

It was shown later that LiNCy2 could also be very effective for
this reaction.33 More sensitive substrates such as α-imino esters,34

malonates, or cyanoesters35 required the use of a milder base, as
decomposition was observed with NaHMDS.

However, NaHMDS was used with success in nickel–BINAP-
catalyzed enantioselective α-arylation of α-substituted γ-butyro-
lactones (eq 13). Coupled with an accelerating effect of Zn(II)

salts, α-quaternization is achieved with high enantioselectivities
and moderate to excellent yields.36

N N

i-Pr

i-Pr

i-Pr

i-Pr
BF4

−

Pd(dba)2 (0.5 mol %)
(0.5 mol %)X

O-t-Bu

O

O-t-Bu

O
R

X = Br, Cl 
R = H, 2-Me, 2,4,6-Me,
       4-OMe, 4-CF3

(12)

NaHMDS (2.2 equiv)
Toluene

71−88%

+R

O

O

R1
X

R2+

O

O
R1 R2

Ni(COD)2 (5 mol %)

(S)-BINAP (8.5 mol %)

R1 = Me, Bn, Allyl, n-Pr

X  = Br, Cl 

R2 = H, 3-NMe2, 4-OTBS, 4-t-Bu, 3-OMe, 4-OMe, 4-CF3,

        2-napthyl, 3-CO2t-Bu, 4-CO2t-Bu

(13)

NaHMDS (2.3 equiv)

ZnBr2 (15 mol %)

Toluene, THF, 60 °C

57−95%
90−99% ee

Sodium t-butoxide is usually used in palladium-catalyzed
ketone arylations. However, this base was incompatible with
aryl halides substituted with an electron-withdrawing group.
Replacement by NaHMDS led to α-aryl ketones in good yields
(eq 14).37

Finally, the α-arylation of nitrile derivatives was also reported
using NaHMDS (eq 15).38

Transition Metal-catalyzed Allylic Alkylation. Simple
ketone enolates were found to be suitable nucleophiles for palla-
dium-catalyzed allylic alkylations.39 The palladium-catalyzed
asymmetric allylic alkylation of α-aryl ketones will take place in
the presence of NaHMDS and allyl acetate to produce the desired
α,α-disubstituted ketone derivative in high yields and ee (eq 16).40

Synthesis of 1-Bromoalkynes. The dehydrobromination of
1,1-dibromoalkenes leading to 1-bromoalkynes was usually per-
formed with NaHMDS (eq 17).41 In comparison, stronger bases
such as butyllithium led to the corresponding acetylide anion via
a metal-halogen process.42
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O Cl
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O
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NH HN
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NaHMDS (1.1 equiv)/DME, 0 °C

[allylPdCl]2 (2.5 mol %)

(16)

77−95%
83−92% ee

+

(5 mol %)

R
Br

Br

R Br
NaHMDS (1 equiv)

(17)

86−98%

THF, −100 °C

Synthesis of Cyclopropene. When allyl chloride was dropped
into a solution of NaHMDS in toluene at 110 ◦C, cyclopropene
could be isolated in a trap/ampoule at −80 ◦C in 40% yield and
>95% purity (eq 18).43

Cl
NaHMDS (1.1 equiv)

(18)

40%
Toluene, 110 °C

Deprotection of Alkyl Aryl Ether. Both NaHMDS and LDA
can act as efficient nucleophiles in O-demethylation reactions
(eq 19).44 The reaction is run in a sealed tube at 185 ◦C in a mix-
ture of THF and 1,3-dimethyl-2-imidazolidinone (DMEU). This
synthetic strategy is applicable to methoxyarenes, including ben-
zene, naphthalene, anthracene, biphenyl, and pyridine, which bear
either an electron-withdrawing or an electron-donating group, in
addition to being efficient with benzodioxoles that lead to the
corresponding catechols in excellent yields. As the activity of
NaHMDS is lower than that of LDA, mono-O-demethylation of
o-dimethoxybenzenes could be accomplished only with the
former.

OMe

R

OH

R

NaHMDS/THF, DMEU
(19)

185 °C (sealed tube)

R = Me, OMe, OPh, CN 80−90%

Synthesis of Aromatic Nitriles from Esters. A one-flask
method has been developed for the conversion of aromatic esters
to the corresponding nitriles by use of NaHMDS in a sealed tube at
185 ◦C in a mixture of THF and 1,3-dimethyl-2-imidazolidinone
(DMEU) (eq 20).45 The transformation proceeded with good to
excellent yields. The synthetic strategy is only applicable to aro-
matic esters that bear an electron-donating substituent such as
hydroxy or methoxy. In the latter case, competitive O-demethyla-
tion is observed, thus leading to a mixture of nitrile products. The
reaction has been also applied to indole-3-carboxylate. However,
simple unsubstituted methyl benzoate failed to give the desired
product.

CO2R1

R2O

CN

R2O

NaHMDS/THF, DMEU
(20)

185 °C (sealed tube)

R1 = Me, Et

R2 = H, Me

83−93%

Deprotonation of Alkynes. NaHMDS is a base strong enough
to deprotonate terminal alkynes. It has been particularly useful
for the condensation of alkyne anions with aldehydes, both inter-
molecularly (eq 21)46 and intramolecularly (eq 22).47

N

OTBDPS

O
O

N

OTBDPS

O
O

OH (21)NaHMDS, MeCHO

THF, −78 °C

86%
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CHO NaHMDS

OH

THF, −10 °C

(22)

54%

In a tandem cyclization of propynyloxyethyl derivatives,
NaHMDS is as efficient as LDA or KHMDS (eq 23).48 This
cyclization proceeded through the formation of an alkyne metal,
followed by a cyclization which led to a carbenic species that
underwent an intramolecular C-H insertion.

Ph

O
O

Cl

O2
S

NaHMDS
O

Ph

H

THF, rt
(23)

71%
93:7

Enantioselective Oxidation with (Camphorsulfonyl) Oxazi-
ridines. The synthesis of 2-substituted-2-hydroxy-1-tetralones
from 2-substituted-1-tetralone sodium enolates, obtained from the
corresponding ketones and NaHMDS, proceeded with high enan-
tioselectivities in the presence of (+)-(2R,8aR*)-[(8,8-dichloro-
camphoryl)sulfonyl]oxaziridine (eq 24).49

Cl
Cl

N

OS
O2

NaHMDS
−78 °C

O

Me

O

Me
OH

(24)

66%, >95% ee

A similar strategy was used to prepare α-hydroxy phosphonates
and the highest selectivity was observed when NaHMDS was used
as a base (eq 25).50,51

Cl
Cl

N

OS
O2

Ar P(OMe)2

O
NaHMDS Ar P(OMe)2

O

OH

−90 °C

(25)

54−72%
80−83% ee

Deprotonation of Trimethylsilyldiazomethane. Treatment
of trimethylsilyldiazomethane with NaHMDS led efficiently to
the formation of the corresponding sodium ion. Ring opening of
N-carboxylated β-lactams with this anion followed by photolytic
Wolff rearrangement provided γ-lactams in very good yields
(eq 26).52

N

R1 R2

O CO2R3

R1 R2

NHCO2R3O

N2

PhH

UV
NCO2R3

R1 R2

O

THF,  −78 °C

(26)

44−82%

62−82%

1. TMSCHN2, NaHMDS

2. H2O

Deprotonation of Tosylhydrazones. The deprotonation of
tosylhydrazones with NaHMDS provides the corresponding
sodium salts very efficiently. The formation of allylic alcohols
from sugar hydrazones was accomplished when NaHMDS was
combined with LiAlH4 (eq 27).53

O
O

R2

R1 N
NHTs

NaHMDS

LiAlH4

R1

OH

R2
(27)

Tosylhydrazone salts could also be decomposed into the corre-
sponding diazo compounds in the presence of a phase transfer cat-
alyst. The addition of late transition metal complexes leads to the
formation of metal carbenoid species which undergo various re-
actions such as cyclopropanation, aziridination, epoxidation, and
C-H insertion.54,55 While both cyclopropanation and aziridina-
tion work equally well in the presence of the sodium and lithium
tosylhydrazone salts, it was established that the sodium salt pro-
vided higher yields and selectivities in the reaction with aldehydes
which led to the formation of epoxides (eq 28).56,57

1. MHMDS/THF, −78 °C
2. Cu(acac)2 (5 mol %), 40 °C

S

p-ClC6H4CHO, BnEt3NClPh N

H
N

Ts
p-ClC6H4

Ph

O
(28)

M = Li,   54%
M = Na,  73%

, CH3CN

Most tosylhydrazone sodium salts could be usually isolated
from the reaction of the corresponding tosylhydrazones with
sodium methoxide. However, a number of more functionalized
hydrazone sodium salts, such as those derived from alkenyl aryl
sulfonylhydrazones, ketone sulfonylhydrazones, and trimethylsi-
lylacrolein sulfonylhydrazones, could not be isolated and an in
situ salt generation procedure using NaHMDS was developed. A
mixture of the desired hydrazones and NaHMDS was stirred at
−78 ◦C then concentrated down before the addition of rhodium
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acetate, tetrahydrothiophene, BnEt3NCl, and the aldehyde to pro-
duce the required epoxide in high yields (eq 29).

R2 N

H
N

Ts

R1

S

R3

O

R1

R2

1. NaHMDS/THF, −78 °C

(29)

2. Rh2(OAc)4 (1 mol %), 40 °C

76−90%
2:1−1:1 (trans:cis)

R3CHO, BnEt3NCl

Generation of Phosphorus Ylides and Phosphonate
Anions. NaHMDS is the most utilized base for the deprotonation
of a variety of phosphonium salts to generate the corresponding
ylides, which then undergo Wittig reaction with a carbonyl com-
pound. More recently, it was shown that such a base is compatible
with a variety of other systems. For instance, it was shown that
allenes and dienes could be prepared, respectively, from aromatic
and alicyclic aldehydes when reacted with (Me2N)3P=CH2 in
the presence of 4 equiv of NaHMDS and titanium trichloride iso-
propoxide (eqs 30 and 31).58,59

Ar
•

H

ArH
TiCl3Oi-Pr

1. (Me2N)3P=CH2 + 4 equiv NaHMDS
(30)

2. ArCHO

40−69%

CHO
2.

TiCl3Oi-Pr

H
H

1. (Me2N)3P=CH2 + 4 equiv NaHMDS

(31)

85%
E:Z = 7.9:1

This strategy has also been applied to the one-pot double
deoxygenation of simple alkyl- and polyether-tethered aromatic
dialdehydes to give macrocyclic allenes in high yield without the
need for slow-addition techniques.60

NaHMDS was also used for the generation of chloroallyl phos-
phonamide anion, which could further be added to oximes to yield
a variety of cis-disubstituted N-alkoxy aziridines in enantiomer-
ically pure form (eq 32).61 Oxidative cleavage of the chiral aux-
iliary followed by derivatization of products led to the formation
of enantiopure N-alkoxy aziridines.

The preparation of Z-α,β-unsaturated amides by using Hor-
ner–Wadsworth–Emmons reagents, (diphenylphosphono)aceta-
mides, has been recently reported.62 High Z:E ratios were
observed with aromatic aldehydes and potassium t-butoxide,
whereas the best Z-selectivities for aliphatic aldehydes were ob-
tained when NaHMDS was used as base (eq 33).

N
P

N O

Cl

Me

Me
R1O2C

N
OR2

NaHMDS

N

CO2R1

OR2

HON
P

N O
Me

Me
N

CO2R1

OR2

(32)

+
THF, −78 °C

1. O3/DCM

    EtOH, −78 °C

2. NaBH4, 0 °C

46−72%

74−94%

R3

CONR1R2
(33)

1. NaHMDS/THF

2. R3CHO

90−94%
Z:E = 85:15 to 94:6

(PhO)2P(O)CH2CONR1R2

The electrophilic fluorination of benzylic phosphonates has
been reported and the optimal reaction conditions involved the
use of 2 equiv of NaHMDS and 2.5 equiv of N-fluorobenzene-
sulfonimide.63

New semi-stabilized ylides such as PhCH=P(MeNCH2-
CH2)3N have been prepared from RCH2P(MeNCH2CH2)3N
employing various bases: NaHMDS, KHMDS, LDA, t-BuOK.64

The reaction of such ylides with aldehydes provided alkenes in
high yield with quantitative E-selectivity (eq 34). Although the
E-selectivity is maintained despite the change in the metal ion
of the ionic base, NaHMDS furnished usually the highest selec-
tivities.

R H

O

+

Br

R
Ph

NaHMDS/THF

(34)

>99:1, (E:Z)

 0 °C to rt

86−94%

PhCH2P(MeNCH2CH2)3N

Generation of Sulfur Ylides: Julia Olefination and Related
Reactions. Deprotonation at a position α to a sulfone group is
effected using a strong lithium base, typically n-butyllithium,
LDA, or LiHMDS, to give an anion that then reacts with an alde-
hyde or ketone leading to the corresponding β-hydroxy sulfone.
There are, however, few examples that used NaHMDS as the base.
For instance, in the synthesis of curacin A, condensation of the
requisite sulfone and aldehyde in the presence of NaHMDS led to
the corresponding hydroxy sulfone, which was further elaborated
to the desired diene (eq 35).65

The β-hydroxy imidazolyl sulfone derivatives were readily pre-
pared from imidazolyl sulfones and aldehydes in the presence of
NaHMDS (eq 36).66

The reductive elimination reaction of the β-hydroxy imidazolyl
sulfone derivatives with sodium amalgam or samarium diiodide
provided mainly the desired E-alkenes in good yields.

More recently, the ‘modified’ Julia olefination, which employed
certain heteroarylsulfones instead of the traditional phenylsul-
fones, has emerged as a powerful tool for alkene synthesis.67

Although the reaction was first reported with LDA, bases such



434 SODIUM HEXAMETHYLDISILAZIDE

as LHMDS, NaHMDS, and KHMDS are now commonly used.68

In addition, solvent as well as base countercation have been shown
to markedly affect the stereochemical outcome of the olefination
reaction. For instance, it was shown that the E-isomer was major
when benzothiazoylsulfone (1) and cyclopropane carboxaldehyde
(2) were reacted with NaHMDS in DMF, whereas the Z-isomer
was obtained in the presence of NaHMDS in either toluene or
dichloromethane (eq 37).69

SO2Ph

OTBS

OHC

N
O

Boc

OTBS
N

O
Boc

+

(35)

1. NaHMDS/THF, −78 °C

2. BzCl/THF, −78 to 20 °C

3. Na(Hg) 5%, Na2HPO4

    MeOH, −20 °C

71%
3:1 (E:Z)

R1
O2
S

N

N

Me

R1

R2 (36)
1. NaHMDS/THF, −78 °C

2. R2CHO
3. SmI2/THF 55−84%

The former reaction conditions were used for the synthesis of
E-polycyclopropane alkene (3), a precursor to the natural product
U-106305 (eq 38).
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1. NaHMDS/DMF, −60 °C (66%)

2. Deprotection

(39)

S S

N

O O

TIPSO
H

O

21

+

TIPSO

TIPSO

1:10NaHMDS, CH2Cl2

+

NaHMDS,  DMF 3.5:1

E Z

1:10NaHMDS, Toluene

(37)

Conditions                                       E:Z

S S

N

O O

HO

H
TIPSO

O

+

(E)-3

1. NaHMDS, THF, DMF, −78 °C

(E:Z, 4:1)

(38)

2. TBAF, THF
                92% (2 steps)
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A similar strategy was used for the final coupling in a synthesis
of okadaic acid, which involves an olefination reaction (eq 39).70

More recently, the same reaction conditions have been used for
the preparation of another cyclopropyl alkene fragment in the total
synthesis of ambruticin S (eq 40).71

O

OTBS

OTBS

H

O

CO2Me

OTBS

Me

H

HO2
SN

S

+

OTBS

Me

H

H

O

CO2Me

OTBS

OTBS

H

(40)
NaHMDS/DMF

−50 °C to rt

2.6:1 (E:Z)

The synthesis of fluoroalkene derivatives has recently been dis-
closed using 2-(1-fluoroethyl)sulfonyl-1,3-benzothiazole in the
presence of various aldehydes and ketones.72,73 Either NaHMDS
or t-BuOK could be used as a base.

1-Phenyl-1H-tetrazol-5-yl sulfones were introduced as another
alternative to phenyl sulfones, which led to alkenes in a one-pot
procedure from aldehydes. Usually the highest selectivities are
obtained while using KHMDS, although higher yields are ob-
served with sodium hexamethyldisilazide.74 For instance, alkene
4 was obtained in 100% yield and an 84:16 E:Z ratio with
NaHMDS, whereas the use of KHMDS led to the same product
with 59% yield and a 99:1 E:Z ratio (eq 41).

S
O2

NN
N

N

Ph CHO

NaHMDS: 100%; 84:16 (E:Z)
KHMDS: 59%; 99:1 (E:Z)

4

(41)

+
DME

−55 °C to rt

More recently, this strategy has been used to construct the dou-
ble bond of strictifolione.75 The use of NaHMDS led to forma-
tion of a mixture (4:1) of isomeric E- and Z-alkenes in 34% yield
(eq 42).

It was shown that E,Z-dienes could be synthesized from α,β-
unsaturated aldehydes and 2-pyridyl sulfones with good yields and
selectivities.76,77 NaHMDS and KHMDS were equally effective
in promoting this condensation (eq 43).

Finally, sulfonium ylides could be generated from the corre-
sponding salt and NaHMDS. When reacted with imines, sulfo-
nium ylides furnished the corresponding aziridines in high yields
and selectivities (eq 44).78
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THF, −60 °C
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54%, 91:9 (E,Z:E,E)
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O
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Ph2S SiMe3

ClO4

N

Ar

PPh2O

SiMe3

(44)

1. NaHMDS/THF, −100 °C

72−94%
85:15 to 99:1 (cis:trans)

Generation of Bismuthonium Ylides. The use of NaHMDS
as base to deprotonate bismuthonium salts has been reported.
Higher yields for the subsequent condensation were usually
obtained when using NaHMDS compared to potassium t-butoxide
(eq 45).79

BF4

Ph3Bi
R

O

OO

NaHMDS Ph3Bi
R

O

OHO

OR

(45)

THF, −78 °C

35−67%

Related Reagents. Lithium Hexamethyldisilazide; Potassium
Hexamethyldisilazide.
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Sodium Hydride1

NaH

[7646-69-7] HNa (MW 24.00)
InChI = 1/Na.H/rHNa/h1H
InChIKey = MPMYQQHEHYDOCL-RVEWWXDUAC

(used as a base for the deprotonation of alcohols, phenols, amides
(NH), ketones, esters, and stannanes; used as a reducing agent for

disulfides, disilanes, azides, and isoquinolines)

Physical Data: mp 800 ◦C (dec); d 1.396 g cm−3.
Solubility: decomposes in water; insol all organic solvents; insol

liq NH3; sol molten sodium.
Form Supplied in: free-flowing gray powder (95% dry hydride);

gray powder dispersed in mineral oil.
Handling, Storage, and Precautions: the dispersion is a solid

and may be handled in the air. The mineral oil may be removed
from the dispersion by stirring with pentane, then allowing the
hydride to settle. The pentane/mineral oil supernatant may be
pipetted off, but care should be exercised to quench carefully
any hydride in the supernatant with a small amount of an alcohol
before disposal. The dry powder should only be handled in an
inert atmosphere.

Sodium hydride dust is a severe irritant and all operations
should be done in a fume hood, under a dry atmosphere. Sodium
hydride is stable in dry air at temperatures of up to 230 ◦C
before ignition occurs; in moist air, however, the hydride rapidly
decomposes, and if the material is a very fine powder, sponta-
neous ignition can occur as a result of the heat evolved from the
hydrolysis reaction. Sodium hydride reacts more violently with
water than sodium metal (eq 1); the heat of reaction usually
causes hydrogen ignition.

(1)NaH  +  H2O NaOH  +  H2

Original Commentary

Robert E. Gawley
University of Miami, Coral Gables, FL, USA

Introduction. The following is arranged by reaction type:
NaH acting as a base on oxygen, nitrogen, germanium/silicon,
and carbon acids, and as a reducing agent.

Oxygen Acids (Alcohol Deprotonation). Sodium hydride
may be used as a base in the Williamson ether synthesis in neat
benzyl chloride,2 in DMSO,3 or in THF (eq 2).4 Phenols may also
be deprotonated and alkylated in THF.4b

(2)Ph3COH  +  NaH  +  MeI
THF

85%
Ph3COMe

Curiously, tertiary propargylic alcohols may be alkylated in
preference to either axial or equatorial secondary alcohols, using
sodium hydride in DMF (eq 3).5

HO

H

HO

H

H H

HO

H

MeO

(3)

H

H H5

1. 2 equiv NaH 
    DMF

2. MeI (excess)
3

C-5β (C-3 axial): 91%
C-5α (C-3 equatorial): 93%

Sodium hydride in DMF is also used to deprotonate carbohy-
drate derivatives, for methylation or benzylation (eq 4).6

O
O OPh

OMeHO
HO

O
O OPh

OMeMeO
MeO

79%

(4)
1. NaH, DMF

2. MeI

Unstable benzyl tosylates may be made by deprotonation of
benzyl alcohols and acylation with p-Toluenesulfonyl Chloride
(eq 5).7

(5)

1. NaH, ether
    reflux, 15 h

2. p-TsCl
    –70 to 25 °C

80%

PhCH2OH PhCH2OTs

An interesting conformational effect is seen when p-t-butylcalix
[4]arene is tetraethylated. When Potassium Hydride is used as the
base, the partial cone conformation predominates (i.e. one of the
aryl groups is inverted), whereas with sodium hydride, the cone
is produced exclusively (eq 6).8

(6)

OH OH

t-Bu

OH

t-Bu t-Bu

OH

t-Bu t-Bu

OEt OEt

t-Bu

OEt

t-Bu

OEt

t-Bu
EtI

NaH

DMF or MeCN

cone

Deprotonation of vinylsilane-allylic alcohols using sodium hy-
dride in HMPA is followed by an ‘essentially quantitative’ C → O
silicon migration (eq 7).9

OH

TMS

OTMS

HNaH (catalytic)

HMPA
>95%

(7)

Nitrogen Acids. Sodium hydride in DMSO, HMPA, NMP, or
DMA assists the transamination of esters (eq 8).10

N

CO2Et NH2

N

(8)
NH

O

NaH

DMSO
85%

+

Acyl amino acids and peptides may be alkylated on nitrogen us-
ing sodium hydride, with no racemization (eq 9).11 A slight change
of reaction conditions allows simultaneous esterification.12
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BnO N
H

CO2H

O

H
BnO N CO2H

O

H

(9)

Me

1. 3 equiv NaH
2. 8 equiv MeI 

THF–DMF (10:1)

A similar intramolecular alkylation has been used to make β-
lactams (eq 10).13

SNPh

O

N
O H

Cl

CO2Me

SNPh

O

N
O

MeO2C

NaH, CH2Cl2

DMF
82%

(10)

Germanium/Silicon Acids. Germanium–hydrogen and
silicon–hydrogen bonds are quantitatively cleaved with sodium
hydride in ethereal solvents (eq 11).14

(11)R3XH  +  NaH
DME

>95%

R = Bu, Ph; X = Si, Ge

R3XNa

Carbon Acids. Active methylene compounds, such as mal-
onates and β-keto esters, can be deprotonated with sodium
hydride and alkylated on carbon (eqs 12 and 13).15 Alkylation
of Reissert anions is also facile with sodium hydride (eq 14).16

OEt

O O

OEt

O O
(12)

Et

1. NaH, DMF

2. EtBr
74%

EtO OEt

O O

EtO OEt

O O

Ph Ph

(13)
Bu

Ph
Ph

1. NaH, DMF

2. BuBr
75%

N
COPh

CN

N
COPh

(14)

1. NaH, DMF
2. PhCH2Cl

3. H2O

Ph
84%

Normally, sodium enolates of ketones alkylate on oxygen. A
‘superactive’ form of sodium hydride is formed when butylsodium
is reduced with hydrogen; superactive sodium hydride is an
excellent base for essentially quantitative deprotonation of
ketones, trapped as their silyl ethers.17 For example, cyclodode-
canone is converted to its enol ether (containing a ‘hyperstable’
double bond) in 92% yield (eq 15).

O

(15)

OTMS
NaH, TMSCl

hexane, 0 °C
92%

More commonly, sodium hydride is used as a base for carbonyl
condensation reactions. For example, Claisen condensations of
ethyl acetate18 and ethyl isovalerate19 are effected by sodium
hydride. Condensations of cyclohexanone with methyl benzoate19

and ethyl formate (eq 16)20 are also facile.21 Sodium hydride can

also doubly deprotonate β-diketones, allowing acylation at the
less acidic site (eq 17).22

O O

(16)OH
NaH, HCO2Et

70–74%

Ph

O O

Ph

O O
(17)

Ph

O
1. 4 equiv NaH

87%

2. PhCO2Et

An undergraduate experiment using sodium hydride involves
the crossed condensation of ethyl acetate and dimethyl phthalate
(eq 18).23 Sodium hydride is also effective as a base in the Stobbe
condensation24 and the Darzens condensation.25 It is also effective
in a stereoselective intramolecular Michael reaction (eq 19).26

CO2Me

CO2Me

ONa

CO2Me

O

(18)
NaH

+   MeCO2Et
54–83%

MeO2C
O

O
MeO2C

O

O

(19)

H

NaH (catalytic)

benzene
90%

The Dieckmann condensation of esters27 and thioesters28 is
mediated by sodium hydride (eq 20). Conditions for the latter are
significantly more mild than for the former, and the yields are
higher.

COXEt

COXEt
O

COXEt
(20)

X = O, NaH, toluene, 45 °C, 65–80%

X = S, NaH, DME, EtSH, 20 °C, 90%

Sodium hydride may be used to cleave formate esters and for-
manilides (eqs 21 and 22).29 The mechanism apparently involves
removal of the formyl proton and loss of carbon monoxide.

(21)BuOCHO  +  NaH
DME

BuONa  +  CO  +  H2
68%

(22)
DME

Ph(Me)NNa  +  CO  +  H2
70%

Ph(Me)NCHO  +  NaH

Dehydrohalogenation with sodium hydride is a means of mak-
ing methylenecyclopropanes (eq 23).30

CO2Et

Br
(23)

CO2Et

NaH

EtOH
60%

Enolate formation apparently accelerates the Diels–Alder cy-
cloaddition/cycloreversion, shown in eq 24, which occurs at room
temperature.31

O

O

O

O

O

OH O

O

(24)
NaH

THF
88%

+
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An unusual cyclization of N-allyl-α,β-unsaturated amides is
mediated by sodium hydride in refluxing xylene (eq 25).32 The
reaction is thought to proceed by intramolecular 1,4-addition of
the dianion shown.

HN

O

N

O

Na
(25)HN

O
NaH

xylene –
70%

Reductions. The sodium salt of trimethylsilane is produced
quantitatively by reduction of hexamethyldisilane with sodium
hydride (eq 26).33

(26)TMS–TMS  +  NaH TMSNa  +  TMSH
>95%

Sodium hydride in DMSO is an effective medium for the
reduction of disulfide bonds in proteins under aprotic conditions.34

When the molar ratio of hydride to 1/2 cystine residues exceeds
2:1, essentially complete reduction of the disulfide bonds of bovine
serum albumin is achieved.

Azides are reduced to amines by sodium hydride, although
the yields are moderate (eq 27).35 Sodium hydride also reduces
isoquinoline to 1,2-dihydroisoquinoline in good yield (eq 28).36

(27)BuN3  +  NaH
39%

BuNH2

N
(28)

N

1. 3–5 equiv NaH, HMPA

2. Ac2O, benzene Ac
77%

First Update

D. David Hennings
Array BioPharma, Boulder, CO, USA

Introduction. This update is arranged by reaction type: NaH
acting as a base on oxygen, nitrogen, sulfur/selenium, and carbon
acids, followed by reductions, deprotection, and debromination.

Oxygen Acids. Alkylations using sodium hydride can be
attenuated depending upon the conditions used. Diaryloxy-
methanes have been prepared using dichloromethane as the
methylenation agent under harsh conditions (>120 ◦C). These
same substrates can be conveniently prepared in very good yields
using sodium hydride with NMP as the solvent at 40 ◦C (eq 29).37

OH

R

NaH, CH2Cl2

NMP, 40 °C

O O

R R

(29)

R = Cl, Me, OMe
       (m- and p-)

92−99% yield

The formation of trichloroacetimidates in the presence of an
Fmoc-protected hydroxyl group was achieved using catalytic

sodium hydride and trichloroacetonitrile without cleavage of the
base-labile Fmoc group (eq 30).38

O
BnO

OBn

OH
NPhth

FmocO

O
BnO

OBn

O
NPhth

FmocO

NH

CCl3
(30)

1. 0.1 equiv  NaH

2. CCl3CN
    97%

Conversion of optically active 1-(benzothiazol-2-ylsulfanyl)-
alkanols to thiiranes can be achieved without racemization by
treatment with sodium hydride in THF at ambient temperature
(eq 31).39

 NaH

THF, rtN

S
S

OH

n-Bu

99% ee

S
n-Bu

64% yield
99% ee

(31)

Addition of alkoxides generated from sodium hydride to imin-
odithiazoles give 4-alkoxyquinazoline-2-carbonitriles (eq 32).40

This reaction generally requires 40 h in refluxing alcoholic sol-
vents. The reaction times can be reduced to a couple of hours using
microwaves, giving similar yields of the desired products.

 NaH
 

 EtOH
 microwave/reflux

 80%

(32)

MeO

MeO CN

N

S S
N

Cl

MeO

MeO
N

N

OEt

CN

Several examples of SNAr reactions using sodium hydride to
generate the necessary alkoxide have been reported. An interest-
ing example of an intramolecular variation was reported using
β-lactams to give the 4-oxa-7-azabicyclo[4.2.0]octane skeleton
(eq 33).41

Selectivity can be achieved using sodium hydride to gener-
ate various alkoxides. In the case of myo-inositol orthoesters,
sulfonylation using sodium hydride as the base led to 4,6-di-
O-sulfonylated products whereas the use of pyridine or triethyl-
amine gave 2,4-di-O-sulfonylated products.42 Coordination of an
alkoxide to metals can also be used to direct facial selectivity
in various types of organometallic processes. In the preparation
of the C(29–40) fragment of pectenotoxin-2, the key step was
alkoxide-directed hydrogenation using a cationic rhodium cata-
lyst (eq 34).43 The use of sodium hydride not only promoted the
selective hydrogenation, it also prevented dehydration of the sub-
strate to the corresponding furan.
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NaH

DME,  rt

N
PMPO

OO2N H

HH
Ph

78% yield

OMePMP =

(33)

N

H
OH

Ph

H

O2N

F

PMPO

MOMO

Me

MOMO

O O

OOSEM

OH

H

MOMO

Me

MOMO

O O

OOSEM

OH

H

H
(34)

Rh catalyst
H2 (800 psi)

NaH, THF
68%

An interesting selectivity between sodium hydride and potas-
sium hydride was observed in the preparation of the macrocyclic
dilactone core of Macroviracin A.44 In both cases, the carboxylic
acid was activated using 2-chloro-1,3-dimethylimidazolinium
chloride followed by addition of the base. Using potassium
hydride as the base led exclusively to monomer cyclization,
whereas sodium hydride gave a 44% yield of the desired dilactone.
Sodium hydride has also been useful in manipulating the paclitaxel
core. Epimerization and subsequent conversion of the C-7
hydroxyl group to the corresponding xanthate using NaH/
CS2/MeI ultimately provided a route to prepare 7-deoxygenated
taxolanalogs.45 Deoxygenation of the C-2 hydroxyl group was
also achieved using similar chemistry (eq 35).46 In this example,
a novel NaH-promoted benzoyl group migration occurs followed
by formation of the C-2 xanthate, which was ultimately deoxy-
genated under standard conditions.

(35)

AcO

OTES

O

AcO
O

BzO

O

HO

O

Ph

NH

OTES

O

Ph
1. NaH

OAc

OTES

O

AcO
O

O

O

BzO

O

Ph

NH

OTES

O

Ph

SMe

S

2. CS2, MeI
       91%

Nitrogen Acids. Sodium hydride can be used to achieve
selective N-alkylation of 2-hydroxycarbazole (eq 36).47

NaH, BuBr

(36)

N
H

OH

N
OH

Bu

THF/DMF
rt, 91%

SNAr reactions have been performed using sodium hydride to
deprotonate various aromatic primary amines and diamines.48 In
the case of 2-aminobezenethiol, the SNAr pathway can be mini-
mized giving good yields of fluorinated 2-substituted phenylben-
zothiazoles (eq 37).49 The choice of solvent is critical to achieving
addition of the aniline anion to the benzonitrile.

(37)

SH

NH2

NaH

N

S F

80−88%

NC

F

(o-, m-, and p-F)

+
THF, 60 °C

The synthesis of α-lactams from α-haloamides can be accom-
plished using t-BuOK or KOH/18-crown-6. Alternatively,
using sodium hydride with 15-crown-5 ether provided the
products in superior yields while reducing the necessary reaction
time (eq 38).50

(38)

NaH
15-crown-5

R = adamantyl (2 h)
R = trityl (1 h)

H
N

O

Br

R
N

O

R

CH2Cl2, rt

Aziridines can readily be prepared by intramolecular cycli-
zation of protected amines with the appropriate electrophilic
functionality. The method of cyclization, the nature of the elec-
trophilic component, and the configuration of the substrate can
lead to different stereochemical outcomes. Using allylic mesy-
lates it is possible to prepare 2,3-trans-2-alkenyl-3-alkylaziridines
(eq 39).51 The cyclization of sulfonyl-protected amino-bromoal-
lenes using sodium hydride gives 2,3-cis-2-ethynylazidiridnes
with good selectivity (eq 40).52 It is interesting to note that the cis
selectivity is only observed with sulfonyl-protected amines. The
use of Boc-protected amines gives little to no selectivity.
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NaH

N

Ms

HH

Me

93% yield
100:0 trans selectivity

OMs

NH
Ms

(39)
DMF, 0 °C

•

H

Br
Ph

NH
Ts

NaH

N

Ms

HH

Ph

88% yield
89:11 cis selectivity

(40)DMF, 0 °C

Aziridination of unsaturated ketones can be achieved directly
using sodium hydride in conjunction with N,N′-diamino-1,4-
diazoniabicyclo[2.2.2]octane dinitrate (eq 41).53 This reaction
proceeds through a nitrogen-nitrogen ylide. The ylide undergoes
Michael addition followed by cyclization of the resulting enolate
and expulsion of the tertiary amine.

N
N

NH2

H2N

PhPh

NH
O

2NO2

95%

O

PhPh

(41)

NaH
+

i-PrOH, PhH

Urethanes can be deprotonated with sodium hydride, and with
the assistance of silver triflate, can perform intramolecular allylic
displacements to give bicyclic structures (eq 42). This method was
employed in the stereoselective formal synthesis of palustrine.54

NaH
 AgOCOCF3

HN

O
O

OH

H
Cl N

O
O

OH

HH
(42)

THF, rt
72%

Conjugate addition of amines can be useful in cascade sequ-
ences. The addition of secondary propargylic amines have been
used in conjunction with palladium catalysis to generate highly
functionalized pyrrolidines (eq 43).55 The sequence involves con-
jugate addition followed by carbopalladation using an aryl halide.
This method has also been used with proargylic alcohols to gen-
erate 2,3-disubstituted furans.56

Electrophilic amination can be achieved using hydroxylamine-
based ammonia equivalents. The preferred conditions for this
transformation utilize sodium hydride in dioxane. Addition of the
anion to O-(p-nitrobenzoyl)hydroxylamine (NbzONH2) gener-
ates the N-amino-2-oxazolidinone (eq 44).57 Although the amino
compound can be isolated, typically the product is converted to
the more stable hydrazone.

NaH
 PdCl2(PPh3)2

N
N

CO2Me
CO2Me

Me

Ph

PhI

N

CO2MeMeO2C

N
H

Me

(43)

75%

++
THF/DMSO

NO2

O

OH2N

PhCHO

N

O
O

Bn

NPh

NbzONH2 =

80%

HN

O
O

Bn

N

O
O

Bn

H2N

(44)

NaH
 NbzONH2

dioxane, 60 °C

Selenium/Sulfur Acids. A strong base such as sodium hy-
dride is not normally needed to facilitate alkylation of thiols. How-
ever, it was necessary to use sodium hydride for the alkylation of
5-bromo-D-pentano-1,4-lactones (eq 45).58 The base typically
employed for this transformation (NaOMe) is not compatible with
the lactone functionality.

NaH

82−95%

(45)RSH

O O

OHHO

Br O O

OHHO

RS

+

R = hexyl, octyl, decyl, and dodecyl

THF/DMSO, rt

The method used to prepare phenyl selenide can have a pro-
nounced effect on the selectivity of the reagent. It was observed
that Michael addition or acetate displacement could be selec-
tively achieved by changing the method of preparation of phenyl
selenide.59 In the illustrated case, the reagent prepared using
sodium hydride gave the conjugate addition product (eq 46).

Me
H

AcO

O

OC

CO2Me
O

OAc

H

Me
H

AcO

O

OC

CO2Me
O

OAc

H

SePh

(46)

NaH
PhSeH

CH2Cl2, rt
98%
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Carbon Acids. One of the more common uses of sodium
hydride is the deprotonation of activated methylene compounds
to generate highly reactive carbanions. A shuttle-deprotonation
system has been described in which sodium hydride is the
stoichiometric base and is used in conjunction with a crown ether
cocatalyst to generate ketenes used in asymmetric catalysis.60

Enaminones can be converted to naphthyridinones using sodium
hydride in THF (eq 47).61

NR1

R2

O

N

R5Cl

NR1

R2

O

N
R5

O R3

R4

(47)

30−80%
R1 = H; R2 = Cl, F; R3 = Me, Ph

R4 = H, Ph; R5 = H, alkyl, Ph

THF, reflux

NaH

R4 O

R3

Lactams62 and ketones63 have been enolized using sodium
hydride and have subsequently undergone intramolecular alky-
lation and acylation on the oxygen atom (eqs 48 and 49).

NaH

NMeO

N
O

NMeO

N
O

Br

(48)

DMF, 0 °C
75%

NaH

(49)

O

MeN

Me

OS

MeO

Me
Ph

O

O

S Me

Ph

O

MeO

THF, rt
85%

A general route to pyrroles has been developed using iso-
cyanides with sodium hydride in the presence of Michael accep-
tors. The reagents tosylbenzyl isocyanide (TosBIC)64 and tosyl-
methyl isocyanide (TosMIC)65 have been the preferred reagents
in these transformations (eq 50). Pyrroles have also been pre-
pared using sodium hydride in conjuction with β-carbonyl-O-
methyloximes via alkylation followed by intramolecular Michael
addition.66

NaH

(TosMIC)

S
O O

N

C

X

O

TBSO

HN

X = O (87%)
X = NBoc (97%)

(50)

X

O

TBSO

+
DMSO/Et2O

A novel approach to aziridines employs the use of sodium
hydride in DMSO with dichloroazetidines (eq 51).67 The choice
of DMSO is critical in obtaining the desired product. This trans-
formation is proposed to go through a highly strained 2-azetine.

NaH

N

O

R2 R1

46−59%

(51)

N

Cl

Cl

R2

R1

R1 = H, Me, OMe, F

R2 = i-Pr, Cy

DMSO, 80 °C

It is possible to oxidize the carbon center of enolates generated
using sodium hydride. This transformation is assumed to occur
by addition of the enolate to traces of O2 present in the solvent.68

The oxidation of a carboxylated tetrahydroisoquinoline can be
achieved in quantitative yield using NaH in DMF (eq 52).69 This
transformation is presumed to occur by addition of the enolate to
oxygen, followed by oxidative decarboxylation.

NaH
MeO

MeO
NBn

CO2Me

MeO

MeO
NBn

O

(52)
DMF, rt
quant.

Sodium hydride can also be used to deprotonate certain sp2

carbon atoms. Deprotonation of acyldiazomethanes using sodium
hydride followed by treatment with N-sulfonylamines gave N-
tosyl diazoketamines in good yields (eq 53).70

NaH
O

OEt
H

N2

N

H

Ts

Ph

O

OEt

N2

Ph

NH
Ts

(53)+
THF, 50 °C

74%

The carbene of 1,3-dimethylimidazolium iodide can be gen-
erated using sodium hydride. In the presence of a benzaldehyde
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and an electron deficient aryl fluoride, this carbene can promote
acylation of the aryl fluoride with the aldehyde (eq 54).71

NaH

N

N

Me

Me

H
I

(catalytic)

(54)

F

NO2

O

Ph
O2N

PhCHO+ +
DMF, 0 °C

57%

Lastly, sodium hydride can be used with allenyl ketones and
dialkyl phosphites to give β-alkynyl-enol phosphates (eq 55).72

The use of sodium hydride made the process highly stereoselctive
and nearly pure Z-isomer was isolated.

NaH, (EtO)2POH

61−74% yields
>95:5 Z selective

R

O
P

O OEt
OEt

•
R

O

R = various aryl groups

(55)
CCl4/THF

Reductions. Elemental selenium can be reduced using sodium
hydride. The resulting sodium diselenide (Na2Se2) can be used to
prepare dialkyl selenides (eq 55).73 Similarly, elemental sulfur can
be reduced to diatomic sulfur by sodium hydride in the presence
of a phase transfer catalyst.74

SeR R

60–88%

1. NaH, DMF, 70 °C

R = alkyl

Se (56)
2. R-Br, DMF, 20 °C

Sodium hydride has been used in combination with tellurium to
reduce carbon-selenium bonds in α-phenylseleno carbonyl com-
pounds using DMF as the solvent without reducing the carbonyl
functionality.75 Changing the solvent NMP enhances the red-
ucing ability of the telluride anion.76 Sodium telluride (Na2Te)
is generated by heating tellurium and sodium hydride in NMP
at 100 ◦C. Aromatic aldehydes can be reduced by Na2Te at 80
◦C. Surprisingly, 7-deazapurines can be obtained by treatment of
benzonitriles with sodium hydride/tellurium in NMP (eq 57).

NaH, Te

Ar = Ph, p-tolyl, m-tolyl

N

N

N

Me

Ar

Ar

15−28%

ArCN (57)
NMP, 100 °C

Reduction of α-chloro boronic esters using sodium hydride and
DMSO has been reported to give clean conversion to the dechlori-
nated product.77 The combination of lanthanide chloride catalysts

with sodium hydride effected reductive dehalogentaion of aryl
chlorides and fluorides.78 The reduction of aldehydes and ketones
has been demonstrated using sodium hydride with dialkylzincs.
Dialkylzinc hydride “ate” complexes are useful in the reduction of
aliphatic aldehydes without promoting aldol reactions.79 Sodium
hydride is also useful in converting aryl halides into the corre-
sponding biaryls when used with other metal cocatalysts. It is
proposed that sodium hydride reduces Ni(OAc)2 and Al(acac)3 to
produce subnanometrical Ni-Al clusters that are responsible for
the coupling reaction (eq 58).80 A similar system using nickel and
zinc with sodium hydride to promote homocoupling of aryl and
vinyl halides has also been reported.81

Ni-Al (10 mol %)
2.2′-bipyridine

34−99%

R
X

R

X = Cl or Br

(58)
R

NaH
THF, 65 °C

Deprotection. Deprotection of 2-(trimethylsilyl)ethyl esters
using sodium hydride in DMF occurred cleanly in the presence of
other silyl ethers (eq 59).82 The reactive intermediate is presumed
to be traces of “anhydrous” sodium hydroxide generated from
adventitious water in the solvent.

NaH

O

OH

RO

R = TIPS (82%)
R = SEM (82%)

(59)

O

O
TMS

RO DMF, rt

Debromination. Treatment of 1,1,2-tribromocyclopropanes
with sodium hydride and dialkyl phosphates provides an efficient
route to 1-bromo-2-alkylcyclopropenes (eq 60).83

NaH, (EtO)2P(O)H

BrR

R = pentyl (64%)
R = octyl (96%)

Br

Br

R

Br
(60)

neat, 0 °C

Related Reagents. Calcium Hydride; Iron(III) Chloride–
Sodium Hydride; Lithium Aluminum Hydride; Potassium
Hydride; Potassium Hydride–s-Butyllithium–N,N,N′,N′-Tetra-
methylethylenediamine; Potassium Hydride–Hexamethylphos-
phoric Triamide; Sodium Borohydride; Sodium Hydride–
copper(II) Acetate–Sodium t-Pentoxide; Sodium Hydride–
nickel(II) Acetate–Sodium t-Pentoxide; Sodium Hydride–
palladium(II) Acetate–Sodium t-Pentoxide; Tris(cyclopenta-
dienyl)lanthanum–Sodium Hydride; Lithium Hydride; Sodium
Telluride.
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Sodium Periodate1

NaIO4

[7790-28-5] INaO4 (MW 213.89)
InChI = 1/HIO4.Na/c2-1(3,4)5;/h(H,2,3,4,5);/q;+1/p-1/fIO4.Na/

q-1;m
InChIKey = JQWHASGSAFIOCM-QMNIUIOECX

(oxidative cleavage of 1,2-diols;2 oxidation of sulfides,3

selenides,4 phenols,5 indoles,6 and tetrahydro-β-carbolines7)

Alternate Name: sodium metaperiodate.
Physical Data: mp 300 ◦C (dec); specific gravity 3.865.
Solubility: sol H2O (14.4 g/100 mL H2O at 25 ◦C; 38.9 g/100 mL

at 51.5 ◦C), H2SO4, HNO3, acetic acid; insol organic solvents.
Form Supplied in: colorless to white tetragonal, efflorescent crys-

tals; readily available.
Handling, Storage, and Precautions: irritant; gloves and safety

goggles should be worn when handling this oxidant; avoid in-
halation of dust and avoid contact of oxidant with combustible
matter.

Original Commentary

Andrew G. Wee & Jason Slobodian
University of Regina, Regina, Saskatchewan, Canada

Introduction. Sodium periodate is widely used for the oxida-
tion of a variety of organic substrates and as a cooxidant in other
oxidation reactions (see Sodium Periodate–Osmium Tetroxide
and Sodium Periodate–Potassium Permanganate).8 The NaIO4

oxidation is usually conducted in water; however, for organic
substrates that are insoluble in water, an organic cosolvent (e.g.
MeOH, 95% EtOH, 1,4-dioxane, acetone, MeCN) is used. Alter-
natively, the oxidation can be conducted either with phase-transfer
catalysis (PTC) using quaternary ammonium5 or phosphonium9

salts in a two-phase system, or in an organic solvent if the oxidant
is first coated on an inert support.10

Oxidative Cleavage of 1,2-Diols. NaIO4 is widely used for
the oxidative cleavage2 of a variety of 1,2-diols to yield aldehydes
or ketones (eq 1). In this respect, it complements the Lead(IV)
Acetate method for oxidation. 1,2-Diols have been shown to be
chemoselectively cleaved by NaIO4 in the presence of a sulfide
group.11 NaIO4 coated on wet silica gel efficiently oxidizes 1,2-
diols to the aldehydes (eq 2).10a This method is particularly useful
for the preparation of aldehydes which readily form hydrates, and
it is also convenient to conduct because isolation of the product
involves simple filtration of the reaction mixture and evaporation.

OH

OHO
O

O
O CHO

O
ONaIO4, CH2Cl2

(1)
satd. NaHCO3, <30 °C

72%

OH

OH

OHC CHO
NaIO4, SiO2

(2)(   )4CH2Cl2, H2O, rt
97%

Oxidation of Sulfides to Sulfoxides. The selective oxidation
of sulfides to sulfoxides is an important transformation because
sulfoxides are useful intermediates in synthesis.12 The reaction
is conducted using an equimolar amount of NaIO4 in aqueous
methanol at 0 ◦C (eq 3).3 Higher reaction temperatures or the use
of an excess of NaIO4 result in overoxidation to give sulfones.
NaIO4 supported on acidic alumina (eq 4)10b,c or silica gel10d is
effective for the selective oxidation of sulfides, at ambient temper-
ature, to afford good yields of sulfoxides. Phase transfer-catalyzed
NaIO4 oxidation of sulfides also results in the selective formation
of sulfoxides.9

NaIO4, MeOH
(3)S

Ph
CO2H S

Ph
CO2H

O

H2O, 0 °C
99%

NaIO4/Al2O3
(4)

S

O

S

O

O

95% EtOH, rt
91%

α-Phosphoryl sulfoxides, useful for the preparation of vinylic
sulfoxides,13 are prepared in high yields by the oxidation of
α-phosphoryl sulfides using NaIO4.14 Vinylic sulfoxides can also
be prepared in good yields by the oxidation of vinylic sulfides
using NaIO4 (eq 5).15 Poor yields of sulfoxides are obtained in
the NaIO4 oxidation of acetylenic sulfides.15a

NaIO4, MeCN
(5)

Ph

SMe

Ph

SMe

O

H2O, –10 °C
77%

2-Substituted 1,3-dithianes are stereoselectively oxidized to the
trans-1-oxide by NaIO4 at low temperatures.16 Dimethyl dithioac-
etals of aldehydes and ketones suffer NaIO4-mediated hydrolysis
to give carbonyl compounds.17 This method could be useful for the
deprotection of dimethyl dithioacetals. Oxidation of dithioethers
such as 1,4-dithiacycloheptane using NaIO4 at 0 ◦C furnishes
the 1-oxide in modest yield.18 The use of m-Chloroperbenzoic
Acid for this oxidation leads to an appreciable amount of the 1,4-
dioxide. Oxidation of a naphtho-1,5-dithiocin using an excess of
NaIO4 at rt results in a high yield of the cis-1,5-dioxide.19 The
sulfide unit in thiosulfoxides is selectively oxidized to the S,S-
dioxide in good yields using an equimolar amount of NaIO4 at
0 ◦C.20 Unsymmetrical thiosulfinic S-esters are efficiently con-
verted to the thiosulfonic S-esters, without concomitant cleavage
of the S–S bond, by NaIO4 oxidation.21 NaIO4 is effective for the
selective oxidation of the sulfide moiety in (1) to the sulfoxide in
the presence of a disulfide linkage (eq 6).22 Other oxidants such
as CrO3 in acetic acid, H2O2, and m-CPBA, which are useful for
the oxidation of simple sulfides, only cause the decomposition
of (1).
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O

N
H

S
PhS S Ph

Ph

O

N
H

S
PhS S Ph

Ph

NaIO4, MeOH

O

(6)

(1)

0 °C
71%

Oxidation of Selenides to Selenoxides. Diaryl, dialkyl, and
aryl alkyl selenides are oxidized4 to the corresponding selenox-
ides in high yields using a slight excess of NaIO4 at 0 ◦C (eq 7).4a

The presence of an electron-withdrawing substituent in diaryl
selenides inhibits the oxidation of the selenium center. Vinylic
selenides can be oxidized23 with NaIO4 to give high yields of
vinylic selenoxides (eq 8).23a In contrast, oxidation with Hydro-
gen Peroxide results in the cleavage of the double bond to give
carboxylic acids. The oxidation of organoselenides possessing β-
hydrogens results in the formation of highly unstable organose-
lenoxides that undergo facile syn elimination, often at room tem-
perature, to give alkenes (eq 9).24,25 Such a process constitutes a
useful method for the introduction of a double bond into organic
molecules.

Ph
Se

Me
NaIO4, MeOH

(7)
Ph

Se
Me

O

H2O, 0 °C
79%

NaIO4, MeOH
(8)

SePh

C5H11

Ph SePh

C5H11

Ph

O

H2O, rt
90%

NaIO4, MeOH
(9)

O

Ph

SePh

O

PhH2O, NaHCO3, rt
89%

Oxidation of Phenols and Its Derivatives. Dihydroxyben-
zenes are oxidized to give high yields of the corresponding quin-
ones using NaIO4 supported on silica gel (eq 10)10a or under
PTC (see also Tetra-butylammonium Periodate).5 Treatment of
p-hydroxybenzyl alcohol with NaIO4 in aqueous acetic acid re-
sults in the formation of p-benzoquinone, albeit in low yield
(23%).26 On the other hand, o-(hydroxymethyl)phenols possess-
ing at least one bulky group at the C-4 position are efficiently
oxidized to give spiroepoxy-2,4-cyclohexadienones (eq 11).27 In
the absence of a bulky group, self-dimerization of the spiroepoxy-
cyclohexadienone via Diels–Alder reaction occurs. In the case of
o-(hydroxymethyl)phenols that are substituted with one or two
aryl groups at the benzylic carbon, a novel oxidative rearrange-
ment occurs to yield benzylidene protected catechols in modest
yields (eq 12).28 However, this oxidative rearrangement is only
successful if substituents are present in the C-2 and C-4 posi-
tions of the phenol unit, because oxidation ofα-(2-hydroxyphenyl)
benzyl alcohol only results in the formation of a dimer.

NaIO4, SiO2
(10)

OH

OH O

O

CH2Cl2, H2O, rt
100%

NaIO4
(11)

OH

t-Bu

HO OH

O

t-Bu

HO
O

H2O, rt
100%

NaIO4

t-Bu

OH

t-Bu
OH

Ph

O

O
Ph

t-Bu

t-Bu

(12)
H2O, rt

60%

Oxidation of Indoles and Tetrahydro-βββ-carbolines. The in-
dolic double bond in 2,3-dialkyl- and 3-alkylindoles is readily
oxidized by 2 mole equiv of NaIO4 at room temperature to give
o-amidoacetophenone derivatives in good yields (eq 13).6 How-
ever, the oxidation of 2,3-diphenylindole under the same condi-
tions results in a lower yield of the oxidative cleavage product.29

Interestingly, the oxidation of 2-alkylindoles results in the forma-
tion of a mixture of products comprised of indoxyl derivatives.29

Tetrahydrocarbazoles are also efficiently oxidized by NaIO4 to
afford benzocyclononene-2,7-dione derivatives.6 Tetrahydro-β-
carbolines have also been subjected to NaIO4 oxidation.7 Thus,
in the oxidation of the tetrahydro-β-carboline-3-carboxylates, the
type of product that is formed depends upon the degree of substi-
tution at C-1 of the starting material (eqs 14 and 15).7a

NaIO4, MeOH
(13)

N
H

O

N
H

O
H2O, rt

82%

NaIO4, MeOH
(14)

N
H

NH

CO2Me

N
H

N

O
H2O, rt

55%

NH

CO2Me

N
H

NH

N
H

CO2Me

O
ONaIO4, MeOH

(15)
H2O, rt

62%

Other Applications. 1,3-Cyclohexanedione and its 3-substi-
tuted derivatives are oxidized with NaIO4, with concomitant loss
of the C-2 carbon unit, to give glutaric acid in good yields.30 1,3-
Cyclopentanediones react more slowly under the same conditions,
and aromatic diketones such as 1,3-indandione give poor yields
of the dicarboxylic acid product. α-Hydroxy carboxylic acids un-
dergo oxidative decarboxylation to give aldehydes (eq 16)31 upon
treatment with aqueous NaIO4; however, long reaction times are
required. The use of PTC9 or Bu4NIO4 allows for shorter reac-
tion times without adversely affecting the yield. The oxidation of
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hydrazine with NaIO4 in the presence of trace amounts of aque-
ous Copper(II) Sulfate and Acetic Acid results in the formation
of Diimide. The in situ generation of diimide by this method has
been successfully applied to a one-pot procedure for the reduction
of alkenes (eq 17).32

H

HO
CO2H

CHO

NaIO4, MeCO2H

(16)

H2O, Me2CO, 45 °C
90%

NaIO4, H2NNH2, DMSO
(17)CO2H

Ph Ph
CO2H

H2O, CuSO4, MeCO2H, rt
87%

A secondary amide is obtained by selective oxidation of a ter-
tiary carbon center in adamantane with NaIO4 in the presence
of iron(III) perchlorate in acetonitrile (eq 18).33 Dimethylhydra-
zones undergo periodate induced hydrolysis, at pH 7, to give
carbonyl compounds in high yields (eq 19).34 However, these con-
ditions are unsuitable for the hydrolysis of dimethylhydrazones
derived from aromatic or α,β-unsaturated aldehydes because mix-
tures of aldehydes and nitriles are formed.

NaIO4, Fe(ClO4)3
(18)

N
H

O

MeCN, Ac2O, rt
96%

N OH
NMe2

O OH

NaIO4, MeOH

(19)

H2O, pH 7, rt
100%

Acylphosphoranes are oxidized to α,β-dicarbonyl compounds
in fair yields using aqueous NaIO4 (eq 20).35 This method com-
plements other methods such as the Potassium Permanganate36a

or Ruthenium(VIII) Oxide oxidation36b of alkynes. NaIO4

is also used for the oxidation of hydroxamic acids and N-
hydroxycarbamic esters at pH 6 to generate highly reactive ni-
troso compounds.37 The oxidations are usually conducted in the
presence of conjugated dienes so that the nitroso intermediates are
trapped as their Diels–Alder cycloadducts (eq 21).

NaIO4
(20)

O

Ph

PPh3

O

Ph

O
H2O, reflux

53%

O

O NCl3C
H

OH

N

O

O

O

CCl3

NaIO4, ethyl acetate

H2O, pH 6, 0 °C
59%

(21)

+

First Update

Manuel A. Fernández-Rodríguez & Enrique Aguilar
Universidad de Oviedo, Asturias, Spain

Oxidative Cleavage of 1,2-Diols. The oxidative cleavage of
vicinal diols and related functional groups to afford aldehydes or
ketones remains as one of the most useful reactions of sodium
periodate. In this regard, an improved method using silica gel-
supported NaIO4 reagent in powder form has been developed.38

The reaction is performed by stirring a suspension of the oxidant
and the glycol in dichloromethane at room temperature or below,
to afford the resultant aldehyde in high yield. This new protocol
displays the advantages of sodium metaperiodate coated on wet
silica gel10a but, on the other hand, the drawbacks that this reagent
occasionally presents, such as colloid formation and the need for
column chromatography purification, are suppressed. A one-pot
sequential oxidative cleavage/Wittig olefination can be achieved
by using an excess of the improved NaIO4 reagent on silica gel
in the presence of stabilized ylides under anhydrous conditions
(eq 22).39 Manganese dioxide also promotes this one-pot trans-
formation albeit in lower yields.39a

BocN
O

OH
OH

BocN
O

CO2Me

Ph3P CO2Me

NaIO4/SiO2

80%

(22)

The oxidative cleavage of both saturated and unsaturated
α-ketols can also be carried out by using sodium periodate in aq
THF. The initially formed carboxylic acids are transformed into
their methyl esters by treating the crude product in situ with dia-
zomethane (eq 23).40 In contrast, other oxidants give lower yields
(e.g., lead tetraacetate), or fail with unsaturated substrates (e.g.,
sodium bismuthate).



450 SODIUM PERIODATE

HO2C OH
O

OH NaIO4

CHO

CO2Me

CH2N2

70%THF/H2O

(23)

Oxidation of Sulfides and Selenides. Sulfoxides and sulfones
are valuable intermediates in organic synthesis, and their prepa-
ration mainly relies on the selective oxidation of sulfides. In this
regard, sulfoxide formation can be accomplished, in 3 min or less,
using 1.7 equiv of wet silica-supported sodium periodate under
microwave thermolysis conditions.41 Furthermore, an excess of
the reagent (3 equiv) gives the corresponding sulfones at simi-
lar rates. A wide range of both alkyl- and aryl sulfides can be
oxidized to the corresponding sulfoxide or sulfone derivatives by
using the appropriate amount of the oxidant. Some of the features
of this reaction are (1) the presence of some moisture is necessary
for the reaction to be complete, (2) the microwave irradiation is
crucial to accelerate the formation of the sulfone but not for the
sulfoxides, as the transformation of benzyl phenyl sulfide into the
corresponding sulfoxide takes place in just 5 min under purely
thermal conditions (oil bath, 140 ◦C).

The oxidation of 3-sulfanyl alcohols with an excess of sodium
metaperiodate in acetonitrile-water at room temperature leads
either to disulfides, sultines, or a mixture of both types of
compounds depending on the amount of oxidant reagent added
(eq 24).42

NaIO4

NaIO4

(0.14 equiv)

(2 equiv)

OH

SH

S
O

O

OH

S

HO

S

CH3CN/H2O

(24)

CH3CN/H2O

80%

89%

Dihydroselenopyrans with an electron-withdrawing group in
the α-position undergo an oxidative ring contraction with sodium
periodate at room temperature in MeOH/H2O to afford seleno-
phenes in low yields (eq 25).43 m-CPBA is also a useful reagent
for this transformation, but a high excess of this oxidant is required
to obtain the selenophene products in comparable yields to when
NaIO4 is employed. In contrast, the use of 1.5 equiv of m-CPBA
produces a mixture of benzoates and selenopyrans in moderate
to good combined yields and only traces of the selenophenes are
detected.

NaIO4

(4 equiv)

Se CN Se CN
(25)

MeOH/H2O
30%

Oxidation of Thioureas, Selenoureas, and Related Systems.
The addition of sodium periodate to 1,3-disubstituted thioureas in
water at ambient temperature leads to the corresponding ureas in
good yields; on the other hand, a highly polar DMF-water medium
is needed when trisubstituted thioureas are employed.44 Never-
theless, other oxidants, such as sodium chlorite and ammonium
persulfate, provide similar results although longer reaction times
and higher temperatures are required. Moreover, 1,3-disubstituted
aryl- or alkyl thioureas are transformed into guanidines in high
yields in DMF-H2O media at room temperature, or at 80–85 ◦C
in certain cases, using NaIO4 as oxidant in the presence of am-
monia or of a wide array of amines (eq 26).45 A catalytic amount
of triethylamine accelerates the reaction for the aliphatic analogs.
Once more, sodium chlorite is also a useful oxidative agent in the
guanidine formation, although higher temperatures are occasion-
ally required. In contrast, the oxidation of trisubstituted thioureas
is unsuccessful with both reagents.

NaIO4

N N

S

Ph Ph

H H

EtNH2

N N

N

Et Ph

Ph

H H

DMF/H2O
75%

(26)

+

The addition of sodium periodate to selenoureas in refluxing
DMF leads to carbodiimides in moderate to high yields, depend-
ing on the steric hindrance of the substituents (eq 27).46 However, a
mixture of the carbodiimide and the corresponding urea derivative
are provided in low combined yield if the reaction is performed
either at room temperature or during longer reaction times. Also,
only moderate yields of the urea are obtained when other oxidants
such as NaClO4, KMnO4, and Na2CrO4 are employed. Interest-
ingly, neither the dimerization of the seleneourea nor the dimer-
ization or trimerization of the carbodiimide is observed, whereas
those processes are the major pathways with other oxidants such
as HCl and ferricyanide or H2O2, respectively.

NaIO4

N N

Se

Tol Pr

H H

N C N
Tol

Pr
DMF, reflux

1 min
93%

(27)

Dimethylthiocarbamate has been suggested as a potential pro-
tecting group for alcohols due to its high compatibility with a wide
range of reaction conditions, functional groups, and cleavage pro-
tocols used for conventional alcohol protecting groups.47 In fact,
it can be easily removed by heating at 45 ◦C in MeOH/H2O in
the presence of an excess of sodium periodate followed by hydro-
lysis under basic conditions to provide the corresponding alco-
hol derivative in high yield (eq 28). Alternatively, the cleavage
can be performed by using hydrogen peroxide as oxidant under
basic conditions. Significantly, both the addition and the cleav-
age of the dimethylthiocarbamate group are widely compatible
with protecting groups such as silyl ethers, aryloxy derivatives,
acetates, and MOM and MEM ethers, among others.
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NaIO4

TBSO O N

S

( )5
TBSO OH( )5MeOH/H2O

95%

(28)

Oxidation of Alkenes. Sodium periodate is efficiently used
as the oxygen source for the catalyzed epoxidation of olefins
with manganese tetraphenylporphyrin chloride in the presence
of imidazole as a donor ligand.48 The reaction is conducted
in a dichloromethane-water media using tetrabutylammonium
bromide as a phase transfer catalyst to afford the resultant epox-
ides in short reaction times and high yields. Alternatively, tetra-
butylammonium periodate is efficiently employed as an oxidizing
agent with the same catalytic system in a single phase medium
of dichloromethane.49 Various supported Mn(III)-porphyrin cat-
alyst systems have been developed for alkene epoxidation with
comparable activities to their homogeneous counterparts in terms
of the yields of the transformation.50 Additionally, the supported
catalyst can be recycled with minimum loss of activity. Further-
more, ultrasonic irradiation accelerates the heterogeneous olefin
epoxidation described above and, more interestingly, the side
reactions, such as double bond cleavage and allylic oxidation,
are minimized.50c

On the other hand, an asymmetric version of the epoxidation
can be achieved using Salen-manganese complexes (2) instead of
porphyrins (eq 29).51 Nevertheless, modest yields and selectiv-
ities are obtained when NaIO4 is used, whereas the previously
described single phase process with n-Bu4NIO4 leads to higher
asymmetric inductions.

catalyst 2

 2

Ph
Ph

O

O

N
Mn

N
HH

O

NaIO4/imidazole
rt

60% yield
46% ee

(29)

The transformation of olefins to iodohydrins can be achieved
using iodohydroxylation agents such as hypoiodous acid (IOH).
That reagent is generated in situ by treating periodic acid or sodium
periodate with an appropriate reducing agent such as sodium bisul-
fate (NaHSO3).52 The reaction takes place at room temperature in
CH3CN/H2O solvent system, providing the iodohydrin derivative
in good yield when H5IO6/NaHSO3 is employed. If a combina-
tion of NaIO4/NaHSO3 is used, the reaction remains incomplete
unless it is conducted in strong acid media (pH = 1).

In contrast, the addition of the former reagent combination to
trans-homoallylic alcohols leads to small amounts of the corre-
sponding iodohydrins whereas the main product is iodo-substi-

tuted tetrahydrofuran (3) (eq 30).53 Both compounds probably
arise from an iodonium intermediate that can evolve either by
an intramolecular stereoselective cyclization to afford the furan
derivatives or by nucleophilic addition of water to furnish the
iodohydrins. However, the reaction is highly dependent on the
alkene employed: cis-disubstituted homoallylic alcohols and
homoallylic alcohols having a terminal double bond lead to a mix-
ture of hydroxy-substituted tetrahydrofurans and iodohydrins, due
to the preference of the initially formed iodonium intermediate to
undergo nucleophilic attack by H2O rather than the intramolecular
cyclization.

NaIO4/NaHSO3

OH CH3CN/H2O

O

I

OH

OH

I

61%

(30)+

3

3%

On the other hand, sodium periodate has been shown to oxidize
alkali metal halides in aqueous media and promotes the halo-
genation of olefins in a regio- and diastereoselective fashion.54

Thus, NaIO4 (25 mol %) in the presence of sodium- or lithium
halides under acidic conditions (usually 30% aqueous sulfuric
acid) may selectively furnish three different halogenated com-
pounds, depending on the reaction conditions used, in high yield
(eq 31). Therefore, the corresponding bromohydrin (4) is obtained
when a mixture of CH3CN/H2O is used as solvent; a MeOH/H2O
mixture causes the formation of brominated methoxy compounds
(5) and, finally, dibromides (6) are favored in acetic acid solution.
Significantly, an asymmetric version of the bromohydroxylation,
followed by an epoxidation reaction, has been developed; thus, the
enantioselective synthesis of phenyl epoxides is achieved through
the formation of a β-cyclodextrin complex of the corresponding
styrenes, albeit with chiral inductions up to 55%.

NaIO4 
LiBr/H+

NaIO4 
LiBr/H+

NaIO4 
LiBr/H+

CH3CN/H2O

AcOH

Ph
CO2Me

OH

Br

Ph
CO2Me

Ph
CO2Me

Br

Br

MeOH/H2O
Ph

CO2Me

OMe

Br

90%

(31)

98%

80%

6

5

4
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Aromatic Halogenation. Sodium periodate has been
described as a versatile oxidant in the iodination of arenes.
Therefore, both activated and deactivated arenes are synthesized
using strongly electrophilic I+ reagent prepared from diiodine in
the presence of sodium periodate as oxidant (eq 32).55 The reac-
tion proceeds at room temperature under anhydrous acidic condi-
tions or in concentrated sulfuric acid to afford mono- and diiodi-
nated products selectively depending on the amount of the arene
employed. In addition, other oxidants such as CrCO3, KMnO4,
active MnO2, HIO3, or NaIO3 provide similar results.

NO2 NO2

I

I2, NaIO4, H2SO4, rt

75%
(32)

The sodium periodate-mediated oxidation of alkali halides is a
useful method to accomplish the halogenation of aromatic com-
pounds. Accordingly, NaCl is successfully employed as a chlo-
rine source for the chlorination of various aromatic compounds,
although mixtures of regioisomers are sometimes obtained; on
the other hand, the related sodium periodate-mediated bromina-
tion reaction, which uses lithium bromide or sodium bromide as
halogen source, affords the expected brominated products in a
regioselective fashion (eq 33).54

OMe OMe

Br

NaBr, NaIO4 (25 mol %), H2SO4

>99%

(33)
CH3CN/H2O, rt

Oxidation of Halocompounds. Sodium periodate has been
presented as a useful oxidant for the conversion of iodoarenes to
the corresponding iodylarenes (ArIO2).56 The reaction takes place
in boiling aq acetic acid solutions giving the iodylarene products
in good yields after 3–6 h of reaction. However, these reaction con-
ditions fail to transform 2-iodobenzoic acid into 2-iodylbenzoic
acid (IBX); instead, the reaction product, in nearly quantitative
yield, is the stable tautomeric form of 2-iodosylbenzoic acid
(eq 34).

COOH

I I
O

O

OH

NaIO4, AcOH, reflux

91–93% (crude yield)
(34)

Primary and secondary halides are oxidized to the correspond-
ing aldehydes or ketones, respectively, in good yields and short
reaction times using sodium periodate in DMF at reflux (eq 35).57

In an interesting result, a one carbon moiety is lost when phenacyl
bromide furnishes benzaldehyde as a single isolated product un-

der such reaction conditions. This result may be explained con-
sidering that the initial oxidation does not stop at the expected
phenyl glyoxal; instead, it proceeds to form phenylglyoxalic acid,
which finally undergoes a decarboxylation to give the observed
benzaldehyde.

Br

NaIO4

Br NaIO4
CHO

O

DMF/150 °C
90%

DMF/150 °C
80%

(35)

Formation of Stable Radicals. The oxidation of N,N′-di-
hydroxyimidazolidines (7) with sodium periodate or silver(I) ox-
ide affords several stable oligopyridine-based nitronyl-nitroxide
biradicals (8) in moderate to good yields, under phase transfer
conditions (dichloromethane-water medium) at 0 ◦C (eq 36).58

Also, the related bis-N-hydroxyimidazolidines react in a simi-
lar way furnishing the corresponding imino-nitroxide biradicals
albeit in modest yields.59

NaIO4

CH2Cl2/H2O

N

N

N

N

N

N
HO

OH

HO

OH

N

N

N

N

N

N
O

O

O

O

(36)

70%

7

8

Furthermore, optically active and racemic α-nitroyl nitrox-
ides having a stereogenic center at the 4-position are prepared
by treating the 1,3-dihydroxyimidazolidine precursors with aq
NaIO4 in chloroform at room temperature.60 Additionally, N-tert-
butylhydroxylamine derivatives (9) are suitable precursors for the
high yielding synthesis of the corresponding 2′-deoxyribofuranyl-
purines (10), which bear an N-tert-butylaminoxyl radical, by
reaction with 1 equiv of sodium periodate in a biphasic medium
at ambient temperature (eq 37).61
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NaIO4

N

NHN

N

O

N

OO

OH

HO

CHCl3/H2O
O

N

N

O

N

OH

OH

HO
N

NH

9

10

98%

(37)

Similarly, sodium periodate is efficiently employed in the prepa-
ration of 1,5-dimethyl-6-oxoverdazyl radicals (11) in modest to
high yields at room temperature using a MeOH/H2O solvent
(eq 38). Other oxidizing reagents such as ferricyanide, lead(IV)
oxide, or silver oxide seem to generate the radical structures
although all the isolation attempts were unsuccessful.62

NaIO4NH

N

N N

N

HN

O

N

N N

N

O

N N

MeOH/H2O
(38)

11

72%

On the other hand, the addition of sodium periodate supported
on silica gel, which had been previously used for the oxidation of
quinols to quinones,10a to 6-methoxybenzofuran-5-ol derivative
(12) in dichloromethane promotes a single-electron oxidation pro-
cess which leads to a stable semiquinone radical (13) instead of
the expected o-quinone (eq 39).63 Other oxidants including AgO,
CAN, DDQ, or nonsupported NaIO4 give complex mixtures of
compounds.

O

O

O

NaIO4/SiO2

CH2Cl2

O

HO

OMe

12 13

(39)

Other Applications. Activated aryl N,N-dimethylenamines
are transformed into aldehydes at room temperature in aq THF
by oxidative cleavage using an excess of NaIO4 alone (eq 40).64

It has been previously described that such scission occurs with a
wide range of reagents including ozone, singlet oxygen, sodium

dichromate, RuO4/NaIO4, or OsO4/NaIO4. However, the sodium
periodate method cited above is very convenient because the
oxidative rupture can be achieved without a transition metal cata-
lyst, the major drawback being its failure with unactivated deriva-
tives. Indeed, the method has been efficiently employed to prepare
nitroquinolinecarbaldehydes as part of the synthesis of substituted
phenanthrolines.64a

NaIO4

NO2

MeO2C NMe2

CHO

NO2

MeO2C

THF/H2O

(40)

95%

β-Amino acids are synthesized by an oxidative cleavage of
2,3-dihydropyridones using sodium periodate.65 Other oxidants
employed such as KMnO4, KMnO4/NaIO4, RuCl3/NaIO4, or
OsO4/NaIO4 require harsh conditions and lead to complex mix-
tures of products where the desired compound is obtained in low
yield. The reaction with sodium periodate gives the β-amino acid
together with variable amounts of the N-formyl amino acid which
is formed in a competitive reaction pathway. However, an im-
proved one-pot procedure that consists on the addition at room
temperature of an excess of the oxidant and subsequent alka-
line hydrolysis of the crude mixture, affords the β-amino acid
as a single product in good yield, which is isolated, following
an ion-exchange chromatography, as its hydrochloride derivative
(eq 41). Importantly, the method is useful for unprotected 2,3-
dihydropyridones and for the synthesis of β-amino acids bear-
ing functional groups sensitive to other oxidizing agents. On the
other hand, the addition of Fmoc chloride to the crude product
affords the N-protected amino acid in high yield, which can even
be improved if, previously to the Fmoc protection, the crude prod-
uct is purified through cation exchange chromatography.

N

O

H

NH3

OH

O

Cl

(41)
94%

1. NaIO4
2. NaOH
3. ion-exchange chromatography

Chiral and achiral acylnitroso dienophiles can be generated by
oxidation of N-acyl hydroxylamines with sodium periodate; such
intermediates are trapped in situ with cyclopentadiene to undergo
a hetero-Diels-Alder reaction. Good yields, although moderate
diastereoselectivities, are achieved when this transformation is
performed from sulfonamide-containing hydroxamic acids (14)
to give bicyclic cycloadducts (15) (eq 42); in fact, little vari-
ation in diastereoselectivity was observed upon the use of the
sulfonamides relative to other α-amino protective groups. Other
oxidants such as Dess-Martin periodinane, Bu4NIO4, Et4NIO4, or
Swern conditions, were also tested, without significant improve-
ments in terms of yields and diastereoselectivities.66
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O

(42)

14

15

MeOH/H2O

86%
de = 33%

Sodium periodate supported on wet silica gel can be used for
the conversion of ketoximes to the corresponding ketones under
microwave irradiation.67 The reaction needs 2 equiv of the oxidant
and less than 2 min to be complete (eq 43); on the other hand,
the alternative heating protocol affords the products after 36 h at
110 ◦C.

N
HO

O

wet NaIO4-silica

80%

(43)
MW

The treatment of trifluoroacetyl-substituted hydrazones with
sodium periodate in THF/H2O (in a 2/3 ratio), usually at room tem-
perature, produces their cyclization to trifluoromethylated oxa-
diazine derivatives (16) in good yields (eq 44).68 The reaction
is highly solvent dependent and considerable amounts of oxadi-
azines (17) are observed when the solvent ratio is changed to 2/1.
The cyclization to oxadiazines (17) may be accomplished in high
yield using other acid catalysts such as silica gel, trifluoroacetic
acid, or hot acetic acid.
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O

N
NMe2
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N

N

O
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N

N

O
Me

Ar

CF3

OH

(44)

17

THF/H2O

16

52–73%

A mild and efficient method for the deprotection of silyl ethers
has been reported using sodium periodate.69 The authors pointed
out that NaIO4 is the authentic cleaving reagent rather than the
residual periodic acid that can be found in the commercial source
of NaIO4, because even at neutral or slightly basic conditions the
reaction still takes place. Therefore, TBS, TIPS, TMS, TES, TIBS
(triisobutylsilyl), and TPS (triphenylsilyl) groups are effectively
removed by reaction with an excess of sodium periodate in THF
at room temperature affording the corresponding alcohols in high

yields (eq 45). However, the TBDPS group provides only low
yields even at higher temperatures or after longer reaction times.

O
TIPSO

O
HO

NaIO4 (2.5 equiv),THF, rt

94%

(45)

The oxidation of either homoallylic and homopropargylic sec-
ondary alcohols to the corresponding ketones can be accomplished
using Na2Cr2O7/HNO3 or Na2Cr2O7/H2SO4 as a catalyst sys-
tem and sodium periodate as the stoichiometric oxidant at or
below room temperature.70 As expected, carboxylic acids are
obtained when such conditions are applied to the analogous pri-
mary alcohols. Remarkably, the mild conditions employed allow
the oxidation of homopropargylic alcohols in high yield, prevent-
ing the rearrangement to the allenic isomer (eq 46). Moreover,
homoallylic alcohols can be oxidized without isomerization to
the conjugated carbonyl compounds.

OH

Et

O

Et

HNO3 (5 mol %), Na2Cr2O7 (1 mol %)
NaIO4 (1.1 equiv), CHCl3/water, 0 °C

95%

(46)
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Tetrabutylammonium Fluoride1

n-Bu4NF

(TBAF)
[429-41-4] C16H36FN (MW 261.53)
InChI = 1/C16H36N.FH/c1-5-9-13-17(14-10-6-2,15-11-7-3)16-

12-8-4;/h5-16H2,1-4H3;1H/q+1;/p-1/fC16H36N.F/
h;1h/qm;-1

InChIKey = FPGGTKZVZWFYPV-FKCYTGJCCB
(TBAF·3H2O)
[87749-50-6] C16H42FNO3 (MW 315.59)
InChI = 1/C16H36N.FH.3H2O/c1-5-9-13-17(14-10-6-2,15-11-

7-3)16-12-8-4;;;;/h5-16H2,1-4H3;1H;3*1H2/q+1;;;;/
p-1/fC16H36N.F.3H2O/h;1h;;;/qm;-1;;;

InChIKey = VEPTXBCIDSFGBF-MCKFDJAWCR
(TBAF·xH2O)
[22206-57-1]

(can be used for most fluoride-assisted reactions; deprotection of
silyl groups;1e desilylation;2,3 fluorination;4 used as a base5,6)

Alternate Name: TBAF.
Physical Data: TBAF·xH2O: mp 62–63 ◦C.
Solubility: sol H2O, THF, MeCN, DMSO, anhydrous TBAF is

incompatible with halogenated solvents such as CH2Cl2 and
CHCl3.

Form Supplied in: trihydrate, 1.0 M solution in THF, and 75 wt %
solution in water.

Preparative Method: aqueous Hydrofluoric Acid is passed thro-
ugh an Amberlite IRA 410 OH column, followed by an aqueous
solution of Tetrabutylammonium Bromide. After the resin is
washed with water, the combined water fractions are repeatedly
evaporated until no water is present. Tetrabutylammonium flu-
oride is collected as an oil in quantitative yield. TBAF·xH2O:
aqueous hydrofluoric acid is passed through an Amberlite IRA
410 OH column, followed by an aqueous solution of tetra-
n-butylammonium bromide. After the resin is washed with wa-
ter, the combined water fractions are repeatedly evaporated until
no water is present. Tetrabutylammonium fluoride is collected
as an oil in quantitative yield. The hydrofluoric acid method
has been described most recently by Kumar.87 TBAFanh: un-
der nitrogen, hexafluorobenzene is added to a cold (−50 ◦C)
THF solution of tetra-n-butylammonium cyanide. The highly
colored solution is stirred for 4 h at −15 ◦C, cooled to −60 ◦C,
and filtered. The resulting colorless solid is washed with cold
THF and the residual solvent is removed in vacuo to yield
anhydrous TBAF (60%).88

Handling, Storage, and Precautions: use a fume hood for TBAF·
xH2O; TBAFanh is hydroscopic; it should be handled and stored
under dry argon or nitrogen, and stored in a freezer.

Original Commentary
Hui-Yin Li
DuPont Merck Pharmaceutical Company, Wilmington, DE, USA

Deprotection of Silyl Groups. Tetrabutylammonium fluo-
ride has been used widely as a reagent for the efficient cleav-

age of various silyl protecting groups such as O-silyls of
nucleosides,7,8 pyrophosphate,9 N-silyls,10,11 CO2-silyl, and S-
silyl derivatives.1e These reactions are often carried out un-
der very mild conditions in excellent yields. Thus it has been
used in the synthesis of base-sensitive chlorohydrins (eq 1)12

and β-lactams.10,13 2-(Trimethylsilyl)ethoxymethyl groups can
also be effectively removed from various substrates (eq 2).14–18

Silyl ethers can be converted to esters in one pot when
they are treated with TBAF, followed by exposure to acyl
chlorides19,20 or anhydride21 in the presence of base (eq 3).
Treatment of triisopropylsilyl enol ethers with Iodosylben-
zene/Azidotrimethylsilane, followed by desilylation and elimina-
tion with TBAF, gives good yields of the α,β-unsaturated ketones
(eq 4).22,23

CF3

OTBDMS

Cl

CF3

OH

ClBu4NF, THF

25 °C, 30 min
50%

(1)

O

PhN
N

O

TMS

O

PhN
N

H

(2)
TBAF, THF

reflux
60%

(3)OTMS

O

Ph Cl O
Ph

O

+
1. TBAF, THF

2. Et3N, 80 °C

(4)
TBAF, THF

0 °C

OSi(i-Pr)3

Ph

N3

O

Ph

Cyclobutanone alkyl silyl acetals, obtained from [2 + 2] cy-
cloadditions, can be deprotected with 1 equiv of TBAF in THF
to give the open-chain cyano esters in excellent yields (eq 5).24

When 4-chloro-2-cyanocyclobutane alkyl silyl acetals are used as
substrates for this reaction, (E/Z) mixtures of 2-cyanocycloprop-
anecarboxylates are obtained by an intramolecular cyclization
(eq 6).

(5)
TBAF, THF

90%

OTMS
OMe

CN

OMe

O

CN

(6)
TBAF

THF
83%

Cl OTMS
OEt

CN

O

O CN

11-Membered pyrrolizidine dilactones have been synthesized
by treating a trimethylsilylethyl ester with TBAF in MeCN to form
an anion, which then undergoes cyclization by displacement of the
mesylate.

Desilylation Reagent. Cleavage of carbon–silicon bonds with
fluoride has been studied very extensively. TBAF is a very power-
ful reagent for desilylation of a wide range of silicon-containing
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compounds, such as vinylsilanes,2,25,26 alkynylsilanes,23,27

arylsilanes,28,29 acylsilanes,30 β-silyl sulfones,31–33 and other
silane derivatives.3,34–37 It appears that cleavage of sp-C–Si bonds
is more facile than that of sp2-C–Si and sp3-C–Si bonds and that
substituted groups, such as phenyl and alkoxyl, can often facili-
tate cleavage. A dimethylphenylsilyl group can be removed from
a vinyl carbon by TBAF with retention of the alkene stereochem-
istry (eq 7).2 This method has been applied to the synthesis of
terminal conjugated trienes (eqs 8 and 9).38 The five-membered
siloxanes can be desilylated with 3 equiv of TBAF in DMF and
this protodesilylation is very sensitive to subtle structure changes
(eq 10).39

(7)
SiMe2PhC10H21 C10H21TBAF, 80 °C

THF–DMSO (2:1)
99%

(8)

TMS

PhMe2Si OH

1. AcONa, AcOH, 40 °C, 99%

2. TBAF, DMSO–THF, 80 °C, 99%
                      98%

(9)

TMS

PhMe2Si OH

1. KH, THF, 0 °C, 99%

2. TBAF, DMSO–THF, 80 °C, 68%
                     67.3%

(10)
OBn

SiO Me
Me

HO OBn

TBAF, THF

25 °C, 3–12 h
95%

The anions generated in situ by desilylation of silylace-
tylenes,40,41 allylsilanes,42–44 propargylsilanes,45 α-silyloxe-
tanones,46 bis(trimethylsilylmethyl) sulfides,47 and other silane
derivatives,48–51 can undergo nucleophilic addition to ketones and
aldehydes (eq 11).52 N-(C,C-bis(trimethylsilyl)methyl) amido
derivatives can add to aldehydes followed by Peterson alkena-
tion to form acyl enamines.48,53 Treatment of 2-trimethylsilyl-
1,3-dithianes can generate dithianyl anions, which are capable of
carbocyclization via direct addition to carbonyl or Michael addi-
tion (eq 12). The fluoride-catalyzed Michael additions are more
general than Lewis acid-catalyzed reactions and proceed well even
for those compounds with enolizable protons and/or severe steric
hindrance (eq 13).54,55

(11)
S

S

S

S
HO

(CH2)4CHO

TMS TBAF

57–61%

(12)
S

S

S

S

(CH2)3CH=CHCOMe

TMS TBAF

64%

COMe

(13)
TBAF

65%
O

TMS
O

Direct fluoride-induced trifluoromethylation of α-keto esters
(eq 14),56 ketones,57 aldehydes,58,59 and sulfoxides59 have been
reported using Trifluoromethyltrimethylsilane with TBAF in
THF.

O

OEt

O

TMS CF3

O

OEt
CF3TMSO

O

OEt
CF3HO

TBAF

0–25 °C

(14)

aq. HCl

83%
+

Desilylation of some compounds can generate very reactive
species such as benzynes,60 pyridynes,61 xylylenes,62,63 and
benzofuran-2,3-xylylenes.64 1,4-Elimination of o-(α-trimethyl-
silylalkyl)benzyltrimethylammonium halides with TBAF in ace-
tonitrile generates o-xylylenes, which undergo intermolecular and
intramolecular cycloadditions (eq 15).62–64 Treatment of α-silyl
disulfides with Cesium Fluoride or TBAF forms thioaldehydes,
which have been trapped by cycloaddition with cyclopentadiene
(eq 16).65

TBAF

MeCN
70%

(15)
TMS

(CH2)4CH=CH2

CH2NMe3 Cl–

H

H
+

(16)

SiMe2Ph

S
SC6H4-o-NO2

S

TBAF, THF, 0 °C

66%
+

exo:endo = 1:7

Use as a Base. TBAF has been widely used for a variety
of base-catalyzed reactions such as alkylation,66 elimination,67

halogenation,68 Michael addition,69–71 aldol condensation, and
intramolecular cyclizations.5,72–74 It is especially useful when
other inorganic bases face solubility problems in organic solvents.
The reactions are usually carried out below 100 ◦C due to the low
thermal stability of TBAF.1e

TBAF is very useful for alkylation of nucleic acid derivatives.
Methylation75 or benzylation66 of uracil gives almost quantitative
yields of alkylated product when using alkyl bromides, dialkyl sul-
fates (eq 17), trialkyl phosphates, or alkyl chlorides with TBAF.
Alkylation of the thiol anions generated from deprotection by 1,2-
dibromoethane produces interesting tetrachalcogenofulvalenes.14

Under phase-transfer conditions, selective mono- and dialkyla-
tions of malononitrile have been achieved by using neat TBAF
with Potassium Carbonate or Potassium tert-Butoxide and con-
trolling the amount of alkyl bromides or iodides used (eqs 18 and
19).76
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O
HO

OPO(OH)2

N

NH

O

O (17)
O

HO

OPO(OMe)2

N

N

O

O

Me

(MeO)2SO2

TBAF
90%

(18)
NC

NC

NC

NC Ph

TBAF, K2CO3

1 equiv BnBr
76%

(19)
NC

NC

NC

NC
Ph

Ph
TBAF, K2CO3

2 equiv BnBr
100%

Enol silyl ethers react with aldehydes with a catalytic amount of
TBAF to give the aldol silyl ethers in good yields. These reactions
generally proceed under very mild conditions and within shorter
periods of time than conventional strong acidic or basic condi-
tions. The products from 4-t-butyl-1-methyl-2-(trimethylsilyloxy)
cyclohexene and benzaldehyde show very good axial selectivity
and a little anti–syn selectivity (eq 20).77 The aldol condensation
of ketones and aldehydes can be achieved in one pot when ethyl
(trimethylsilyl)acetate is used as a silylation agent with TBAF
(eq 21).

(20)

t-Bu

OTMS

t-Bu

Ph OTMS

O

PhCHO

TBAF
68%

(21)

O OTMS

O

Ph

OTMS

TMSCH2CO2Et

TBAF, THF, –20 °C

PhCHO

52%

Silyl nitronates undergo aldol condensation with aldehydes in
the presence of a catalytic amount of anhydrous TBAF to form
highly diastereoselective erythro products, which can be elabo-
rated to give synthetically useful 1,2-amino alcohols (eq 22).6,78

A one-pot procedure has been developed for direct aldol conden-
sation of nitroalkanes with aldehydes by using TBAF trihydrate
with Triethylamine and tert-Butyldimethylchlorosilane.79 It ap-
pears that silyl nitronates are not reactive intermediates in this
case, and the reactions proceed by a different mechanism.

(22)

N
TBDMSO O–

OTBDMS

Ph

NO2

OTBDMS

Ph

NH2

OH

Ph

NH2

PhCHO  +
TBAF

THF
80%

H2, Ni

91%

TBAF

THF
44%

+

Miscellaneous. Fluoride ion from anhydrous TBAF under-
goes nucleophilic displacement of tosylates,4,80 halides,80 and
aryl nitro compounds81 to give fluorinated products. When
used with N-Bromosuccinimide, bromofluorination products are
obtained.82

Several important peptide-protecting groups such as 9-
fluorenylmethyloxycarbonyl,83 benzyl,84 4-nitrobenzyl,85 2,2,2-
trichloroethyl,85 and acetonyl (eq 23)86 can be removed by TBAF
under mild conditions.

(23)
TBAF

THF
91%

N
H

BnO

O

O

O

O

N
H

BnO

O

OH

O

First Update
Haoran Sun & Stephen G. DiMagno
University of Nebraska-Lincoln, Lincoln, NE, USA

TBAFanh.88 Quaternary ammonium fluoride salts have been
prepared by neutralization of quaternary ammonium hydroxides
with aqueous HF,89 liberation of cations from an ion-exchange
column with aqueous HF, reaction of AgF with tetraalkylam-
monium halides,90 and anion exchange with KF.91 These aque-
ous preparative methods have limited the synthetic chemistry of
TBAF to hydrates of the salt. The reason for this limitation is
clear; attempts to remove the strongly hydrogen bonded water
molecules from TBAF·xH2O require conditions that lead to
decomposition of the cation. Formation of butene, tributylamine,
and bifluoride ion is observed during drying TBAF·3H2O under
dynamic vacuum at moderate (40 ◦C) temperature.92 These
observations led Sharma and Fry to conclude in 1983 that “it is
very unlikely that pure, anhydrous tetraalkylammonium fluoride
salts have ever, in fact, been produced in the case of ammonium
ions susceptible to E2 eliminations”.92 Recently, low-temperature
nucleophilic aromatic substitution reactions performed in anhy-
drous polar aprotic solvents (eq 24) have been shown to yield
anhydrous tetra-n-butylammonium fluoride (TBAFanh) for the
first time.88 Although the chemistry of this new form of the reagent
has yet to be explored systematically, TBAFanh has shown en-
hanced reactivity (relative to TBAF·xH2O) in nucleophilic fluori-
nation reactions.

F

F

F

F

F

F

N C N

CN

CN

CN

NC

NC CN

N F

+ polar aprotic solvents

–35 °C to rt

+

6

6 (24)

Nucleophilic Fluorination with TBAF. TBAFanh fluorinates
primary alkyl halides, tosylates, and mesylates within minutes
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at or below room temperature (eq 25).88 The pronounced nucle-
ophilicity of the anhydrous reagent is also exhibited in nucle-
ophilic aromatic substitution (SNAr) reactions. In polar aprotic
solvents such as acetonitrile and DMSO, aromatic halides
undergo halogen exchange (Halex) reactions with TBAFanh to
form the corresponding fluoroaromatics (eq 26), and activated
nitroaromatic compounds are fluorodenitrated in high yield
(eq 27).93 Various functional groups, including aryl esters, alde-
hydes, ketones, and N-benzyl protecting groups, are compatible
with these fluorination conditions.93

RX  +  TBAF RF  +  TBAX
polar aprotic solvents

–40 °C to rt

R = primary (secondary) alkyl; X = Cl, Br, I, OTs, OMs

(25)

N

O

Cl

OEtO

N

O

F

OEtO

1.3 equiv TBAFanh

DMSO, rt, 30 min

yield 95%

(26)

NO2

EtO

O

F

EtO

O

1.3 equiv TBAFanh

DMSO, rt, 30 min

yield 95%

(27)

The nucleophilicity of commercial TBAF·xH2O in SNAr
reactions is attenuated significantly compared to that of TBAFanh.
Substrates are limited to strongly activated nitropyridines and
nitroarenes. At rt or at elevated temperature in DMF, fluoroden-
itration is relatively efficient, although hydrolysis is a compet-
ing side reaction.94 Another possible example of a TBAF·xH2O
assisted SNAr denitration reaction was reported recently. 2-Aryl-
5-substituted-2,3-dihydrobenzofurans were synthesized in good
yields (eq 28)95 by a TBAF-promoted displacement of an aro-
matic nitro group by an alkoxide. A fluoroaromatic compound
may be an intermediate in this reaction sequence.

Me

NO2

NC

N

CHO

O

NNC

+
TBAF/i-Pr2-NEt

THF, reflux

yield  93%

(28)

TBAF-promoted C–C Bond Formation. The repertoire of
fluoride-promoted, transition metal ion-catalyzed coupling reac-
tions has expanded significantly of late. Metal ions that form
strong bonds to fluoride and carbon are key to fluoride promoted

activation strategies. For example phenyl boronic acids,96 and
organotin compounds (eq 29) are among the stable organometallic
species used in fluoride-promoted C–C bond forming reac-
tions.97,98 With tin compounds, a hypervalent organotin fluoride is
assumed to be the active species.98 The fluorophilicity of silicon,
tin, and boron (Si–F BDE = 144.7 kcal mol−1, Sn–F BDE = 146.1
kcal mol−1, and B–F BDE = 171.5 kcal mol−1)99,100 provides the
driving force for organic group transfer.

X

Y

R

Y

N N

Cl

+ RSnR′3

3% Pd(OAC)2

3% L

2 equiv TBAF
dioxane/THF

L =
+

(29)

Organosilicon compounds are the most commonly used, sta-
ble surrogates for carbanion donors in fluoride-promoted coupling
reactions; transmetalation of alkyl, alkenyl, alkynyl, or aryl groups
can occur under relatively mild reaction conditions. Organosili-
con cross-coupling precursors include siletanes, silanols,101 silyl
ethers, siloxanes, polysiloxanes, halosilanes, and silyl hydrides.
Transfer of strongly basic alkyl groups generally requires an acti-
vated organosilicon compound possessing at least one Si–hetero-
atom bond. Fluoride promoted coupling reactions have been used
to form alkyl–aryl, aryl–aryl, alkyl–vinyl, and alkyne–alkyne
bonds.

Lee and Fu reported that the TBAF-promoted, Pd-catalyzed
coupling of alkyl halides with arylsilanes gave fairly good yields
(65–81%) of the alkylated arenes at room temperature. The
catalyst was formed in situ from the electron-rich phosphine
P(t-Bu)2Me and PdBr2 (eq 30).102 TBAF was used in excess.

Br

1.2 equiv Ph-Si(OMe)3

4% PdBr2, 10% P(t-Bu)2Me

2.4 equiv TBAF, THF, rt

yield  81%

(30)

TBAF can promote biaryl formation from triallyl(aryl)silanes
and a wide variety of aryl halide substrates. For example, chloro-
benzenes undergo smooth cross-coupling with triallyl(aryl)silanes
to give biaryls in good to excellent yields (eq 31).103 Surprisingly,
an appreciable amount of added water is required to achieve high
yields; however, the role of added water is not yet clear.103 In a
recent variant of the Hiyama reaction, TBAF and palladium-
coated nickel nanoclusters were employed to prepare biaryl com-
pounds from aryl bromides and phenyltrimethoxysilane.104
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Cl

MeO

Ph Si(allyl)3

Ph

MeO

i-Pr

i-Pr i-Pr

PCy2

+

TBAF  3H2O (5 equiv)

[(η3-C3H5)PdCl]2 (2.5 mol %)

L (10 mol %)

THF–H2O (20:1), 80 °C, 8 h

yield  100%

L =

(31)

·

An inexpensive vinylpolysiloxane, 1,3,5,7-tetramethyl-1,3,5,7-
tetravinylcyclotetrasiloxane, (D4V) furnished substituted styrenes
from haloarenes by palladium-catalyzed coupling in the presence
of TBAF as an activator (eq 32).105 Simple phenyldimethylvinyl-
silanes have also been used directly in TBAF-promoted alkene-
coupling reactions (eq 33).106

Br

MeO

MeO

P(t-Bu)2

PdBr2 (5 mol %), D4V (0.5 equiv)

L (10 mol %), TBAF (2.0 equiv)
THF, 50 °C, 10 h

L =

yield  86%

D4V = 1,3,5,7-tetramethyl-1,3,5,7-tetravinylcyclotetrasiloxane

(32)

SiMe2Ph

t-BuOK, 18-crown-6, TBAF

PhI, Pd2dba3, THF, rt, 45 min

yield 85% (90% trans)

(33)

In the presence of TBAF and electron-rich Pd phosphine
complexes, aryl chlorides react smoothly with arylchlorosilanes
and alkenylchlorosilanes to form substituted arenes. The starting
(E or Z) geometry of C–C double bond of alkenylchlorosilanes was
maintained in the products (eq 34).107 Trimethoxyvinylsilane was
also used in arene vinylation (eq 35), though homocoupling side
products were observed with this reagent.108,109

n-Bu
SiMe2ClCl

NC

NC

n-Bu

1.2 equiv

3.6 equiv TBAF, THF
90 °C, sealed tube, 20 h

yield  83%

[(Et3P)2PdCl2] (0.5 mol %)

(34)

I

Me Si(OMe)3

Me Me

Me

+

Pd(dba)2

TBAF

DMF, 85 °C

+

yield 63% 18%

(35)

Initial forays by the Denmark group investigated the
use of silanols in fluoride-promoted coupling reactions that
demonstrated high yielding, stereospecific vinyl–aryl cou-
pling reactions.110 Later, unsymmetrical 1,4-disubstituted 1,3-
butadienes were successfully prepared in high yields by similar
TBAF promoted cross coupling reactions (eq 36).111 The mecha-
nism of these reactions was elucidated through spectroscopic and
kinetic analyses.110,112 With silanols, the potent activator TBAF
is not always necessary, since these coupling reactions can be cat-
alyzed by base; when TBAOH was used in place of TBAF, similar
coupling efficiencies were achieved (eq 37).113

SiMe
PhMe

OMe

I

Me

OMe

Me

+
TBAF (2.0 equiv)

Pd(dba)2 (2.5 mol %)

yield  86%

(36)

THF, rt, 15 min

O

Si

Me

Me
OH I

CO2Et

O

CO2Et

+ 1.  2.0 equiv TBAF

2.  [allylPdCl2] (2.5 mol %)

yield  81%

(37)
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Aryl and alkyl-substituted diynes and tetraynes have been
synthesized in good yields (82–99%) by TBAF-promoted desily-
lation and Cu-catalyzed oxidative dimerization of triisopropylsi-
lyl (TIPS)-protected acetylenes (eq 38). Copper acetate was used
as oxidant in this reaction.114 Aryl- and alkenyl alkynes were
made under similar conditions (eq 39).115 Pd/C with TBAF was
used in ligand- and copper-free, one-pot, ‘domino’ Halex–Sono-
gashira reactions.116 Similarly, TBAF promoted the synthesis of
2-substituted indoles by a tandem Sonogashira/cyclization reac-
tion of 2-iodoanilines and terminal alkynes.117

TIPS

6 equiv Cu(OAc)2
1 equiv TBAF

pyridine:ether (3:1)

yield  100%

TIPS = triisopropylsilyl

(38)

H

I

OMe

OMe

+ TBAF

THF, 60 °C
yield 83%

(39)

Pd(dba)2 (0.5 mol %),

PPh3 (2 mol %)

Catalytic amounts of TBAF promote the addition of organosi-
lanes to carbonyl compounds. Examples of this approach include
allylation of aldehydes to give allylic alcohols (eq 40)118 and
the preparation of α-fluoroallylic alcohols from benzaldehyde
(eq 41).119

CHO Si(OMe)3

OH

1.5 equiv

THF, rt

yield 92%

CuCl–TBAF (1 mol %)

(40)

F

SiPh2Me

O

H

OH

F

THF+

cat. TBAF

yield  61%

(41)

TBAF-promoted C–N and C–S Bond Formation. Fluoride
can induce C–N and C–S bond formation in reactions of organosi-
lanes with nitrogen- or sulfur-containing electrophiles such as

imines, nitriles, nitro compounds, or sulfines, or by oxidative
coupling of organosilanes with nitrogen or sulfur nucleophiles.
Copper-promoted N-arylation and N-vinylation gives good yield
of N-phenylbenzimidazole and N-vinylbenzimidazole (eq 42).120

Allyl and benzyl sulfoxides were prepared from sulfines by
fluoride-induced C–S coupling (eq 43).121 More interestingly, a
combination of chiral palladium catalyst and TBAF promoted
asymmetric allylation of imines with tetraallylsilane yielded
chiral benzylic amines in good yield and high enantiomeric excess
(eq 44).122

TBAF efficiently unmasks nucleophilic azide for C–N bond
formation. TBAF stimulated the reaction of benzonitrile with
TMSN3 to form 5-substituted 1H-tetrazoles (eq 45).123 Under
similar conditions, 4-aryl-1H-1,2,3-triazoles can be synthesized
by TBAF-catalyzed cycloadditions of electron poor nitroolefins
(eq 46).124,125

Si(OMe)3

N
HN

N
N

+

2.0 equiv TBAF
1.1 equiv Cu(OAc)2

CH2Cl2, rt

yield  88%

(42)

Me Me

S
O

Me Me

S
O

SiMe3

1 equiv TBAF, DMF

4  Å molecular sieves
rt, 3 h

yield 68%

(43)

O

O

N Ph
Si

O

O

HN Ph

(             )
4

Chiral catalyst
TBAF (50 mol %)
THF:hexane (1:2)

0°C, 18 h

yield 80%, 89% ee

(44)

CN

N N

N

H
N0.5 equiv TBAF  3H2O

85 °C, 18 h

yield  86%

(45)·
1.5 equiv TMSN3
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NO2

CN

2.0 equiv TMSN3

NH

NN

NC

0.1 equiv TBAF  3H2O

solvent free, 30 °C, 3 h

(46)

·

TBAF-assisted Trifluoromethylation, Perfluoroalkylation,
and Polyfluoroalkoxylation.126 TBAF combines with TMSCF3

to form nucleophilic trifluoromethyl anion equivalents. The pre-
cise structure of this nucleophile is unknown, although it is
likely that a pentacoordinate silicon intermediate is involved.
The TBAF/TMSCF3 combination leads to smooth trifluoromethy-
lation of aldehydes,127,128 ketones,127,128 esters,129 imines,130

nitroso compounds, α-ketoesters, α-ketoamides (eq 47),131 and
sulfur-based electrophiles (eq 48)127 in fairly good to excellent
yields. A catalytic amount of TBAF suffices to promote triflu-
oromethylation of aldehydes and ketones with TMSCF3, as the
initially formed α-trifluoromethyl alkoxide is adequately nucle-
ophilic to unmask TMSCF3 (eq 49).128,132 Trifluoromethyl ke-
tones, potential inhibitors of hydrolytic enzymes, are readily pre-
pared by reaction of TMSCF3 with esters in presence of 2.5 mol %
molecular sieve-dried TBAF (eq 50).129 The use of TBAFanh in
trifluoromethylation reactions has not yet been reported.

O

O

N
Et

Et

OH

O

N
Et

Et

F3C

Me3SiCF3, cat TBAF

THF, rt, 3 h

yield  91%

(47)

H3C
S

O

CH3 THF H3C
S

CH3

F3C OSiMe3Me3SiCF3, cat TBAF
(48)

O
CF3

OH

1. Me3SiCF3, cat TBAF
    THF, –20 °C

2. HCl

yield 78%

(49)

O

OMe

O

CF3

Me3SiCF3, cat TBAF
toluene; –78 °C to rt 18 h

yield  95%
(50)

Polyfluoroalkoxylation of aromatic rings has been achieved by
SNAr reactions of dinitrobenzenes with polyfluoro alcohols in
the presence of excess TBAF (eq 51).133 Finally, TBAF-assisted
Horner–Wadsworth–Emmons reactions provide a convenient en-
try into trifluoromethylated alkenes (eq 52).134

NO2

O2N

O

O2N

CF3

3 equiv CF3CH2OH

5 equiv TBAF  3H2O

yield 98%

(51)

·
DMF, rt, 1 h

CHO

CF3

2.0 equiv  Ph2P(O)CH2CF3

10 equiv  TBAF, THF, rt

yield  98%

(52)

Miscellaneous. The uses of TBAF as a silyl group deprotec-
tion reagent, a desilylation reagent, and a base in organic synthesis
are legion. Recently, highly specialized, mild, and selective depro-
tection methods featuring TBAF have been optimized for various
synthetic applications.135–141 Under appropriate conditions, even
unactivated C(sp3)–SiMe2Ph bonds can be cleaved efficiently by
TBAF.142 A relatively recent development is the use of catalytic
amounts of TBAF to silylate primary and secondary alcohols with
hydrosilanes, disilanes, and silazanes.143,144 TBAF was also used
as a decomplexation reagent to unmask 1-cyclodecene-3,9-diyne
cobalt complexes.145 TBAF promoted the functionalization of o-
carborane with carbonyl compounds to give the corresponding
carbinols.146–148 Finally, TBAF has been touted as an efficient
base for rapid N-alkylation of purines.149

Concluding Remarks. New uses for TBAF, a highly soluble
source of nucleophilic and basic fluoride ion, continue to be de-
veloped. The ability to tune the reactivity of TBAF using solvent
effects is a key to its exploitation in organic synthesis. The re-
cent synthesis of anhydrous variants of this reagent should further
expand the synthetic utility of this reagent.

1. (a) Corey, E. J.; Snider, B. B., J. Am. Chem. Soc. 1972, 94, 2549.
(b) Hudlicky, M. Chemistry of Organic Fluorine Compounds, 2nd
ed.; Horwood: New York, 1992. (c) Umemoto, T., Yuki Gosei Kagaku
Kyokaishi 1992, 50, 338. (d) Clark, J. H., Chem. Rev. 1980, 80, 429. (e)
Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis,
2nd ed.; Wiley: New York, 1991. (f) Sharma, R. K.; Fry, J. L., J. Org.
Chem. 1983, 48, 2112. (g) Cox, D. P.; Terpinski, J.; Lawrynowicz, W.,
J. Org. Chem. 1984, 49, 3216.

2. Oda, H.; Sato, M.; Morizawa, Y.; Oshima, K.; Nozaki, H., Tetrahedron
1985, 41, 3257.

3. Dhar, R. K.; Clawson, D. K.; Fronczek, F. R.; Rabideau, P. W., J. Org.
Chem. 1992, 57, 2917.

4. Gerdes, J. M.; Bishop, J. E.; Mathis, C. A., J. Fluorine Chem. 1991,
51, 149.

5. Pless, J., J. Org. Chem. 1974, 39, 2644.

6. Seebach, D.; Beck, A. K.; Mukhopadhyay, T.; Thomas, E., Helv. Chim.
Acta 1982, 65, 1101.

7. Krawczyk, S. H.; Townsend, L. B., Tetrahedron Lett. 1991, 32, 5693.

8. Meier, C.; Tam, H.-D., Synlett 1991, 227.



465TETRABUTYLAMMONIUM FLUORIDE

9. Valentijn, A. R. P. M.; van der Marel, G. A.; Cohen, L. H.; van Boom,
J., Synlett 1991, 663.

10. Hanessian, S.; Sumi, K.; Vanasse, B., Synlett 1992, 33.

11. Kita, Y.; Shibata, N.; Tamura, O.; Miki, T., Chem. Pharm. Bull. 1991,
39, 2225.

12. Solladié-Cavallo, A.; Quazzotti, S.; Fischer, J.; DeCian, A., J. Org.
Chem. 1992, 57, 174.

13. Konosu, T.; Oida, S., Chem. Pharm. Bull. 1991, 39, 2212.

14. Zambounis, J. S.; Mayer, C. W., Tetrahedron Lett. 1991, 32, 2737.

15. Kita, H.; Tohma, H.; Inagaki, M.; Hatanaka, K., Heterocycles 1992, 33,
503.

16. Stephenson, G. R.; Owen, D. A.; Finch, H.; Swanson, S., Tetrahedron
Lett. 1991, 32, 1291.

17. Fugina, N.; Holzer, W.; Wasicky, M., Heterocycles 1992, 34, 303.

18. Shakya, S.; Durst, T., Heterocycles 1992, 34, 67.

19. Beaucage, S. L.; Ogilvie, K. K., Tetrahedron Lett. 1977, 1691.

20. Ma, C.; Miller, M. J., Tetrahedron Lett. 1991, 32, 2577.

21. Mandai, T.; Murakami, T.; Kawada, M.; Tsuji, J., Tetrahedron Lett.
1991, 32, 3399.

22. Magnus, P.; Evans, A.; Lacour, J., Tetrahedron Lett. 1992, 33, 2933.

23. Ihara, M.; Suzuki, S.; Taniguchi, N.; Fukumoto, K.; Kabuto, C., J.
Chem. Soc., Chem. Commun. 1991, 1168.

24. Rousseau, G.; Quendo, A., Tetrahedron 1992, 48, 6361.

25. Fleming, I.; Newton, T. W.; Sabin, V.; Zammattio, F., Tetrahedron 1992,
48, 7793.

26. Ito, T.; Okamoto, S.; Sato, F., Tetrahedron Lett. 1990, 31, 6399.

27. Lopp, M.; Kanger, T.; Müraus, A.; Pehk, T.; Lille, Ü., Tetrahedron:
Asymmetry 1991, 2, 943.

28. Yu, S.; Keay, B. A., J. Chem. Soc., Perkin Trans. 1 1991, 2600.

29. Mukai, C.; Kim, I. J.; Hanaoka, M., Tetrahedron: Asymmetry 1992, 3,
1007.

30. Degl’Innocenti, A.; Stucchi, E.; Capperucci, A.; Mordini, A.; Reginato,
G.; Ricci, A., Synlett 1992, 329.

31. Kocienski, P. J., Tetrahedron Lett. 1979, 2649.

32. Kocienski, P. J., J. Org. Chem. 1980, 45, 2037.

33. Hsiao, C. N.; Hannick, S. M., Tetrahedron Lett. 1990, 31, 6609.

34. Bonini, B. F.; Masiero, S.; Mazzanti, G.; Zani, P., Tetrahedron Lett.
1991, 32, 2971.

35. Nativi, C.; Palio, G.; Taddei, M., Tetrahedron Lett. 1991, 32, 1583.

36. Okamoto, S.; Yoshino, T.; Tsujiyama, H.; Sato, F., Tetrahedron Lett.
1991, 32, 5793.

37. Kobayashi, Y.; Ito, T.; Yamakawa, I.; Urabe, H.; Sato, F., Synlett 1991,
813.

38. Kishi, N.; Maeda, T.; Mikami, K.; Nakai, T., Tetrahedron 1992, 48,
4087.

39. Hale, M. R.; Hoveyda, A. H., J. Org. Chem. 1992, 57, 1643.

40. Nakamura, E.; Kuwajima, I., Angew. Chem., Int. Ed. Engl. 1976, 15,
498.

41. Mohr, P., Tetrahedron Lett. 1991, 32, 2223.

42. Furuta, K.; Mouri, M.; Yamamoto, H., Synlett 1991, 561.

43. Hosomi, A.; Shirahata, A.; Sakurai, H., Tetrahedron Lett. 1978, 3043.

44. Nakamura, H.; Oya, T.; Murai, A., Bull. Chem. Soc. Jpn. 1992, 65, 929.

45. Pornet, J., Tetrahedron Lett. 1981, 22, 455.

46. Mead, K. T.; Park, M., J. Org. Chem. 1992, 57, 2511.

47. Hosomi, A.; Ogata, K.; Ohkuma, M.; Hojo, M., Synlett 1991, 557.

48. Lasarte, J.; Palomo, C.; Picard, J. P.; Dunogues, J.; Aizpurua, J. M., J.
Chem. Soc., Chem. Commun. 1989, 72.

49. Watanabe, Y.; Takeda, T.; Anbo, K.; Ueno, Y.; Toru, T., Chem. Lett.
1992, 159.

50. Paquette, L. A.; Blankenship, C.; Wells, G. J., J. Am. Chem. Soc. 1984,
106, 6442.

51. Seitz, D. E.; Milius, R. A.; Quick, J., Tetrahedron Lett. 1982, 23, 1439.

52. Grotjahn, D. B.; Andersen, N. H., J. Chem. Soc., Chem. Commun. 1981,
306.

53. Palomo, C.; Aizpurua, J. M.; Legido, M.; Picard, J. P.; Dunogues, J.;
Constantieux, T., Tetrahedron Lett. 1992, 33, 3903.

54. Majetich, G.; Casares, A.; Chapman, D.; Behnke, M., J. Org. Chem.
1986, 51, 1745.

55. Majetich, G.; Desmond, R. W.; Soria, J. J., J. Org. Chem. 1986, 51,
1753.

56. Ramaiah, P.; Prakash, G. K. S., Synlett 1991, 643.

57. Coombs, M. M.; Zepik, H. H., J. Chem. Soc., Chem. Commun. 1992,
1376.

58. Bansal, R. C.; Dean, B.; Hakomori, S.; Toyokuni, T., J. Chem. Soc.,
Chem. Commun. 1991, 796.

59. Patel, N. R.; Kirchmeier, R. L., lnorg. Chem. 1992, 31, 2537.

60. Himeshima, Y.; Sonoda, T.; Kobayashi, H., Chem. Lett. 1983, 1211.

61. Tsukazaki, M.; Snieckus, V., Heterocycles 1992, 33, 533.

62. Ito, Y.; Nakatsuka, M.; Saegusa, T., J. Am. Chem. Soc. 1980, 102, 863.

63. Ito, Y.; Miyata, S.; Nakatsuka, M.; Saegusa, T., J. Org. Chem. 1981,
46, 1043.

64. Bedford, S. B.; Begley, M. J.; Cornwall, P.; Knight, D. W., Synlett 1991,
627.

65. Krafft, G. A.; Meinke, P. T., Tetrahedron Lett. 1985, 26, 1947.

66. Botta, M.; Summa, V.; Saladino, R.; Nicoletti, R., Synth. Commun.
1991, 21, 2181.

67. Ben Ayed, T.; Amri, H.; El Gaied, M. M., Tetrahedron 1991, 47, 9621.

68. Sasson, Y.; Webster, O. W., J. Chem. Soc., Chem. Commun. 1992, 1200.

69. Kuwajima, I.; Murofushi, T.; Nakamura, E., Synthesis 1976, 602.

70. Yamamoto, Y.; Okano, H.; Yamada, J., Tetrahedron Lett. 1991, 32,
4749.

71. Arya, P.; Wayner, D. D. M., Tetrahedron Lett. 1991, 32, 6265.

72. Taguchi, T.; Suda, Y.; Hamochi, M.; Fujino, Y.; Iitaka, Y., Chem. Lett.
1991, 1425.

73. Ley, S. V.; Smith, S. C.; Woodward, P. R., Tetrahedron 1992, 48, 1145,
3203.

74. White, J. D.; Ohira, S., J. Org. Chem. 1986, 51, 5492.

75. Ogilvie, K. K.; Beaucage, S. L.; Gillen, M. F., Tetrahedron Lett. 1978,
1663.

76. Díez-Barra, E.; De La Hoz, A.; Moreno, A.; Sánchez-Verdú, P., J. Chem.
Soc., Perkin Trans. 1 1991, 2589.

77. Nakamura, E.; Shimizu, M.; Kuwajima, I.; Sakata, J.; Yokoyama, K.;
Noyori, R., J. Org. Chem. 1983, 48, 932.

78. Colvin, E. W.; Seebach, D., J. Chem. Soc., Chem. Commun. 1978, 689.

79. Fernández, R.; Gasch, C.; Gómez-Sánchez, A.; Vílchez, J. E.,
Tetrahedron Lett. 1991, 32, 3225.

80. Cox, D. P.; Terpinski, J.; Lawrynowicz, W., J. Org. Chem. 1984, 49,
3216.

81. Clark, J. H.; Smith, D. K., Tetrahedron Lett. 1985, 26, 2233.

82. Maeda, M.; Abe, M.; Kojima, M., J. Fluorine Chem. 1987, 34, 337.

83. Ueki, M.; Amemiya, M., Tetrahedron Lett. 1987, 28, 6617.

84. Ueki, M.; Aoki, H.; Katoh, T., Tetrahedron Lett. 1993, 34, 2783.

85. Namikoshi, M.; Kundu, B.; Rinehart, K. L., J. Org. Chem. 1991, 56,
5464.

86. Kundu, B., Tetrahedron Lett. 1992, 33, 3193.

87. Kumar, M. B., Synlett 2002, 2125.

88. Sun, H.; DiMagno, S. G., J. Am. Chem. Soc. 2005, 127, 2050,

89. Harmon, K. M.; Gennick, I., Inorg. Chem. 1975, 14, 1840.

90. Hayami, J.; Ono, N.; Kaji, A., Tetrahedron Lett. 1968, 1385.

91. Dermeik, S.; Sasson, Y., J. Org. Chem. 1989, 54, 4827.

92. Sharma, R. K.; Fry, J. L., J. Org. Chem. 1983, 48, 2112.

93. Sun, H.; DiMagno, S. G., Angew Chem., Int. Ed. 2006, 45, 2720.



466 TETRABUTYLAMMONIUM FLUORIDE

94. Kuduk, S. D.; DiPardo, R. M.; Bock, M. G., Org. Lett. 2005, 7, 577.

95. Kuethe, J. T.; Wong, A.; Journet, M.; Davies, I. W., J. Org. Chem. 2005,
70, 3727.

96. Lee, C. K. Y.; Holmes, A. B.; Ley, S. V.; McConvey, I. F.; Al-Duri, B.;
Leeke, G. A.; Santos, R. C. D.; Seville, J. P. K., Chem. Commun. 2005,
2175.

97. Grasa, G. A.; Nolan, S. P., Org. Lett. 2001, 3, 119.

98. Mee, S. P. H.; Lee, V.; Baldwin, J. E., Chem. Eur. J. 2005, 11, 3294.

99. Leroy, G.; Temsamani, D. R.; Wilante, C., Theochem. 1994, 112,
21.

100. Poon, C.; Mayer, P. M., Can. J. Chem. 2002, 80, 25.

101. Denmark, S. E.; Ober, M. H., Adv. Synth. Catal. 2004, 346, 1703.

102. Lee, J.-Y.; Fu, G. C., J. Am. Chem. Soc. 2003, 125, 5616.

103. Sahoo, A. K.; Oda, T.; Nakao, Y.; Hiyama, T., Adv. Synth. Catal. 2004,
346, 1715.

104. Duran Pachon, L.; Thathagar, M. B.; Hartl, F.; Rothenberg, G., Phys.
Chem. Chem. Phys. 2006, 8, 151.

105. Denmark, S. E.; Butler, C. R., Org. Lett. 2006, 8, 63.

106. Anderson, J. C.; Anguille, S.; Bailey, R., Chem. Commun. 2002, 2018.

107. Gouda, K.-I.; Hagiwara, E.; Hatanaka, Y.; Hiyama, T., J. Org. Chem.
1996, 61, 7232.

108. Soli, E. D.; DeShong, P., J. Org. Chem. 1999, 64, 9724.

109. Mowery, M. E.; DeShong, P., J. Org. Chem. 1999, 64, 1684.

110. Denmark, S. E.; Wehrli, D.; Choi, J. Y., Org. Lett. 2000, 2, 2491.

111. Denmark, S. E.; Tymonko, S. A., J. Am. Chem. Soc. 2005, 127, 8004.

112. Denmark, S. E.; Sweis, R. F.; Wehrli, D., J. Am. Chem. Soc. 2004, 126,
4865.

113. Denmark, S. E.; Neuville, L., Org. Lett. 2000, 2, 3221.

114. Heuft, M. A.; Collins, S. K.; Yap, G. P. A.; Fallis, A. G., Org. Lett.
2001, 3, 2883.

115. Mori, A.; Kawashima, J.; Shimada, T.; Suguro, M.; Hirabayashi, K.;
Nishihara, Y., Org. Lett. 2000, 2, 2935.

116. Thathagar, M. B.; Rothenberg, G., Org. Biomol. Chem. 2006, 4,
111.

117. Suzuki, N.; Yasaki, S.; Yasuhara, A.; Sakamoto, T., Chem. Pharm. Bull.
2003, 51, 1170.

118. Yamasaki, S.; Fujii, K.; Wada, R.; Kanai, M.; Shibasaki, M., J. Am.
Chem. Soc. 2002, 124, 6536.

119. Hanamoto, T.; Harada, S.; Shindo, K.; Kondo, M., Chem. Commun.
1999, 2397.

120. Lam, P. Y. S.; Deudon, S.; Averill, K. M.; Li, R.; He, M. Y.; DeShong,
P.; Clark, C. G., J. Am. Chem. Soc. 2000, 122, 7600.

121. Capperucci, A.; Degl’Innocenti, A.; Leriverend, C.; Metzner, P., J. Org.
Chem. 1996, 61, 7174.

122. Fernandes, R. A.; Yamamoto, Y., J. Org. Chem. 2004, 69, 735.

123. Amantini, D.; Beleggia, R.; Fringuelli, F.; Pizzo, F.; Vaccaro, L., J. Org.
Chem. 2004, 69, 2896.

124. D’Ambrosio, G.; Fringuelli, F.; Pizzo, F.; Vaccaro, L., Green Chem.
2005, 7, 874.

125. Amantini, D.; Fringuelli, F.; Piermatti, O.; Pizzo, F.; Zunino, E.;
Vaccaro, L., J. Org. Chem. 2005, 70, 6526.

126. Prakash, G. K. S.; Yudin, A. K., Chem. Rev. 1997, 97, 757.

127. Patel, N. R.; Kirchmeier, R. L., Inorg. Chem. 1992, 31, 2537.

128. Krishnamurti, R.; Bellew, D. R.; Prakash, G. K. S., J. Org. Chem. 1991,
56, 984.

129. Wiedemann, J.; Heiner, T.; Mloston, G.; Prakash, G. K. S.; Olah, G. A.,
Angew. Chem., Int. Ed. 1998, 37, 820.

130. Prakash, G. K. S.; Mandal, M.; Olah, G. A., Angew. Chem., Int. Ed.
2001, 40, 589.

131. Singh, R. P.; Kirchmeier, R. L.; Shreeve, J. N. M., J. Org. Chem. 1999,
64, 2579.

132. Prakash, G. K. S.; Krishnamurti, R.; Olah, G. A., J. Am. Chem. Soc.
1989, 111, 393.

133. Tejero, I.; Huertas, I.; Gonzalez-Lafont, A.; Lluch, J. M.; Marquet, J.,
J. Org. Chem. 2005, 70, 1718.

134. Kobayashi, T.; Eda, T.; Tamura, O.; Ishibashi, H., J. Org. Chem. 2002,
67, 3156.

135. Ruzza, P.; Calderan, A.; Borin, G., Tetrahedron Lett. 1996, 37, 5191.

136. Gevorgyan, V.; Yamamoto, Y., Tetrahedron Lett. 1995, 36, 7765.

137. Routier, S.; Sauge, L.; Ayerbe, N.; Coudert, G.; Merour, J.-Y.,
Tetrahedron Lett. 2002, 43, 589.

138. Jacquemard, U.; Beneteau, V.; Lefoix, M.; Routier, S.; Merour, J.-Y.;
Coudert, G., Tetrahedron 2004, 60, 10039.

139. Aronica, L. A.; Raffa, P.; Valentini, G.; Caporusso, A. M.; Salvadori,
P., Tetrahedron Lett. 2006, 47, 527.

140. Fustero, S.; Garcia Sancho, A.; Chiva, G.; Sanz-Cervera, J. F.; Del Pozo,
C.; Acena, J. L., J. Org. Chem. 2006, 71, 3299.

141. Smith, E. D.; Fevrier, F. C.; Comins, D. L., Org. Lett. 2006, 8, 179.

142. Heitzman, C. L.; Lambert, W. T.; Mertz, E.; Shotwell, J. B.; Tinsley, J.
M.; Va, P.; Roush, W. R., Org. Lett. 2005, 7, 2405.

143. Tanabe, Y.; Okumura, H.; Maeda, A.; Murakami, M., Tetrahedron Lett.
1994, 35, 8413.

144. Tanabe, Y.; Murakami, M.; Kitaichi, K.; Yoshida, Y., Tetrahedron Lett.
1994, 35, 8409.

145. Jones, G. B.; Wright, J. M.; Rush, T. M.; Plourde, G. W. II.; Kelton, T.
F.; Mathews, J. E.; Huber, R. S.; Davidson, J. P., J. Org. Chem. 1997,
62, 9379.

146. Cai, J.; Nemoto, H.; Nakamura, H.; Singaram, B.; Yamamoto, Y., Spec.
Publ.- R. Soc. Chem. 1997, 201, 112.

147. Nakamura, H.; Aoyagi, K.; Yamamoto, Y., J. Am. Chem. Soc. 1998,
120, 1167.

148. Cai, J.; Nemoto, H.; Nakamura, H.; Singaram, B.; Yamamoto, Y., Chem.
Lett. 1996, 791.

149. Brik, A.; Wu, C.-Y.; Best, M. D.; Wong, C.-H., Bioorg. Med. Chem.
2005, 13, 4622.



467TETRAKIS(TRIPHENYLPHOSPHINE)PALLADIUM(0)

Essential Reactions for Organic Synthesis, First Edition. Edited by Philip L. Fuchs.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Tetrakis(triphenylphosphine)-
palladium(0)1

Pd(PPh3)4

[14221-01-3] C72H60P4Pd (MW 1155.62)
InChI = 1/4C18H15P.Pd/c4*1-4-10-16(11-5-1)19(17-12-6-2-7-

13-17)18-14-8-3-9-15-18;/h4*1-15H;
InChIKey = NFHFRUOZVGFOOS-UHFFFAOYAV

(catalyzes carbon–carbon bond formation of organometallics with
a wide variety of electrophiles;2 in combination with other
reagents, catalyzes the reduction of a variety of functional groups;3

catalyzes carbon–metal (Sn, Si) bond formation;4 catalyzes
deprotection of the allyloxycarbonyl group5)

Physical Data: mp has been reported to vary between
100–116 ◦C (dec) and is not a good indication of purity.

Solubility: insol saturated hydrocarbons; moderately sol many
other organic solvents including CHCl3, DME, THF, DMF,
PhMe, benzene.

Form Supplied in: yellow, crystalline solid from various sources.
The quality of batches from the same source have been noted
to be highly variable and can dramatically alter the expected
reactivity.

Preparative Methods: readily prepared by the reduction of PdCl2
(Ph3P)2

6 with Hydrazine or by the reaction of Tris(dibenzyli-
deneacetone)dipalladium–Chloroform with Triphenylphos-
phine.7

Handling, Storage, and Precautions: is air and light sensitive and
should be stored in an inert atmosphere in the absence of light.
It can be handled for short periods quickly in the air but best
results are achieved by handling in a glove box or glove bag
under argon or nitrogen.

Direct Carbon–Carbon Bond Formation. One of the most
attractive features of Pd(Ph3P)4 is its ability to catalyze carbon–
carbon bond formation under mild conditions by the cross-
coupling of organometallic (typically organoaluminum,2e

-boron,2f -copper, -magnesium, -tin,2b−d or -zinc2e reagents) and
unsaturated electrophilic partners (halides or sulfonates such as
trifluoromethanesulfonates2d (triflates)). Although Pd(Ph3P)4 is
the catalyst of choice in many of these reactions, numerous other
Pd0 and PdII catalysts have been used successfully.

Symmetrical or unsymmetrical biaryls are efficiently produced
by the Pd(Ph3P)4 catalyzed cross-coupling of aryl halides or aryl
triflates (I, Br > OTf in terms of rate of reaction8a) with a variety
of metalated aromatics such as arylboronic acids,8 arylstannanes,9

aryl Grignards10 and arylzincs11 (eqs 1 and 2). Reactions
employing ArB(OH)2 are carried out in aqueous base (2M
Na2CO3 or K3PO4) while the remainder are conducted under an-
hydrous conditions. A recent report documents the reaction of
ArB(OR)2 with ArBr under nonaqueous conditions in the pres-
ence of Thallium(I) Carbonate.8c Reactions employing ArOTf
and ArSnR3 as coupling partners require greater than stoichio-
metric amounts of Lithium Chloride.9a,b Acceleration of the
reaction rate has been noted in the coupling of ArSnMe3 and
either ArOTf or ArBr/I by the addition of catalytic Copper(I)

Bromide9c or stoichiometric Silver(I) Oxide,9f respectively. In
many cases, one or both of the aromatic species can be heteroaro-
matic such as pyridine, furan, thiophene, quinoline, oxazole, thia-
zole, or indole.8e,9f,g,11 Symmetrical biaryls have been prepared
in excellent yields by the Pd(Ph3P)4-catalyzed homocoupling of
ArBr/I under phase transfer conditions.12

X M (1)+

M = MgBr, X = I
M = ZnCl, X = OSO2F

70%
95%

Pd(Ph3P)4

B(OH)2 Br

CONEt2
HO

+ (2)

1. Pd(Ph3P)4
    aq Na2CO3

92%

2. LDA, THF

In a similar manner, Pd(Ph3P)4 catalyzes the cross-coupling
of metalated alkenes, such as vinylaluminum reagents,13 vinyl-
boronates or -boronic acids,8d,14 vinylstannanes,15 vinylsilanes,16

vinylzincs or -zirconates,17 vinylcuprates18 or -copper reagents19

and vinyl Grignards20 with vinyl halides (I, Br), triflates, or
phosphates to form 1,3-dienes (eq 3). Vinylallenes,17f dienyl
sulfides,14h and dienyl ethers17d have also been prepared using
this strategy. In most instances the dienes are formed with reten-
tion of double bond geometry in both reacting partners.14g How-
ever, the formation of (E,Z)- and (Z,Z)-diene combinations has
been documented to suffer from poor reaction yields or scram-
bling of alkene geometry in some cases (eq 4).14a,b,18–20 A
dramatic rate enhancement has been noted in the coupling of
vinyl iodides with vinylboronic acids by replacing the aqueous
bases that are normally used (NaOEt or NaOH) with Thallium(I)
Hydroxide14f,i or Thallium(I) Carbonate.21 LiCl15a,c is required
when vinyl triflates are used in coupling reactions with vinyl-
stannanes. Intramolecular versions of the vinylstannane–vinyl tri-
flate coupling have been reported22 and the necessity of adding
LiCl in these reactions has been debated.22a 1,3-Dienes have been
prepared via the Pd(Ph3P)4-catalyzed reaction between allylic
alcohols and aldehydes in the presence of Phenyl Isocyanate and
Tributylphosphine (eq 5).23 (E/E):(E/Z) ratios range from 1:1 to
4:1.

X
M R1

R2

R1
R2

+ (3)

R1 = Hex, X = Br; M = B(DOB), R2 = Bu
R1 = Bu, X = I; M = ZrCp2Cl, R2 = Hex

86%
93%

Pd(Ph3P)4

M R1
R1

+ (4)

R1 = Bu, X = Br; M = B(sia)2, R2 = Hex
R1 = t-Bu, X = I; M = Cu•MgCl2, R2 = Pent

49%
53%

X R2 R2

Pd(Ph3P)4

(5)Ph
C7H15

Ph OH +      C7H15CHO

4:1

Pd(Ph3P)4

PhNCO, Bu3P
82%

Similar cross-coupling procedures have been used to prepare
styrenes by the reaction of metalated aromatics with vinyl halides/
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triflates11d,24 or, conversely, metalated alkenes with aromatic
halides/triflates9b,16,25 in the presence of Pd(Ph3P)4 (eq 6). Typ-
ically, ArCl are poor substrates in Pd(PPh3)4-catalyzed coupling
reactions. However, by forming the chromium tricarbonyl com-
plex of the aryl chloride, a facile coupling reaction with vinylstan-
nanes can be achieved (eq 7).26

Br

MeO

SnBu3

Pd(Ph3P)4
PhMe
76% 

MeO

(6)

SnBu3

MeO

(7)

Cl

MeO
Cr(CO)3

1. 
    Pd(Ph3P)4, THF

68%

2. I2

Enynes and arenynes are available from the Pd(Ph3P)4-
catalyzed coupling of metalated alkynes (Mg,20 Al,13,27 Zn,17f,28

Sn15a,b,29) with vinyl or aryl halides, triflates or phosphates
(eq 8). Alternatively, 1-haloalkynes and metalated alkenes (B14c

or Zn11a,17a) can be utilized in similar procedures.

I
BuBu M (8)+

M = SnMe3
M = ZnCl

50%
71%

Pd(Ph3P)4

Enynes and arenynes can also be prepared by the Pd(Ph3P)4-
catalyzed reaction between vinyl halides (I, Br, or Cl) and 1-
alkynes in the presence of Copper(I) Iodide and an amine base
such as RNH2 (R = Bu, Pr), Et2NH, or Et3N.30 A modified pro-
cedure employing aqueous base under phase transfer conditions
has also been described (eq 9).31 The arenyne products derived
from such coupling reactions provide ready access to substituted
indoles (eq 10).29c,30d

+I
BuBu C5H11

C5H11
(9)

Pd(Ph3P)4
CuI, aq NaOH

R4NCl, PhH
50%

NHAc

OTf

MeO2C

NMeO2C
Ac

Bu3Sn

(10)

1. 
    Pd(Ph3P)4

62%

2. (MeCN)2PdCl2

Pd(Ph3P)4 catalyzes the coupling of simple alkyl metals and
vinyl halides (Br, I) or triflates to form substituted alkenes
(eq 11). Alkylboron,32 alkyl Grignard,20,33 alkylzinc,34 and
alkylaluminum13 reagents have been particularly useful in this
regard. A variety of functional groups on either reacting partner
are tolerated and the reaction proceeds with retention of alkene ge-
ometry (usually >98%), providing stereochemically pure, highly
substituted alkenes. For example, allylsilanes (eq 12)35 and
vinylcyclopropanes (eq 13)36 have been prepared employing
Trimethylsilylmethylmagnesium Chloride and cyclopropylzinc
chloride, respectively, as the organometallic partner.

(11)Hex
I

Hex
Et

87% (E)
85% (Z)

EtMgBr

Pd(Ph3P)4

(12)
Pr I Pr TMS

Pd(Ph3P)4, rt

TMSCH2MgCl, THF
84%

(13)
ZnCl

PO PO

OP

OP

I P = TBDMS , 82%

Pd(Ph3P)4, THF, rt

Ketones are obtained by the Pd(Ph3P)4-catalyzed coupling of
acid chlorides with organometallic reagents (eq 14). Organozinc37

and organocopper38 reagents have been used most successfully,
while other reports document the utility of R4Pb (R = Bu, Et),39

R4Sn (R = Me, Bu, Ph),40 and R2Hg (R = Et, Ph)41 reagents in
this reaction. For those cases in which the organometallic reagent
is alkenic, complete retention of alkene geometry is observed (see
eq 14). In addition, the formation of tertiary alcohols is not ob-
served under the conditions employed. A modified procedure that
substitutes alkyl chloroformates for acid chlorides leads to an ef-
ficient preparation of esters (eq 15).37b,38 In a related reaction,
Pd(Ph3P)4 catalyzes the coupling reaction between substituted
aryl- or alkylsulfonyl chlorides and vinyl- or allylstannanes, pro-
viding a general route to sulfones (eq 16).42

(14)

i-Pr CuO

COCl

O

O

, MgCl
85%

Pd(Ph3P)4, THF

(15)
ZnCl CO2Me

MeOCOCl
Pd(Ph3P)4

THF
73%

Ph
SnBu3

Ph
SO2Me

(16)

MeSO2Cl
Pd(Ph3P)4

THF, 70 °C
90%

The Pd(Ph3P)4-catalyzed reaction of various allylic elec-
trophiles with carbon-based nucleophiles is a very useful method
for the formation of C–C bonds under relatively mild condi-
tions (eq 17) and has been extensively reviewed elsewhere.2a,43

The most commonly used electrophilic substrates for Pd(Ph3P)4-
catalyzed allylic substitution reactions are allylic esters, car-
bonates, phosphates, carbamates, halides, sulfones, and epox-
ides. More recently, allylic alcohols themselves have been
demonstrated to be useful substrates.44 Commonly employed
nucleophiles include soft stabilized carbanions such as mal-
onate and, to a lesser extent, a variety of organometallic
reagents (Al, Grignards, Sn, Zn, Zr). A few selected examples
begin to illustrate the scope of this reaction in terms of the
general patterns of reactivity with respect to regioselectivity
(eqs 18 and 19) and stereoselectivity (eqs 17 and 18). It
should be noted that a variety of other Pd catalysts (including
Palladium(II) Acetate–1,2-Bis(diphenylphosphino)ethane and
Bis(dibenzylideneacetone)palladium(0)) have been shown to be
useful in these alkylations. In addition, certain nitrogen-, sulfur-,
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and oxygen-based reagents are suitable nucleophilic substrates.
The utility of some of these latter reagents are covered in subse-
quent sections.

CO2Me

OAc

CO2Me

CO2Me

CO2Me

(17)

NaCH(CO2Me)2
rt, THF

Pd(Ph3P)4

90%

Oct

O

Pd(Ph3P)4
84%

Oct CO2Me

CO2MeOH
(18)CH2(CO2Me)2, rt, THF

(E):(Z) = 98:2

PhO2S
O OAc

O

O
SO2Ph

O

(19)

NaH, Pd(Ph3P)4

O

O SO2Ph

+

94% 6%

THF, rt

Aldehydes and α-bromo ketones or esters are efficiently
coupled in an aldol reaction in the presence of Diethylalu-
minum Chloride–Tributylstannyllithium (or Tin(II) Chloride)
and catalytic Pd(Ph3P)4, providing β-hydroxy ketones or esters
(eq 20).45

(20)
R

Br
O

Ph
CHO

R Ph

O OH

Bu3SnLi–Et2AlCl
Pd(Ph3P)4, THF, 0 °C

R = Ph, 70%; EtO, 75%

Carbonylative Carbon–Carbon Bond Formation. A gen-
eral, mild (50 ◦C), and high yielding conversion of halides and tri-
flates into aldehydes via Pd(Ph3P)4-catalyzed carbonylation (1–3
atm CO) in the presence of Tributylstannane has been described
(eq 21).46 The range of usable substrates is extensive and in-
cludes ArI, benzyl and allyl halides, and vinyl iodides and triflates.
The reaction has been extended to include ArBr by carrying out
the carbonylation at 80 ◦C under pressure (50 atm CO), using
poly(methylhydrosiloxane) (PMHS) instead of tin hydride.47

(21)

MeO2C

I

MeO2C

CHO
Pd(Ph3P)4, 3 atm CO

Bu3SnH, THF, 50 °C
90%

Pd(Ph3P)4 catalyzes the carbonylation of benzyl48a and
vinyl48b bromides under phase transfer conditions in the pres-
ence of hydroxide to form the corresponding carboxylic acids.
A wide variety of substitution is tolerated and the products are
formed in moderate to excellent yield at room temperature and
at normal pressure (1 atm CO). Extension of the reaction to the
formation of esters from aryl, alkyl, and vinyl bromides has been
described.49 These transformations usually require a co-catalyst
system of Pd(Ph3P)4 and [(1,5-cyclohexadiene)RhCl]2 in the pres-
ence of either M(OR)4 (M = Ti, Zr) or M(OR)3 (M = B, Al) (eq 22).

(22)Ph
Br

Ph
CO2R

Ti(OBu)4 (no Rh cat)
Al(OEt)3

85%
66%

Pd(Ph3P)4, [(1,5-hd)RhCl]2

CO, M(OR)n

Vinyl triflates serve as substrates for Pd(Ph3P)4-catalyzed
carbonylation and have been converted into the corresponding
esters50 or ketones15c,51 (eq 23).

(23)

t-Bu

OTf

t-Bu

R

O

R = CHCH2, 76%; Ph, 93%

Pd(Ph3P)4, Me3SnR

CO (15–50 psi), THF

Aromatic and Vinyl Nitriles. Aromatic halides (Br, I) have
been converted into nitriles in excellent yields by Pd(Ph3P)4 catal-
ysis in the presence of Sodium Cyanide/Alumina,52 Potassium
Cyanide,53 or Cyanotrimethylsilane54 (eq 24). While the latter
two procedures require the use of ArI as substrates, a more exten-
sive range of substituents are tolerated than the alternative method
employing ArBr. A Pd(Ph3P)4-catalyzed extrusion of CO from
aromatic and heteroaromatic acyl cyanides (readily available from
cyanohydrins) at 120 ◦C provides aryl nitriles in excellent yields
(eq 25).55

Cl

I

Cl

CN
(24)

Pd(Ph3P)4, TMSCN

Et3N, reflux
70%

(25)

Cl

COCN

Cl

CN
Pd(Ph3P)4, PhH

98%

Similarly, vinyl halides (Br, Cl) provide vinyl nitriles upon treat-
ment with Pd(Ph3P)4/Potassium Cyanide/18-Crown-6.56

Carbon–Heteroatom (N, S, O, Sn, Si, Se, P) Bond For-
mation. Primary and secondary amines (but not ammonia)
undergo reaction with allylic acetates,57 halides,58 phosphates,59

and nitro compounds60 in the presence of Pd(Ph3P)4 to
provide the corresponding allylic amines (eq 26). A vari-
ety of ammonia equivalents have been demonstrated to be
useful in this Pd(Ph3P)4-catalyzed alkylation, including 4,4′-
dimethoxybenzhydrylamine,57c NaNHTs,58 and NaN3

61 (eq 26).
Both allylic phosphates and chlorides react faster than the cor-
responding acetates58,59a and (Z)-alkenes are isomerized to the
(E)-isomers.57a,59a The use of primary amines as nucleophiles in
the synthesis of secondary allyl amines is sometimes problem-
atic since the amine that is formed undergoes further alkylation to
form the tertiary amine. Thus hydroxylamines have been shown
to be useful primary amine equivalents (eq 27) since the reaction
products are easily reduced to secondary amines.59b

(26)Ph OX Ph Nu

X = PO(OEt)2, Nu = NEt2
X = Ac, Nu = N3

68%
88%

Pd(Ph3P)4, THF, rt

NaN3 or HNEt2
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Ph

OAc

Ph

N(OH)Me
(27)

NaOH, THF, rt
99%

MeNHOH · HCl
Pd(Ph3P)4

Allyl sulfones can be obtained by the Pd(Ph3P)4-catalyzed
reaction of allylic acetates62 and allylic nitro compounds63,64

with NaSO2Ar (eq 28). Pd(Ph3P)4 also catalyzes the addition of
HOAc to vinyl epoxides, providing a facile entry into 1,4-hydroxy
acetates.65

Ph OAc Ph SO2Tol (28)

NaTs · 4H2O
Pd(Ph3P)4

THF–MeOH, rt
98%

Aryl halides (Br, I) have been converted in good yields into
the corresponding arylstannanes or -silanes by treatment with
R6Sn2 (R = Bu, Me)4,66 or Hexamethyldisilane,67 respectively,
in the presence of catalytic Pd(Ph3P)4 (eq 29). Aryl9a,b and
vinyl15b,68 triflates produce aryl- and vinylstannanes under sim-
ilar conditions, provided Hexamethyldistannane and LiCl are
used as co-reactants. In some cases, the presence of additional
Ph3P has been observed to improve yields.68 By using the
(Ph3Sn)2Zn–TMEDA complex, vinyl halides can also be con-
verted into vinylstannanes.69

(29)

Ac

I

Ac

SnBu3
Pd(Ph3P)4
Bu6Sn2

THF, 80 °C
83%

Acyltrimethylstannanes can be prepared in moderate yields
by the treatment of acid chlorides with Me6Sn2 and catalytic
Pd(Ph3P)4 in refluxing THF.70c However, Pd(Ph3P)2Cl2 is a
superior catalyst for this transformation when using sterically
bulky or electron-poor acyl halides.

Pd(Ph3P)4 catalyzes the addition of R6Sn2,70 R6Si2,71 Ph2S2,
and Diphenyl Diselenide72 across the triple bond of 1-alkynes
to provide the respective (Z)-1,2-addition products (eq 30). The
(Z)-distannanes can be partially isomerized to the (E)-isomers by
photolysis.70 The reaction cannot be extended to include internal
alkynes containing alkyl substituents, but allenes do undergo 1,2-
addition of disilane73 and ditin.74 In a similar fashion, Pd(PPh3)4

catalyzes the regio- and stereospecific addition of R3Sn–SiR3 to
1-alkynes, the (Z)-1-silyl-2-stannylalkene isomers being the sole
products (eq 30).75

M = N = SPh
M = N = SnBu3
M = SnMe3, N = TMS

79%
59%
51%

HO
M N

HO
(30)

Pd(Ph3P)4

MN

α,β-Acetylenic esters react with R6Sn2 in the presence of
Pd(Ph3P)4 at room temperature to provide only the (Z)-2,3-
distannylalkenoates (eq 31).76 When heated to 75–95 ◦C, clean
isomerization to the (E)-isomers is observed. The corresponding
amides are also useful substrates but provide either the (E)-isomers
directly or (E/Z)-distannane mixtures.76 Surprisingly, under sim-
ilar reaction conditions, α,β-alkynic aldehydes and ketones form
(Z)-β-stannyl enals and enones in excellent yields (eq 32).77

(31)

Me6Sn2
Pd(Ph3P)4

R CO2Me
SnMe3

CO2MeR

Me3Sn

R = Me, TBDMSOCH2

THF, rt
66–90%

(32)

Me6Sn2
Pd(Ph3P)4

PO

COX

Me3Sn COX

PO
2

2

X = H, 87%; Me, 90%P = TBDMS

THF, 80 °C

The Pd(Ph3P)4-catalyzed hydrostannylation of 1-alkynes with
R3SnH provides mixtures of vinylstannane regio- and stereoiso-
mers, the ratios depending upon the nature of the alkyne sub-
stituents and the R group of the tin reagent.78 In general, when us-
ing alkyl-substituted 1-alkynes, Triphenylstannane provides (E)-
1-stannylalkenes78a as the major products, while 2-stannylalkenes
are obtained predominantly with (Bu3Sn)2Zn78c (eq 33). The
Pd(Ph3P)4 mediated cis addition of R3Sn–H across symmetri-
cal internal alkynes has also been demonstrated to be gener-
ally high yielding.78b The hydrostannylation of α,β-unsaturated
nitriles with Bu3SnH/Pd(Ph3P)4 is regioselective, providing α-
stannyl nitriles as the sole products.79

Ph3SnH,       77%   89:11
(Bu3Sn)2Zn, 70%   <5:>95

(33)C10H21

SnR3

C10H21

R3Sn

C10H21
+

Pd(Ph3P)4

The Pd(Ph3P)4-mediated preparation of allyl- and ben-
zylstannanes has been achieved by treatment of allylic
acetates with Et2AlSnBu3

80 or by reacting benzyl halides (Br,
Cl) with R6Sn2.66c In a similar fashion, allyl- and benzylsilanes
are prepared by the Pd(Ph3P)4-catalyzed reaction of R6Si2 with
allylic halides81 and benzyl halides,4 respectively. Allylstannanes
have also been prepared by the addition of Bu3SnH to 1,3-dienes
in the presence of Pd(Ph3P)4 (eq 34).82

SnBu3 (34)
Pd(Ph3P)4, Bu3SnH

PhH, rt
78%

Dialkyl aryl- and vinylphosphonates (RPO(OR′)2) are read-
ily prepared in excellent yields by the reaction of aryl or vinyl
bromides, respectively, with dialkyl phosphite (HPO(OR′)2) in
the presence of catalytic Pd(Ph3P)4 and Et3N.83 In a related pro-
cess, unsymmetrical alkyl diarylphosphinates (ArPhPO(OR)) are
obtained in good yields, regardless of aromatic substitution, by
the Pd(Ph3P)4-catalyzed coupling reaction between aryl bromides
and alkyl benzenephosphonites (HPhPO(OR)).84

Oxidation Reactions. α-Bromo ketones are dehydrobromi-
nated to produce enones in low to good yields, especially when the
products are phenolic, by treatment with stoichiometric Pd(Ph3P)4

in hot benzene.85 Primary and secondary alcohols are oxidized in
the presence of PhBr, base (NaH or K2CO3) and Pd(Ph3P)4 as
catalyst to the corresponding aldehydes or ketones.86 The practi-
cal advantages of these methods to alternative strategies have yet
to be demonstrated.
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Reduction Reactions. At elevated temperatures
(100–110 ◦C), ArBr and ArI are reduced to ArH in the
presence of catalytic Pd(Ph3P)4 and reducing agents such as
HCO2Na (eq 35),3,87 NaOMe,88 and PMHS/Bu3N.3 Aldehydes,
ketones, esters, acids, and nitro substituents are unaffected. ArCl
are poor substrates unless the aromatic nucleus is substituted
with NO2.88 ArOTf are reduced in poorer yield under similar
conditions; Pd(OAc)2 and Pd(Ph3P)2Cl2 are superior catalysts
with these substrates.89 A limited number of examples of the
Pd(PPh3)4-catalyzed reduction of vinyl bromides and triflates
to alkenes in the presence of HCO2Na3 and Bu3SnH,15a,b

respectively, have been described.

X X

(35)

X = CHO, 80%; COMe, 84%

Br
Pd(Ph3P)4, HCO2Na

DMF, 100 °C

Pd(Ph3P)4 catalyzes the reductive displacement of a variety
of allylic substituents with hydride transfer reagents. Allylic ac-
etates are reduced to simple alkenes in the presence of Sodium
Cyanoborohydride,90 PMHS,91 Samarium(II) Iodide/i-PrOH,92

or Bu3SnH93 (eq 36). Bu3SnH/Pd(Ph3P)4 also reduces allylic
amines93 and thiocarbamates.94 All of these reductive procedures
are accompanied by positional and/or geometrical isomerization
of the alkene to an extent dependent upon the substrate structure.
Interestingly, the Pd(Ph3P)4-catalyzed reduction of allylic sul-
fones with Sodium Borohydride is high yielding with no double
bond positional isomerization observed.95 By using a more bulky
reducing agent, Lithium Triethylborohydride, a range of allylic
groups, such as methyl, phenyl, and silyl ethers, sulfides, sulfones,
selenides, and chlorides, are reduced to alkenes in the presence of
Pd(Ph3P)4 and excess Ph3P with little or no loss of alkene regio-
or stereochemistry (eq 37).96 An interesting Pd(Ph3P)4-catalyzed
reduction of allylic acetates, tosylates, and chlorides to the corre-
sponding alkenes has been described that uses n-BuZnCl as the
hydride source.97 This procedure proceeds with high levels of
regio- and stereospecificity, but the scope has yet to be explored.

OAc R R (36)+

[H] = NaBH3CN,       68%  42:58
[H] = SmI2, i-PrOH,   92%  93:7

Pd(Ph3P)4

[H]

X = SPh,            90%  (E):(Z) = 94:5
X = OTBDMS,  80%  (E):(Z) = 98:1

Hept X Hept (37)

LiBHEt3
Pd(Ph3P)4

Ph3P, THF

Acid chlorides98 and acyl selenides99 are efficiently reduced in
the presence of Bu3SnH under Pd(Ph3P)4 catalysis to provide the
corresponding aldehydes in good to excellent yields without the
formation of ester or alcohol byproducts (eq 38). A wide variety
of substrate substituents, such as alkenes, nitriles, bromides, and
nitro groups, are tolerated.

R X

O

R H

O
(38)

R = Hex, X = Cl
R = Oct, X = SePh

77%
69%

Bu3SnH
Pd(Ph3P)4

PhH, rt

The conjugate reduction of α,β-unsaturated ketones and alde-
hydes to the saturated analogs can be accomplished in the presence
of Pd(Ph3P)4 and hydride transfer reagents such as Bu3SnH100 or
mixed systems of Bu3SnH/HOAc or Bu3SnH/ZnCl2.79 A poten-
tially more versatile, general, and selective reduction procedure
involves a three-component system of Pd(Ph3P)4/Ph2SiH2/ZnCl2
(eq 39).101 α,β-Unsaturated esters and nitriles are untouched using
this latter method.

(39)

O OPh2SiH2, ZnCl2
Pd(Ph3P)4

CHCl3, rt
96%

α-Bromo ketones are reductively debrominated to the parent ke-
tones in the presence of Pd(Ph3P)4 and Ph2SiH2/K2CO3 at room
temperature.102 However, Hexacarbonylmolybdenum appears to
be a superior catalyst for this conversion. Reductive debromination
of α-bromo ketones, acids, and nitriles can also be accomplished
by Pd(Ph3P)4 catalysis using PMHS/Bn3N,87b HCO2Na,87b or
Me6Si2103 as hydrogen donors but under much more drastic con-
ditions (110–170 ◦C).

Removal of Allyloxycarbonyl (Aloc) and Allyl Protect-
ing Groups. The allyloxycarbonyl protecting group5 has been
used extensively for the protection of a variety of alcohols104

and amines,105 including the amines of nucleotide bases,106 N-
terminal amines of amino acids and peptides,107 and amino
sugars.108 Pd(Ph3P)4 mediates the high yielding removal of the
Aloc group in the presence of nucleophilic allyl scavengers (eq 40)
such as Bu3SnH, 2-ethylhexanoic acid, dimedone, malonate, Am-
monium Formate, N-Hydroxysuccinimide, and various amines
including Morpholine and Pyrrolidine. The deprotections are
effected at or below room temperature, often in the presence of
excess Ph3P. The mild conditions used in these procedures leave
most of the common N or O protecting groups intact, including
Boc, TBDMS, MMT, DMT, and carbonates.

(40)

O
TBDMSO

O

N

N

N

N

HN O

O

O

O

O
TBDMSO

OH

N

N

N

N

NH2

Pd(Ph3P)4, HCO2H

BuNH2, Ph3P, THF, rt
100%

The Pd(Ph3P)4-catalyzed removal of the O-allyl protecting
group has been described for a number of systems.5 For example,
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allyl esters are efficiently cleaved to the parent acid in chemically
sensitive systems such as penicillins105,109 and glycopeptides.110

The internucleotide phosphate linkage, protected as the allyl phos-
pho(III)triester, remains intact upon deprotection under Pd(Ph3P)4

catalysis.111 Allyl ethers that protect the anomeric hydroxy in
carbohydrates (mono- and disaccharides) are efficiently removed
under Pd(Ph3P)4 catalysis in hot (80 ◦C) HOAc.112

Rearrangements, Isomerizations and Eliminations.
Pd(Ph3P)4 catalyzes several [3,3]-sigmatropic rearrangements
including those of O-allyl phosphoro- and phosphonothion-
ates to the corresponding S-allyl thiolates (eq 41)113 and
allylic N-phenylformimidates to N-allyl-N-phenylformamides
(eq 42).114 The 3-aza-Cope rearrangement of N-allylenamines
to γ ,δ-unsaturated imines (eq 43)115 and a Claisen rear-
rangement but with no allyl inversion116 have also been
described. In general, these Pd(Ph3P)4-catalyzed rearrange-
ments provide compounds that are either not accessible via
thermal reactions or are produced only under much more
forcing reaction conditions. For those cases in which the allyl
moiety contains substituents that may lead to regioisomers
upon rearrangement, the less substituted isomer is usually
favoured113,115 (see eq 41), although exceptions are known.114

(41)(EtO)2P
O

S

(EtO)2P
S

OPd(Ph3P)4

DME, 80 °C
93%

O NPh

Ph

O NPh

Ph

(42)
Pd(Ph3P)4

THF, refux
100%

(43)
PhN

Ph
PhN

Ph

Pd(Ph3P)4, TFAA

PhH, 50 °C
82%

Pd(Ph3P)4 catalyzes stereoselective, intramolecular metallo-
ene reactions of acetoxydienes in HOAc, efficiently generating
a range of cyclic 1,4-dienes (eq 44).117 The reactions proceed in
good to excellent yields and have been extended to include the
preparation of pyrrolidines, piperidines, and tetrahydrofurans by
incorporating N and O atoms into the bridge that tethers the reac-
tive alkenes.

(44)

X

AcO

X X

+

X = C(CO2Me)2, 52%  10:90
X = NCOCF3,     67%  28:72

Pd(Ph3P)4

HOAc, 75 °C

The isomerization of allylic acetates is a useful method for
allylic oxygen interconversion. Although these reactions are typi-
cally carried out in the presence of PdII catalysts such as Pd(OAc)2,
Pd(Ph3P)4 has proven to be useful in the 1,3-rearrangement
of α-cyanoallylic acetates to γ-acetoxy-α,β-unsaturated nitriles
(eq 45).118 These compounds are conveniently transformed into
furans.

(45)Oct
CN

OAc

OAc

Oct
CN

O

Oct1. aq NaOH

74%

Pd(Ph3P)4

THF, rt
91%

2. DIBAL

Several 1,3-diene syntheses involving elimination reactions that
are catalyzed by Pd(Ph3P)4 have been reported. The first involves
the Et3N mediated elimination of HOAc from allylic acetates
in refluxing THF.119 A complementary procedure involves the
Pd(Ph3P)4 catalyzed decarboxylative elimination of β-acetoxy-
carboxylic acids (eq 46).120 The substrates are easily prepared by
the condensation of enals and carboxylate enolates; irrespective
of the diastereomeric mixture, (E)-alkenes are formed in a highly
stereocontrolled manner. The geometry of the double bond present
in the enal precursor remains unaffected in the elimination and the
reaction is applicable to the formation of 1,3-cyclohexadienes.

(46)R

CO2H

OAc

R

+  10% (Z,Z) isomer

Pd(Ph3P)4, Et3N

PhMe, 85 °C
90%

Monoepoxides of simple cyclic 1,3-dienes are smoothly con-
verted in good yield to β,γ-unsaturated ketones in the presence of
Pd(Ph3P)4 catalyst (eq 47).121 Other vinyl epoxides, such as those
in open chains or in cyclic systems in which the double bond is not
in the ring, are converted under similar conditions into dienols.

(47)
O

O
Pd(Ph3P)4, Ph3P

PhH, rt
63%

A mixture of Pd(Ph3P)4/dppe catalyzes the transformation of
α,β-epoxy ketones, readily available via several methods, into β-
diketones (eq 48).122 The reaction is applicable to both cyclic and
acyclic compounds, although epoxy ketones bearing an α-alkyl
group are poor substrates.

(48)
O

O OOPd(Ph3P)4, dppe

PhMe, 80 °C
94%
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Tetra-n-propylammonium Perruthenate1

Pr4N+RuO4
-

[114615-82-6] C12H28NO4Ru (MW 351.48)
InChI = 1S/C12H28N.4O.Ru/c1-5-9-13(10-6-2,11-7-3)12-8-

4;;;;;/h5-12H2,1-4H3;;;;;/q+1;;;;-1;
InChIKey = NQSIKKSFBQCBSI-UHFFFAOYSA-N

(mild oxidant for conversion of multifunctionalized alcohols
to aldehydes and ketones;1 can selectively oxidize primary–
secondary diols to lactones;2 can cleave carbon–carbon bonds

of 1,2-diols3)

Alternate Name: TPAP.
Physical Data: mp 165 ◦C (dec).
Solubility: sol CH2Cl2, and MeCN; partially sol C6H6.
Form Supplied in: dark green solid; commercially available.
Analysis of Reagent Purity: microanalysis.
Handling, Storage, and Precautions: stable at room temperature

and may be stored for long periods of time without significant
decomposition, especially if kept refrigerated in the dark. The
reagent should not be heated neat, as small quantities decom-
pose with flame at 150–160 ◦C in air.

Original Commentary

Steven V. Ley & Joanne Norman
University of Cambridge, UK

General Procedures. TPAP is a convenient, mild, neutral and
selective oxidant of primary alcohols to aldehydes and secondary
alcohols to ketones.1 These reactions are carried out with cat-
alytic TPAP at rt in the presence of stoichiometric or excess N-
Methylmorpholine N-Oxide (NMO) as a cooxidant. A kinetic
study with 2-propanol as the substrate has shown that these ox-
idations are strongly autocatalytic.4 Turnovers of up to 250 are
obtainable if activated powdered molecular sieves are introduced
to remove both the water formed during oxidations and the water
of crystallization of the NMO. Solvents commonly employed are
dichloromethane and acetonitrile, or combinations of these. This
reagent also works well on a small scale where other methods,
such as those employing activated Dimethyl Sulfoxide reagents,
are inconvenient.1 For large scale oxidations it is necessary to
moderate these reactions by cooling and by slow portionwise ad-
dition of the TPAP. To achieve full conversion on a large scale,
the NMO should be predried (by first treating an organic solution
of NMO with anhydrous magnesium sulfate) and the use of 10%
acetonitrile–dichloromethane as solvent is recommended.1

Oxidation of Primary Alcohols. Primary alcohols can be
oxidized in the presence of a variety of functional groups, includ-
ing tetrahydropyranyl ethers (eq 1),1,5 epoxides (eq 2),1,6 acetals
(eq 3),1,7 silyl ethers,1,8 peroxides,9 lactones,1,10 alkenes,1,11

alkynes,1,12 esters,1,13 amides,1,14 sulfones,1 and indoles.10 Ox-
idation of substrates with labile α-centers proceeds without
epimerization.1

THPO

OH

OTBDMS

THPO

O

OTBDMS

(1)

TPAP, NMO
mol. sieves

CH2Cl2, rt
97%

O O OH

PMP

O
O

O

O O O

PMP

O
O

(2)

TPAP, NMO

O

96%

O

O

OH

H

OBz

O

O

O

H

OBz

(3)

TPAP, NMO
mol. sieves

MeCN, rt
95%

Oxidation of Secondary Alcohols. In a similar fashion, mul-
tifunctional secondary alcohols are oxidized to ketones (eqs 4 and
5)9,15 in good yields.1,5–14

(4)TPAP, NMO

O

TBDMSO

OH
H

HO
CO2Me

O

TBDMSO

O
H

HO
CO2Me

97%

O

O
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OEt
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O

H

H
O

O

O

OEt

O
O

H

H
(5)

TPAP, NMO
CH2Cl2

mol. sieves, rt
60%

A particularly hindered secondary alcohol (an intermediate in
the latter stages of the synthesis of tetronolide) resisted oxida-
tion with activated DMSO, Pyridinium Chlorochromate, and ac-
tivated Manganese Dioxide, yet stoichiometric TPAP afforded the
ketone in 81% yield.16

Allylic Alcohols. These alcohols are successfully oxidized to
the corresponding enones and enals (eq 6).1,17

(6)
TPAP, NMO

O

RO

H

N Me

HO

O

RO

H

N Me

O

R = TBDMS

86%
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Oxidation of a primary allylic alcohol over a secondary allylic
alcohol has been achieved.18 Oxidation of the homoallylic alcohol
of cholesterol by TPAP and NMO under ultrasonication conditions
gives the dienone cholest-4-ene-3,6-dione in 80% yield.19 This
oxidation was subsequently carried out in the presence of a labile
TBDMS enol ether group which remained intact, while with both
PCC and activated DMSO this protecting group did not survive.19

Oxidation of homopropargylic alcohols leads to allenones, as with
other common oxidants.20

Lactols. Oxidations of lactols to lactones are facile and high
yielding; several examples have been reported in the literature
(eq 7).1,21

(7)

TPAP, NMO
mol. sieves

O

OH

CO2Me

H

H

O

O

CO2Me

H

H
CH2Cl2, rt

Selective Oxidations. The selective oxidation of 1,4 and 1,5
primary–secondary diols to lactones is a valuable application of
this reagent.2 Few general mild reagents for the chemoselec-
tive oxidation to the hydroxy aldehyde are available.22 The most
widely known reagents are Pt and O2, and Dihydridotetrakis-
(triphenylphosphine)ruthenium(II).22 Hydroxy aldehydes, in
their lactol form, are then oxidized further to lactones. The use
of TPAP is advantageous in that it is commercially available, em-
ploys mild catalytic reaction conditions, and reacts with high se-
lectivity in unsymmetrical cases (eq 8).2 Lactones have also been
formed from primary–tertiary diols.23

(8)

TPAP, NMO
mol. sievesHO C5H9

OH OC5H9 O
CH2Cl2, rt

80%

Functional Group Compatibility. The neutral conditions of
these oxidations have been utilized to provide improved yields
with acid sensitive substrates compared to the well established
Swern method (eqs 9–10).1,16

(9)
EEO

HO

OMOM

EEO

O
OMOM

TPAP
Swern

73%
30%

(10)N

O
TMS

N

O
TMS

73%
0%

TPAP
Swern

OH O

Highly sensitive alcohols have also been oxidized, albeit
in low yield, when most other conventional methods, such as

Dess–Martin periodinane (1,1,1-Triacetoxy-1,1-dihydro-1,2-
benziodoxol-3(1H)-one),24 PCC, Pyridinium Dichromate, and
DMSO activated with Sulfur Trioxide–Pyridine have failed
(eq 10).25

Oxidative Cleavage Reactions. Among the numerous meth-
ods for 1,2-diol cleavage there exist only a few that in-
volve catalytic ruthenium reagents, for example Ruthenium(III)
Chloride with Sodium Periodate.22 Attempted selective monoox-
idation of a 1,2-diol to the hydroxy aldehyde with catalytic TPAP
and NMO resulted in carbon–carbon bond cleavage to provide
the aldehyde (eq 11).3 Furthermore, attempted oxidation of an
anomeric α-hydroxy ester failed; instead, in this case decarboxy-
lation/decarbonylation and formation of the lactone was observed
(eq 12). However, Dimethyl Sulfoxide–Acetic Anhydride pro-
vided the required α-dicarbonyl unit.26 Retro-aldol fragmenta-
tions can also be a problem.27

(11)

HO OH
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O

O
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O

TPAP, NMO
mol. sieves

CH2Cl2, rt
56%

(12)O
BnO

OBn

HO CO2Me

O
BnO

OBn

OTPAP, NMO

44%

Heteroatom Oxidation. Thus far, TPAP has only been used
to oxidize sulfur. Oxidation of an oxothiazolidine S-oxide to the
corresponding S,S-dioxide gave only poor results in comparison
to the standard RuO2 with NaIO4 conditions.28 However, oxi-
dation of sulfides to sulfones in the presence of isolated dou-
ble bonds has been investigated. The yields with TPAP/NMO
range from 61–99% which are higher than to those obtained
with m-Chloroperbenzoic Acid, Potassium Monoperoxysulfate
(Oxone©R ), or Hydrogen Peroxide–Acetic Acid.29

First Update

Anthony J. Wilson
University of Nottingham, Nottingham, UK

Additional Co-oxidants. Previous literature has exclusively
described the use of tetrapropylammonium perruthenate (TPAP)
with N-methylmorpholine N-oxide (NMO) as a co-oxidant. More
recent work has investigated the use of several alternative co-
oxidants that further increase the versatility of TPAP. The use
of molecular oxygen in particular as the co-oxidant30–33 greatly
reduces both the cost and environmental impact of this reagent
system.

Polymer-supported N-methylmorpholine N-oxide has been
developed34 as has the use of sodium hypochlorite.35 Additional
work has been completed on the use of this reagent with ionic
liquids,36 which can facilitate catalyst recovery.37
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Oxidation of Secondary Nitro Compounds. Secondary
nitro compounds have been selectively oxidized to the corre-
sponding keto compounds,38 and a variety of conditions for
this transformation have been detailed. Initial investigations used
stoichiometric TPAP in the presence of NMO and 4 Å molecular
sieves (eq 13); however, the incorporation of a variety of silver
salts into the reaction mixture has allowed the use of catalytic
quantities of TPAP.

NO2

HO

O

O

TPAP, NMO

4 Å MS

81%

(13)

Isomerization of Allylic Alcohols. An unusual isomerization
of allylic alcohols has been reported, in which treatment of al-
lylic alcohols with 5 mol % of TPAP in the presence of molecular
oxygen and 4 Å molecular sieves gives the expected aldehyde in
good yield. However, when the reaction is run without molec-
ular sieves under an argon atmosphere, the inclusion of a high
molecular weight alcohol such as 1-decanol or 2-undecanol leads
exclusively to the formation of the saturated aldehyde or ketone
in excellent yield (eq 14).39 A range of examples are given and a
mechanism is proposed.

OH O5 mol % TPAP

C6H5F 
2-undecanol

90%

(14)

Cyclization of Triazenes to Triazoles. TPAP/NMO has
been used to cyclize 1,2,4-triazines to the corresponding 1,2,4-
triazoles.40 Such compounds are of interest to medicinal chemists
due to their wide range of biological properties. Classical meth-
ods of synthesizing such compounds typically employ harsh con-
ditions such as the use of H2O2 and thus have limited functional
group compatibility. The use of alternative reagents such as Na-
ClO, Ca(ClO)2, Dess–Martin periodinane, and TPAP/NMO has
broadened the range of functional groups that can be incorporated
into 1,2,4-triazoles by this method (eq 15).

R = Ph, CH2 2-, 3-Pyr

MeO2CCH2CH2-

N

NH

NH

R

N

N
N

R

TPAP/NMO

MeCN, rt

R = Ph (79%), CH2 == 2- (60%), 
3-Pyr (45%), MeO2CCH2CH2- (75%)

(15)

CHCH

Oxidation of Pyrrolines. Oxidation of 3-pyrrolines to the cor-
responding imines has been conducted with TPAP/NMO in MeCN
(eq 16).41,42

TPAP/NMO

N
H OTBS N OTBS

MeCN

92%

(16)

Sequential/One-pot TPAP–Wittig Oxidation Olefination.
Another interesting development is the possibility of perform-
ing sequential oxidation and olefination reactions without the
requirement for workup and isolation of sensitive intermediate
aldehyde.43 Generation of the aldehyde is accomplished by treat-
ment of the starting alcohol with TPAP/NMO in CH2Cl2 over
4 Å molecular sieves, after which the crude reaction mixture was
added slowly to a −78 ◦C solution of triphenylphosphonium bro-
mide in anhydrous THF that had been pretreated with n-BuLi for
1 h. Aqueous workup then gave the desired products in good yield
(eq 17).

R′ = H, Me, Cl, Br, CO2Et
X = Cl, Br

1. TPAP, NMO, CH2Cl2, 4 Å MS

2. X-Ph3PCH2R′, n-BuLi, THF
R OH R

R′

44–94% yield

(17)

Synthesis of Nitronyl Nitroxide Radicals. Nitronyl
nitroxide radicals are conventionally synthesized by oxidation of
dihydroxyimidazolidines with reagents such as NaIO4, SeO2, and
PdO2. However, the use of TPAP/NMO in CH2Cl2 confers the
numerous established advantages of this mild and selective ox-
idizing agent in yields comparable to the traditional techniques
(eq 18).44

TPAP/NMO

CH2Cl2, rt, 1–12 h

44–90%R

NN OHHO

R

NN OO (18)

Related and Modified Reagents. In addition to the standard
reagent, a polymer-supported perruthenate (PSP) compound has
been described.45,46 Recent work has also examined the doping
of organically modified silicas (ormosils) with TPAP via a sol–gel
process,47–53 which enhances the general versatility and reusabil-
ity of TPAP catalysts. The use of supercritical carbon dioxide
as a solvent has also been investigated.54 TPAP has also found
use as a convenient source of ruthenium in ruthenium-catalyzed
hypochlorite oxidations.55
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p-Toluenesulfonyl Chloride1

SO2Cl

[98-59-9] C7H7ClO2S (MW 190.66)
InChI = 1/C7H7ClO2S/c1-6-2-4-7(5-3-6)11(8,9)10/h2-5H,1H3
InChIKey = YYROPELSRYBVMQ-UHFFFAOYAN

(sulfonyl transfer reagent; O-sulfonylation of alcohols2 for
conversion to chlorides3 or intermolecular4 and intramolecular5

displacements, vicinal diols for epoxidation,6 1,3-diols for
oxetane formation,7 carboxylic acids for esterification8 or decar-
boxylation,9 oximes for Beckmann rearrangements10 or fragmen-
tations11 and Neber rearrangements,12 hydroxamic acids for
Lossen rearrangements,13 nitrones for rearrangements,14 conver-
sion of N-cyclopropylhydroxylamines to β-lactams;15 N-sulfony-
lation of aliphatic amines16 for subsequent deamination17 or
displacement,18 aromatic amines for protection;19 C-
sulfonylation of alkenes20 and silylalkynes;21 dehydration

of ureas,22 formamides,23 and amides24)

Alternative Name: tosyl chloride.
Physical Data: mp 67–69 ◦C; bp 146 ◦C/15 mmHg.
Solubility: insol H2O; freely sol ethanol, benzene, chloroform,

ether.
Form Supplied in: white solid, widely available.
Purification: upon prolonged standing the material develops im-

purities of p-toluenesulfonic acid and HCl. Tosyl chloride is
purified by dissolving 10 g in a minimum volume of CHCl3
(ca. 25 mL), filtering, and diluting with five volumes (ca. 125
mL) of petroleum ether (bp 30–60 ◦C) to precipitate impurities
(mostly tosic acid, mp 101–104 ◦C). The solution is filtered,
clarified with charcoal, and concentrated to ca. 40 mL by evap-
oration. Further evaporation to a very small volume gives 7 g
of pure white crystals (mp 67.5–68.5 ◦C).25

Tosyl chloride may also be recrystallized from petroleum
ether, from benzene, or from toluene/petroleum ether (bp 40–
60 ◦C) in the cold. Tosyl chloride in diethyl ether can be
washed with aqueous 10% NaOH until colorless, then dried
with Na2SO4 and crystallized by cooling in powdered dry ice.
It can also be purified by dissolving in benzene, washing with
aqueous 5% NaOH, drying with K2CO3 or MgSO4, and distill-
ing under reduced pressure.26

Handling, Storage, and Precautions: freshly purified tosyl chlo-
ride should be used for best results. Tosyl chloride is a moisture-
sensitive, corrosive lachrymator.

Original Commentary
D. Todd Whitaker, K. Sinclair Whitaker & Carl R. Johnson
Wayne State University, Detroit, MI, USA

General Discussion. The tosylation of alcohols is one of
the most prevalent reactions in organic chemistry.1 Optimized
conditions for this reaction include the use of a 1:1.5:2 ratio of
alcohol/tosyl chloride/pyridine in chloroform (eq 1).2a This pro-
cedure avoids formation of unwanted pyridinium salts inherent to

reactions where higher relative quantities of pyridine have been
employed.2b

S
OO

Cl
S
OO

RO
(1)ROH  +

1.5 equiv py

1 equiv 2 equiv

0 °C
87–98%

Good yields (81–88%) for tosylation have also been observed
under biphasic conditions where Benzyltriethylammonium
Chloride is employed as a phase-transfer catalyst between ben-
zene and aqueous sodium hydroxide solution.2c

It has long been known that it is possible to selectively tosylate
primary over secondary alcohols (eq 2).2d

O

O

H

O
O

OH

OH

TsCl, py, 0 °C

86%

(2)
O

O

H

O
O

OH

OTs

It is also possible to regioselectively mono-O-tosylate various
nonprotected hydroxyl functionalities, as illustrated in Scheme
1.2e This method employs a preliminary activation of a glycopy-
ranoside with Dibutyltin Oxide and usually requires the use of
a basic catalyst such as 4-Dimethylaminopyridine (DMAP) in
conjunction with tosyl chloride. Regioselectivity differs markedly
from acylation reactions and is thought to be a function of changes

HO
HO

HO
OMe

OH

HO
HO

HO
OMe

OTs

HO
HO

TsO
OMe

OH

28% 22%

+

1.1 equiv TsCl
DMAP (cat)

1.0 equiv (BuSn)2O
MeOH

R1O
HO

HO

OR2

OMe RO
HO

OMe

OH
OH

RO
HO

O
OPh

OMe

R1 = R2 = H
R1 = Ts, R2 = H (0%)
R1 = H, R2 = Ts (92%)

R = H
R = Ts (sole product)

R = H
R = Ts (99%)

Scheme 1
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in the kinetics of the reactions with the various tin intermediates
which are in equilibrium.

Regioselective mono- and ditosylation of aldonolactones has
also been reported.2f A few of these products are shown in
Scheme 2. In no instances was the β-hydroxy function tosylated.

O

HO OTs

O O

HO OTs

OTsO

45%80%

86% 24%
Scheme 2

O

HO OTs

OTsO O

HO OTs

OTsO

The regioselective tosylation of various cyclodextrins has been
reported. The two major products resulting from the tosylation
of β-cyclodextrin are heptakis(6-O-(p-tosyl))-β-cyclodextrin
(1) and heptakis(6-O-(p-tosyl))-2-O-(p-tosyl))-β-cyclodextrin
(2).2g,h Yamamura has also prepared hexakis(6-O-(p-tosyl))-α-
cyclodexdtrins2i as well as polytosylated γ-cyclodextrins.2j

O

O
OH

OH

OTs

O

O
OH

OH

OTs

O

O
OTs

OH

OTs

7 6

(1) 24% (2) 15%

By proper choice of base it is possible to selectively O-tosylate
in the presence of a free amine or N-tosylate in the presence of
a free hydroxyl, with yields in excess of 94% (eq 3). The prob-
able explanation for selective O-tosylation in the presence of the
stronger base is formation of an adequate amount of phenoxide to
allow the anion to act as the nucleophile.2k

(3)
NH2

OH

NHTs

OH

NH2

OTs

TsCl

py

TsCl

Et3N

Tosyl chloride has been used in the preparation of allylic
chlorides from their respective alcohols, leaving in place sensi-
tive groups and with no rearrangement of the allylic substrate
(eq 4).21

(4)
MeO

OH

MeO

MeO
Cl

MeOMeLi, Et2O
HMPA

TsCl, LiCl

Studies on reactions of various types of alcohols with the
related tosyl chloride/dimethylaminopyridine (TsCl/DMAP) sys-
tem have led to the following conclusions: allylic, propargylic,
and glycosidic hydroxyls quickly react to form the corresponding
chlorides, 2,3-epoxy and selected primary alcohols yield chlorides

but at a slower rate, and reactions of aliphatic secondary alco-
hols stop at the tosylate stage. Example reactions are illustrated in
eqs 5–10.3a

(5)

OO

OH

OO

Cl

0.6 equiv DMAP
1.2 equiv TsCl
1.0 equiv Et3N

CH2Cl2, 25 °C, 1 h
90%

TBDPSO OH TBDPSO Cl
(6)

0.6 equiv DMAP
1.2 equiv TsCl
1.0 equiv Et3N

CH2Cl2, 25 °C, 24 h
88%

TBDPSO OH
O

TBDPSO Cl
O

(7)

0.6 equiv DMAP
1.2 equiv TsCl
1.0 equiv Et3N

CH2Cl2, 25 °C, 24 h
80%

O

O

Ph

O Ph

O

Ph

OH
TBDPSO

O

O

Ph

O Ph

O

Ph

Cl
TBDPSO

(8)

0.6 equiv DMAP
1.2 equiv TsCl
1.0 equiv Et3N

CH2Cl2, 25 °C, 24 h
80%

1.1 equiv DMAP
1.2 equiv TsCl

CH2Cl2

25 °C, 96 h
85%

OH (9)Cl(  )12(  )12

(10)

O

O
O

HO O

O

O

O
O

TsO O

O

0.6 equiv DMAP
1.2 equiv TsCl
1.0 equiv Et3N

CH2Cl2, 25 °C, 24 h
98%

Attempted tosylation of 3β-methoxy-21-hydroxy-5α-pregnan-
20-one afforded its α-chloro derivative.3b This reinforces the rule
that as hybridization α to the alcohol increases in s character,
displacement of the intermediate tosylate is facilitated (eq 11).

(11)

OHO OCl
TsCl, py

4 h

The α-chlorination of sulfoxides can also be achieved using
tosyl chloride and pyridine, albeit in poor yield (32%), as shown
in eq 12.3c
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TsCl

py
(12)

R
S R1
O

R
S R1
O

Cl

Alcohols treated with tosyl chloride are transformed into their
corresponding sulfonate esters without manipulation of existing
stereochemistry in the substrate. The p-toluenesulfonyloxy moi-
ety subsequently serves as a good leaving group in intermole-
cular nucleophilic substitution or elimination reactions.4 Treat-
ment of multifunctional alcohols with tosyl chloride can result
in the formation of intermediate O-sulfonylated species, which
can undergo intramolecular displacement of the tosylate group.
For example, treatment of trans-2-hydroxycyclohexaneacetamide
with tosyl chloride in pyridine is the key step in the conversion
of the lactone of trans-2-hydroxycyclohexaneacetic acid to its cis
isomer (eq 13).5a

HO
NH2

O

(13)
TsCl

py

O

NTs

O

O

O

O

NH3 NaOH

Alcohols treated with tosyl chloride can also serve as alkylating
agents for thioamides to make thiazolines (eq 14).5b

N

H
N

N
HMe

O

S

O

OH

S

N
N
H

N

O

Me

O

(14)

TsCl, DMAP

CH2Cl2
82%

Several useful one-pot procedures employing the reaction of
tosyl chloride with vicinal diols have been used to form epox-
ides. Treatment of variously substituted diols with 1 equiv of tosyl
chloride and sodium hydroxide in monoglyme provides access to
a variety of 1-alkynyloxiranes (R1 and/or R3 being terminal or
substituted alkynes) in moderate to good yield (eq 15).6a

TsCl, NaOH

monoglyme
55–85%

(15)

R2

R1

HO OH

R3 R2

R1

R3

O

Another method entails treatment of the diol in THF with 2.2
equiv of Sodium Hydride followed by reaction with a slight molar
excess of tosyl chloride. This fast reaction, illustrated in eq 16,
can be used to prepare enantiopure epoxides in good to excellent
yields.6b

2.2 equiv NaH
1.2 equiv TsCl

THF, 0 °C
61–88%

(16)HO
R

OH O

R

H

Phase-transfer catalysis has also been successfully employed
to achieve epoxidation. A variety of cyclic trans-substituted diols
in dichloromethane were treated with a 50% aqueous solution of
sodium hydroxide in the presence of the phase-transfer catalyst

benzyltriethylammonium bromide. Consistently good yields were
achieved for these as well as glycosidic and acyclic substrates
(eq 17).6c

aq NaOH, CH2Cl2
BnEt3NBr

TsCl, rt
71–85%

(17)

HO OH O

n

n = 1, 2, 3

n

A one-pot conversion of a variety of 1,3-diols to oxetanes has
also been reported.7 The procedure entailed alcohol deprotonation
with one equivalent of Butyllithium followed by treatment with
tosyl chloride and then a second equivalent of base (eq 18).

(18)
R2 R5

HO

R3 R4

OH
R6 O

R2

R3 R4

R6

R5
R1 R1

1. BuLi, THF, 0 °C
2. TsCl, 60 °C

3. BuLi, 0 °C
68–84%

When a solution of a carboxylic acid and an alcohol in pyridine
is treated with tosyl chloride, an ester is formed rapidly in excel-
lent yield. This procedure is useful especially in the esterification
of tertiary alcohols. The combination of a carboxylic acid and
tosyl chloride serves as a convenient method of in situ prepara-
tion of symmetrical acid anhydrides for further formation of esters
and amides (eq 19). The novelty of this protocol is that the acid
can be recycled through the anhydride stage in the presence of
the alcohol, thereby resulting in complete conversion to the ester
(eq 20).8a Reactivity is determined by the strength of the acid:
strong acids facilitate the esterifications.8b

R1

O

OH R1

O

O R1

O

(19)
TsCl

py

TsCl

py

R1

O

O R1

O
(20)

R2O R1

O

R1

O

OH
+

R2OH

78–96%

Similarly, a two-step procedure employing treatment of a mix-
ture of tosic acid and various amino acids with alcoholic tosyl
chloride results in the isolation of the esters of the amino acids
as their p-toluenesulfonate salts in excellent yield. The tosic acid
used in the esterification is added to make the amino acids more
soluble and to prevent N-tosylation (eq 21).8c

(21)

TsOH•H2NCHR′CO2H

TsOH•H2NCHR′CO2R

a. 90–97%
b. 81–85%

a. ethyl alcohol
b. benzyl alcohol

amino acids: Gly, Leu, Tyr, Trp
ROH

TsCl
[ROTs]

A novel formal decarboxylation of the amino acid α-anilino-
α,α-diphenylacetic acid has been observed upon treatment with
tosyl chloride in pyridine.9 It has been proposed that a mixed an-
hydride of p-toluenesulfonic acid has undergone an elimination
via N-deprotonation and synchronous extrusion of carbon monox-
ide in this reaction. Interestingly, no N-tosylation occurs (eq 22).
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N

Ph2C NPh

O

O–

H Ph

Ph
Ph

N

O

OTs

H Ph

Ph
Ph (22)

TsCl

py

py

62%

Spontaneous Beckmann rearrangement has been observed upon
O-tosylation of oximes. Lactams can therefore be conveniently
prepared from cyclic oximes, as shown in eq 23.10a The rear-
rangement has long been known to proceed with retention of con-
figuration of the migrating group.10b,c This is complementary to
the reaction of oximes with Sulfuric Acid (eq 24).10b

KOH, acetone–H2O

TsCl, 0–22 °C
80%

(23)
N

OH

NH

O

NHCOMe
HON

NHCOMe

H H H

(24)
H2SO4 TsCl

or PPA
no yield

py, rt
92%

A Beckmann fragmentation of oximes using tosyl chloride in
a basic ethanol–water system has also been observed.11 Forma-
tion of the cyclic product shown in eq 25 was consistent with
a base-induced opening of an intermediate lactone followed by
rearrangement and incipient extrusion of benzoic acid.

O

N
Ph O

Ph

N
Ph
O

H

(25)
N
H

Ph

O

NC

Ph

TsCl, NaOH

EtOH–H2O
41–77%

Oximes which are treated with tosyl chloride can also be used
as substrates in the Neber rearrangement to α-amino ketones.12a

The mixture shown in eq 26 was further subjected to reductive
amination to yield 14% of the CNS-active cis-N,N-dimethylated
α-amino alcohol.12b

1. Na, EtOH

2. 1N HClO

HON

O

TsON

O

O

O

O

O

TsCl

py

O
HCl•H2N

HCl•H2N

NH2•HCl

(26)+ +

2:1:1 inseperable mixture,

97%

Rearrangements of hydroxamic acids using sulfonyl chlorides
have been accomplished, albeit without reported yields, the net
result being a unique variation of the Lossen rearrangement
(eq 27).13

(27)Ph N
H

OH

O

N • O
Ph

1. base
2. TsCl

3. Δ
no yield

As an alternative to the Beckmann rearrangement, ketonic
nitrones can be treated with tosyl chloride in pyridine in the pres-
ence of water, as illustrated in eq 28.14

(28)

R1
R3

R2

N

O–

Me
N

O

Me

1. 1.2 equiv TsCl
    py

2. H2O
30–72%+

Rearrangement reactions which utilize tosyl chloride seem to
progress in a two-step process: the displacement of chlorine from
the sulfonyl halide resulting in the formation of an oxygen–sulfur
bond, followed by the migration, elimination, or intramolecular
displacement of the sulfonylate anion.8a When the series of car-
binolamines depicted in eq 29 were treated with tosyl chlo-
ride, they decomposed into the corresponding electron-deficient
nitrogen species, which subsequently triggered ring enlargement
to the β-lactams in moderate yields.15

(29)HO N

OH
N

O

CN CN

R R
TsCl

DMSO, 50 °C
40–45%

R = various alkyl groups

N-Tosylation is a facile procedure. For inexpensive amines
a useful procedure entails treating 2 equiv of the amine with
tosyl chloride. This is the first step in the convenient prepara-
tion of Diazald ( N-Methyl-N-nitroso-p-toluenesulfonamide), a
Diazomethane precursor (eq 30).16a

(30)N

NO

Ts Me
Diazald

2 MeNH2

TsCl
TsNHMe

HNO3

Protection of 3-amino-3-pyrazoline sulfate, a key intermedi-
ate in the preparation of 3(5)-aminopyrazole, was achieved in
the presence of an excess of sodium bicarbonate in good yields
(eq 31).16b

(31)
N
H

NHH2N N
H

NHN Ts
•H2SO4

TsCl
2.5 equiv NaHCO3

58–75%

Sodium Carbonate can also be used as the base in the tosylation
of amines, as shown in the reaction of anthranilic acid with tosyl
chloride. There was no competing nucleophilic attack at sulfur by
the resonance-stabilized carboxylate group (eq 32).16c

TsCl
2.4 equiv Na2CO3

88–91%
(32)

CO2H

NH2

CO2Na

NHTs

Primary, benzyl, and unhindered secondary amines can be dito-
sylated and deaminated in good to excellent yields, using Sodium
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Borohydride as the nucleophile, to afford the corresponding
alkanes; only highly congested substrates experience competing
attack at nitrogen.17 Similarly, primary aliphatic amines, when
ditosylated and treated with iodide ion in DMF at 90–120 ◦C
yielded, as their major products, the corresponding alkyl iodides,
with some competition arising from elimination reactions (eqs 33
and 34).18

(33)

TsCl
DMF–H2O

NaOH

TsCl
DMF, NaH

H2NCH2R Ts2NCH2R

(34)
2 equiv KI, DMF

110–120 °C

2 equiv NaBH4

175 °C
ICH2R Ts2NCH2R MeR

Tosyl chloride has been used in the protection of the imida-
zole residue of Nα-acylhistidine peptides19a,b and the guanidino
residue of arginine peptides.19c The resulting nitrogen-protecting
group is stable to most conditions but is easily removable in
anhydrous hydrogen fluoride at 0 ◦C.

The tosylation of carbon can be accomplished using elec-
tron transfer conditions. Treatment of styrene20a and analogs20b

with Copper(II) Chloride and tosyl chloride or Benzenesulfonyl
Chloride results in a formal replacement of the vinyl proton
by the sulfonyl moiety (eq 35). The intermediacy of a trans-β-
chloro sulfone has been demonstrated by 1H NMR. Treatment
with base induced the elimination of HCl. A variety of other sul-
fonyl transfer reagents can be employed in the synthesis of isolated
β-chloro sulfones, with good results (60–97% yield) for a variety
of alkenes (ethylene, 1-butene, 2-butene, 1-octene, acrylonitrile,
methyl acrylate, and 1,3-butadiene).20a

(35)
1. TsCl, CuCl2

2. Et3N, C6H6
Ts

45%

Although it was found that tosyl chloride does not react with
3-sulfolene at temperatures below 110 ◦C, upon further warming
to 140 ◦C addition to the diene afforded 1-chloro-4-tosyl-2-butene
in a convenient procedure that did not require the use of a sealed
tube or bomb (eq 36).20c Cycloheptatriene, 1,4-norbornadiene,
and phenylacetylene are a few examples of a variety of compounds
which are reactive substrates in this protocol.

(36)
CuCl2

140 °C
67%

S
O2

Ts

Cl

+  TsCl

Radical addition of tosyl chloride to norbornene and aldrin
without skeletal rearrangement can be achieved using Dibenzoyl
Peroxide as an initiator (eq 37).20a,d Reaction with 1,4-norborna-
diene gives rise to a rearranged addition product.

(37)

dibenzoyl peroxide

100 °C
64%

+  TsCl

Cl

SO2C6H4Me

Treatment of bis(trimethylsilyl)acetylene with tosyl chloride
and a slight excess of anydrous Aluminum Chloride affords

p-tolyl (trimethylsilyl)ethynyl sulfone, a precursor to the reactive
Michael acceptor ethynyl p-tolyl sulfone (eq 38).21

TMS TMS Ts TMS (38)
AlCl3

CH2Cl2
80%

TsCl  +

The dehydration of ureas employing tosyl chloride provides
access to substituted carbodiimides, as depicted in eq 39. The urea
made from treatment of ethyl isocyanate with N,N-dimethyl-1,3-
propanediamine was treated in situ with 1.1 equiv of tosyl chloride
and a large excess of Triethylamine to afford the corresponding
carbodiimide in high yield.22a,b

H
N

H
N N

Me

O

Me

• NN N

Me

Me
(39)

Et3N, TsCl

CH2Cl2, reflux
88–97%

Various ureas upon treatment with tosyl or benzenesulfonyl
chloride in the presence of a phase transfer catalyst, benzyltri-
ethylammonium chloride, results in moderate to excellent yields
of carbodiimides (eq 40).22c The polymeric carbodiimide in eq 41
offers the advantages of cleaner workup and recyclability if used
to prepare aldehydes under Moffatt oxidation conditions.22d

TsCl, K2CO3
BnNEt3Cl

various solvents
30–98%

(40)R1

H
N

H
N

R2

O

• NN
R1

R2

(41)

N
H

N
H

O

N • N

= styrene–divinylbenzene copolymer

Et3N, TsCl

CH2Cl2
reflux

no yield

P P

P

Isocyanides can be made from treatment of formamides with
tosyl chloride in pyridine, as illustrated in eq 42.23a,b Similarly,
nitriles can be synthesized in moderate to good yields by dehy-
dration of primary amides using tosyl chloride in pyridine23a,b or
quinoline (eq 43).23c

(42)
TsCl, py

30–82%R NH2

O
CNR

(43)R
N
H

H

O

R NC
1.5–2 equiv TsCl

2 equiv py or
4 equiv quinoline

50–74%
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Tosylation of Alcohols. Various new reaction conditions for
the tosylation of alcohols have recently been reported. Many of
them are superior to the traditionally used pyridine in chloroform
in that they are less toxic, environmentally friendly, and more eco-
nomical. In addition, they may need shorter reaction times, have
easier workup procedures, and circumvent undesired chloride for-
mation.

Et3N with catalytic Me3N·HCl has been used to tosylate a vari-
ety of alcohols in good yields (87–98%).27 The reaction times are
generally short: most reactions are complete within 1 h, and even
unreactive alcohols such as 3,3-dimethylbutan-2-ol have been
shown to react within 5 h. Various solvents can be used in this
reaction including halogenated solvents, toluene, and acetonitrile.
It is interesting to note that in the absence of Me3N·HCl, less than
10% yield of the desired tosylates are obtained. The formation
of chloride side products can be almost completely circumvented
under these conditions; even 2-alkenyl- and 2-alkynyl alcohols
can be sulfonylated on large scale in good yields. For example,
2-methallyl alcohol was sulfonylated in 94% yield (eq 44).

OH

OTs Cl

TsCl, Et3N, Me3N•HCl, toluene 
TsCl, pyridine

+

94%
trace

trace
>90%

conditions

(44)

Diamines of the general structure Me2N(CH2)nNMe2 promote
efficient tosylations (87–95% yield) in short reaction times.28 The
diamine can be used as the stoichiometric base or in a catalytic
fashion together with Et3N. Toluene or acetonitrile are used as
solvents.

Inorganic bases such as K2CO3 or metal alkoxides in the pres-
ence of tertiary amines27,28 or phase-transfer catalysts29 are an
efficient and environmentally friendly option for the tosylation of
alcohols. The reaction conditions are generally mild and avoid
side reactions. Even 2-alkenyl- and 2-alkynyl alcohols can be
sulfonylated on large scale in good yields (59–91%) using
Me3N·HCl and K2CO3 in methyl isobutyl ketone (MIBK).30 No
substantial formation of the corresponding chlorides is observed
under these conditions. Avoiding the formation of 2-propynyl
halides is very important on large scale because these substances
can possess explosive characteristics.

K2CO3 in combination with microwave irradiation can be used
for the synthesis of aryl tosylates under solvent-free conditions.31

Excellent yields (92–99%) of the desired aryl tosylates are
obtained in 3–5 min. The products can be isolated by stirring
the reaction mixture with water followed by filtration.

DABCO (1,4-diazabicyclo[2.2.2]octane) is an efficient base for
the sulfonylation of alcohols in good yields.32 DABCO is easy to
handle and less toxic than pyridine, and more environmentally
friendly solvents such as MTBE can be used. The procedure is

amendable to large-scale syntheses, and the product can be iso-
lated by filtration.

Grinding alcohols with tosyl chloride and DABCO in a mor-
tar also affords the corresponding tosylates in 80–100% yield.33

Under these conditions, amino alcohols can be selectively
O-tosylated. For example, 2-amino-1-propanol was ground with
tosyl chloride and DABCO for 10 min to afford the corresponding
sulfonate ester in 90% yield (see also eq 47).

Primary and secondary alcohols can be sulfonylated in the pres-
ence of Ag(I) oxide and KI in CH2Cl2.34 The sulfonylations occur
under mild, neutral reaction conditions, and good yields (66–99%)
have been obtained for a variety of substrates. The products can
be isolated by filtration, and in situ replacement of the formed
tosylate with sodium azide is also possible.

Selective Tosylation of Diols and Polyols. Dialkylstanny-
lene acetals are often used for the monofunctionalization of
2-substituted 1,2-diols. To form the corresponding tin acetal, the
diol is typically treated with R2SnX (where X = O or (OMe)2),with
azeotropic or desiccant removal of water or MeOH. When di-
n-butyl acetals are used, the primary alcohol functionality can
be tosylated with high regioselectivity by treatment with tosyl
chloride.35 An interesting reversal of this regioselectivity has
been observed for hexamethylenestannylene acetals, which react
preferentially at the secondary carbon atom for most substrates.36

The regislectivities are very substrate dependent and range from
4:96 in favor of the secondary isomer for a glucose-derived sub-
strate to 92:8 in favor of the undesired isomer for an allose deriva-
tive. Other dialkylstannylene acetals gave varying regioselectivi-
ties. A dibutylstannylene acetal has also been used for the selec-
tive tosylation of the β-alcohol functionality in syn-2,3-dihydroxy
esters.37

In a catalytic version, the regioselective sulfonylation of
α-chelatable alcohols can be accomplished with tosyl chloride
and 1 equiv of an amine in the presence of 2 mol % of Bu2SnO.38

The reactions are generally high yielding, regioselective, and
exclusive monotosylation is observed in many cases. For unsym-
metrical diols, the less hindered alcohol is tosylated. The reaction
rate is dependent on the solvent and the pKa of the amine.39 This
reaction was also used for the selective tosylation of various car-
bohydrates and for the selective monosulfonylation of internal
1,2-diols.40

Selective monotosylations of symmetrical diols have been
accomplished in good yields (75–93%) with a stoichiometric
amount of tosyl chloride in the presence of Ag(I) oxide and
a catalytic amount of potassium iodide.41 When excess Ag(I)
oxide is used, polysubstituted cyclic ethers are formed in 61–88%
yield. This method was also used for the synthesis of substituted
crown ethers.

Zinc bromide has been reported to promote low temperature
tosylations in pyridine. At temperatures below −25 ◦C, this reac-
tion is selective for primary hydroxyl groups and has been used
to tosylate the six primary hydroxyl groups in β-cyclodextrin
simultaneously.42

The regioselective 2′-O-tosylation of adenosine with tosyl chlo-
ride has been accomplished using 10–20 mol % of dibutyltin
dichloride as a catalyst (eq 45).43 Dibutylchlorotin hydroxide,
dibutyltin oxide, bis(dibutylchlorotin) oxide, and tributyltin chlo-
ride are also effective catalysts for this reaction and the method has
also been used for the ditosylation of several methyl glycosides.
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TsCl, Bu2SnCl2
Bu3N, CH3CN

OH

OH

HO

O

N
N

H2N

N N

OH

OH

TsO

O

N
N

H2N

N N

(45)

>90%

Sodium hydride in DMF followed by tosyl chloride has
been used for the regioselective tosylation of myo-inositol
orthoesters.44 Very selective mono- and ditosylation could be
achieved depending on the reaction conditions. The tosyl groups
were used as protecting groups and later removed using Mg(0) in
methanol.

Formation of Esters, Amides, and Anhydrides. Tosyl chlo-
ride and N-methylimidazole in acetonitrile can be used to promote
esterifications, thioesterifications, and amide bond formations in
excellent yields (eq 46).45 Various functionalities are tolerated in
this reaction and enolizable substrates, including N-Cbz amino
acids, can be esterified without racemization.

1.  TsCl (1.2 equiv), N-methylimidazole (3.0 equiv)
     CH3CN, 0–5 °C, 30 min

R

O

OH

R

O

X
R2

(46)

2.  R2XH (1.0 equiv), CH3CN, 0–5 °C, 2 h
     82–95% ( X = O, S, N)

Similarly, amides of CBz- and Boc-protected amino acids
can be synthesized in 81–93% yield with minimal racemization
of the α-stereocenter using tosyl chloride and pyridine in THF
followed by treatment of the intermediate anhydrides with
ammonia solution.46

A facile one-pot procedure for the synthesis of symmetric car-
boxylic acid anhydrides utilizes tosyl chloride (0.5–0.6 equiv)
in K2CO3 media under solvent-free conditions. The desired
anhydrides are formed by grinding the reaction mixture for
15–45 min in a mortar. The products were isolated by stirring
the reaction mixture with CH2Cl2 or CHCl3 followed by filtration
and concentration.47

Formation of Sulfonamides. The tosyl group is a popular pro-
tecting group for alcohols, amines, and amides. It can be cleaved
by various methods, including reductive cleavage with Mg, Zn,
or Li/NH3.48 Amines are generally tosyl-protected by stirring the
amine with tosyl chloride in an organic solvent in the presence
of an acid scavenger.48 In a solvent-free process, grinding amines
with tosyl chloride in a mortar affords the corresponding tosyl
amides in 90–100% yield.33Most aliphatic amines react without
the addition of a catalyst. For aromatic amines and less reactive
aliphatic amines such as amino acids, DABCO can be added to
promote the reaction. The solvent-free synthesis of aryl sulfon-
amides has also been reported using microwave irradiation.49

The selective N-tosylation of amino alcohols can be accom-
plished using tosyl chloride in the presence of a metal oxide
(MgO, CuO, Ag2O) in aq THF solution (eq 47).50 This reaction

complements the solid-state reaction mentioned above that leads
to selective O-tosylation.33

TsCl, DABCO

TsCl, MgO

Alk

H
N

R
OH

Alk

H
N

R
O

Ts

OH
Ts

Alk
N

R

(47)

solid state

THF/H2O

The methyl esters of L-tyrosine and D-(4-hydroxyphenyl)
glycine have been N-tosylated without protection of the pheno-
lic hydroxyl group and without racemization of the stereogenic
carbon centers using a THF/DMF mixture as the solvent (eq 48).51

The DMF (2.6 mol/mol amino ester) is believed to solvate the
oxygen atom of the formed N,O-dianion specifically, reducing its
nucleophilicity and dramatically increasing the chemoselectivity
of the N-substitution. In the absence of DMF, mixtures of the N-,
O-, and disulfonyl esters were produced.

TsCl, lyophilized Na2CO3
THF/DMF 8:1

O

NH2HO

O

HO

O

O

Ts
HN

(48)

79%

The selective N-tosylation of pyrrole has been reported in
ionic liquids.52 Treatment of pyrrole with KOH and tosyl chloride
in 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim]
[PF6]) afforded the corresponding N-tosylate in 98% yield. Azides
can be directly converted to the corresponding sulfonamides in
good yields using Fe and NH4Cl in MeOH (eq 49). Ultrasoni-
cation was found to enhance the reaction rate greatly and improve
the yields in this reaction.53

Fe/NH4Cl, MeOH
ultrasound

R
N N N–

R

H
N

Ts
(49)

+

81–92%

ααα-Chlorination of Ketones. Treatment of ketones with LDA
followed by tosyl chloride affords the corresponding α-chloro
ketones in good yields.54 Various ketones have been chlorinated
by this method as illustrated in eq 50. The regioselectivity of this
reaction appears to depend on the selectivity of the enolate for-
mation. Resin-bound tosyl chloride can also be used to effect this
transformation.

O

R

R R

O

ClR

1. LDA
2. TsCl

(50)
61–85%

Dehydration of Oximes. Tosyl chloride was used for the
conversion of aromatic aldoximes to nitriles under microwave ir-
radiation as shown in eq 51.55 The reagents were adsorbed on
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alumina and irradiated to provide the desired nitriles in moder-
ate yields. For certain ketoximes, up to 40% yields of Beckmann
rearranged products could be obtained.

TsCl, pyridine 
reaction adsorbed on alumina

Ar

N
OH

Ar

N
(51)

microwave irradiation
55–73%

Synthesis of Aziridines. Reaction of N-aryl-β-amino alcohols
with tosyl chloride under phase-transfer condition affords the cor-
responding N-aryl aziridines in good yields (eq 52).56 Under the
same conditions, L-ephedrine, an N-alkyl-β-amino alcohol, gave
the corresponding N-tosyl derivative as the major product (78%),
along with the expected N-alkyl aziridine in low yield (20%).

p-TsCl, Bu4NHSO4 (cat)
NaOH, benzeneHO

R1

N
H

R2

Ar
N

R2

R1

Ar (52)
80–90%

The direct transformation of 2-amino alcohols to N-tosyl aziri-
dines can be achieved in moderate to good yields using potassium
hydroxide and tosyl chloride in water/dichloromethane.57 This
procedure works well for small amino alcohols. Higher substi-
tuted amino alcohols give better yields using a two-step proce-
dure: formation of the N,O-ditosylate followed by cyclization with
potassium carbonate in acetonitrile.

Synthesis ofβββ-Amino Acids. β-Amino acids can be prepared
in an Arndt-Eistert-type reaction employing tosyl chloride for the
activation of the carboxyl group of N-protected amino acids.58

Formation of the corresponding diazomethane derivatives pro-
ceeds in good yield and without racemization of the α-stereogenic
center (eq 53). Wolff rearrangement then affords the correspond-
ing β-amino acids.

1. TsCl
2. CH2N2

PhCO2Ag
H2O/dioxane

HN

R
O

OH

PG

HN

R
O

CHN2

PG

HN

R

PG
O

OH
(53)

 THF, 0 °C
85–94%

reflux
80–88%

Synthesis of N-Sulfonyl Imines. Nonenolizable aldehydes
and ketones can be converted to the corresponding N-tosyl imines
in a two-step procedure.59 Addition of LiHMDS to the carbonyl
compound leads to the corresponding N-(trimethylsilyl) imines,
which can be treated with tosyl chloride to afford the correspond-
ing N-tosyl imines in excellent yields. The reaction produces
the thermodynamically favored (E)-N-sulfonyl imines exclusively
(eq 54).

TsCl, ΔLiHMDS

R1 R2

O

R1 R2

N
Ts

R1 R2

N
SiMe3

(54)
hexanes neat

Synthesis of Heterocycles. The convenient and efficient syn-
thesis of a variety of 2-amino-substituted 1-aza-3-(aza, oxa, or
thia) heterocycles has been described using tosyl chloride/NaOH
(eq 55).60 Different substitution patterns are tolerated and five- or
six- membered rings can be formed in moderate to good yields.
The application of polymer-supported tosyl chloride is possible
in this reaction: it facilitates the work-up and renders the reaction
conditions very suitable for parallel or automated synthesis.

TsCl, NaOH
THF, H2O

X = O, S, NH

R

H
N

S

H
N

Z

X
H Z

N

H
N

R

X

(55)
32–94%

Formation of 2-Chloromethylpyridines. A combination of
tosyl chloride and NEt3 can be used to convert substituted
2-picoline-N-oxides to the corresponding 2-chloromethylpyri-
dines.61 This reaction has been exploited for the synthesis of
a variety of 2-[2-(pyridylmethyl)-thio]-1H-benzimidazoles, key
intermediates in the manufacturing of H+/K+-ATPase inhibitors,
in a one-pot procedure (eq 56).

TsCl, NEt3
CH2Cl2 or toluene

N C
H2

Cl

R

N

O

CH3

R

H
N

N
S

N

MeOH, Δ

(56)

44–63%40–50 °C

R
R
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Triethylsilane1

Et3SiH

[617-86-7] C6H16Si (MW 116.31)
InChI = 1/C6H16Si/c1-4-7(5-2)6-3/h7H,4-6H2,1-3H3
InChIKey = AQRLNPVMDITEJU-UHFFFAOYAL

(mild reducing agent for many functional groups)

Physical Data: mp −156.9 ◦C; bp 107.7 ◦C; d 0.7309 g cm−3.
Solubility: insol H2O; sol hydrocarbons, halocarbons, ethers.
Form Supplied in: colorless liquid; widely available.
Purification: simple distillation, if needed.
Handling, Storage, and Precautions: triethylsilane is physically

very similar to comparable hydrocarbons. It is a flammable, but
not pyrophoric, liquid. As with all organosilicon hydrides, it is
capable of releasing hydrogen gas upon storage, particularly in
the presence of acids, bases, or fluoride-releasing salts. Proper
precautions should be taken to vent possible hydrogen buildup
when opening vessels in which triethylsilane is stored.

Original Commentary
James L. Fry
The University of Toledo, Toledo, OH, USA

Introduction. Triethylsilane serves as an exemplar for organo-
silicon hydride behavior as a mild reducing agent. It is frequently
chosen as a synthetic reagent because of its availability, convenient
physical properties, and economy relative to other organosilicon
hydrides which might otherwise be suitable for effecting specific
chemical transformations.

Hydrosilylations. Addition of triethylsilane across multiple
bonds occurs under the influence of a large number of metal
catalysts.2 Terminal alkynes undergo hydrosilylations easily with
triethylsilane in the presence of platinum,3 rhodium,3a,4 ruthe-
nium,5 osmium,6 or iridium4 catalysts. For example, phenylacety-
lene can form three possible isomeric hydrosilylation products
with triethylsilane; the (Z)-β-, the (E)-β-, and the α-products
(eq 1). The (Z)-β-isomer is formed exclusively or preferen-
tially with ruthenium5 and some rhodium4 catalysts, whereas the
(E)-β-isomer is the major product formed with platinum3 or
iridium4 catalysts. In the presence of a catalyst and carbon monox-
ide, terminal alkynes undergo silylcarbonylation reactions with
triethylsilane to give (Z)- and (E)-β-silylacrylaldehydes.7 Pheny-
lacetylene gives an 82% yield of a mixture of the (Z)- and (E)-
isomers in a 10:1 ratio when 0.3 mol % of Dirhodium(II) Tetrakis
(perfluorobutyrate) catalyst is used under atmospheric pressure at
0 ◦C in dichloromethane (eq 2).7d Terminal alkenes react with tri-
ethylsilane in the presence of this catalyst to form either ‘normal’
anti-Markovnikov hydrosilylation products or allyl- or vinylsi-
lanes, depending on whether the alkene is added to the silane or
vice versa.8 A mixture of 1-hexene and triethylsilane in the pres-
ence of 2 mol % of an iridium catalyst ([IrCl(CO)3]n) reacts under

50 atm of carbon monoxide to give a 50% yield of a mixture of
the (Z)- and (E)-enol silyl ether isomers in a 1:2 ratio (eq 3).9

Hydrolysis yields the derived acylsilane quantitatively.9

Ph

Ph

H H

SiEt3 Ph

H SiEt3

H Ph

Et3Si H

H
(1)++

+  Et3SiH
cat

Ph

Ph

OHC SiEt3

H Ph

OHC H

SiEt3

+ (2)

+  Et3SiH  +  CO
cat

H

OSiEt3

SiEt3 H

SiEt3

OSiEt3

+

cat

(3)
Bu Bu

BuCH=CH2  +  Et3SiH  +  CO

A number of metal complexes catalyze the hydrosilylation of
various carbonyl compounds by triethylsilane.10 Stereoselectivity
is observed in the hydrosilylation of ketones11 as in the reac-
tions of 4-t-butylcyclohexanone and triethylsilane catalyzed by
ruthenium,12 chromium,13 and rhodium12,14 metal complexes
(eq 4). Triethylsilane and Chlorotris(triphenylphosphine)rho-
dium(I) catalyst effect the regioselective 1,4-hydrosilylation of
α,β-unsaturated ketones and aldehydes.15,16 Reduction of mesityl
oxide in this manner results in a 95% yield of product that consists
of 1,4- and 1,2-hydrosilylation isomers in a 99:1 ratio (eq 5). This
is an exact complement to the use of phenylsilane, where the ratio
of respective isomers is reversed to 1:99.16

t-Bu

O

t-Bu

OSiEt3

H

t-Bu

H

OSiEt3+ (4)

Et3SiH

(Ph3P)3RuCl2, AgTFA, PhMe, Δ
Et4N+ [HCr2(CO)10]–, DME, Δ
(Ph3P)3RhCl, PhMe, Δ
[Rh(η3-C3H5){P(OMe)3}3], PhH

  5:95
10:90
11:89
29:71

cat

O OSiEt3

+  Et3SiH
cat

OSiEt3

+ (5)

99:1

Silane Alcoholysis. Triethylsilane reacts with alcohols in the
presence of metal catalysts to give triethylsilyl ethers.17 The use
of dirhodium(II) perfluorobutyrate as a catalyst enables regiose-
lective formation of monosilyl ethers from diols (eq 6).17a

Bu
OH

OH
Bu

Bu
OSiEt3

OH
Bu

Et3SiH

Rh2(pfb)4
92%

+  H2 (6)
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Formation of Singlet Oxygen. Triethylsilane reacts with
ozone at −78 ◦C in inert solvents to form triethylsilyl hydrotriox-
ide, which decomposes at slightly elevated temperatures to pro-
duce triethylsilanol and Singlet Oxygen. This is a convenient way
to generate this species for use in organic synthesis.18

Reduction of Acyl Derivatives to Aldehydes. Aroyl chlo-
rides and bromides give modest yields of aryl aldehydes when
refluxed in diethyl ether with triethylsilane and Aluminum
Chloride.19 Better yields of both alkyl and aryl aldehydes are
obtained from mixtures of acyl chlorides or bromides and
triethylsilane by using a small amount of 10% Palladium on Car-
bon catalyst (eq 7).20 This same combination of triethylsilane and
catalyst can effect the reduction of ethyl thiol esters to aldehydes,
even in sensitive polyfunctional compounds (eq 8).21

(7)
10% Pd/C

83%
C7H15COCl  +  Et3SiH C7H15CHO

CO2Me

COSEt
O O

O

t-Bu

CO2Me

CHO
O O

O

t-Bu

(8)

Et3SiH
10% Pd/C

92%

+  Et3SiSEt

Radical Chain Reductions. Triethylsilane can replace toxic
and difficult to remove organotin reagents for synthetic reductions
under radical chain conditions. Although it is not as reactive as
Tributylstannane,22 careful choice of initiator, solvent, and ad-
ditives leads to effective reductions of alkyl halides,23,24 alkyl
sulfides,23 and alcohol derivatives such as O-alkyl S-methyl
dithiocarbonate (xanthate) and thionocarbonate esters.22,23,25,26

Portionwise addition of 0.6 equiv of Dibenzoyl Peroxide to a
refluxing triethylsilane solution of O-cholestan-3β-yl O′-
(4-fluorophenyl) thionocarbonate gives a 93% yield of cholestane
(eq 9).22 The same method converts bis-xanthates of vic-diols
into alkenes (eq 10).22 Addition of a small amount of thiol such
as t-dodecanethiol to serve as a ‘polarity reversal catalyst’24 with
strong radical initiators in nonaromatic solvents also gives good
results.23,25 Treatment of ethyl 4-bromobutanoate with four equiv
of triethylsilane, two equiv of dilauroyl peroxide (DLP), and
2 mol % of t-dodecanethiol in refluxing cyclohexane for 1 hour
yields ethyl butanoate in 97% yield (eq 11).23

Ionic Hydrogenations and Reductive Substitutions. The
polar nature of the Si–H bond enables triethylsilane to act as a
hydride donor to electron-deficient centers. Combined with Brøn-
sted or Lewis acids this forms the basis for many useful syn-
thetic transformations.27 Use of Trifluoromethanesulfonic Acid
(triflic acid) at low temperatures enables even simple alkenes
to be reduced to alkanes in high yields (eq 12).28 Boron Tri-
fluoride monohydrate is effective in promoting the reduction of
polycyclic aromatic compounds (eq 13).29 Combined with thiols,

it enables sulfides to be prepared directly from aldehydes and
ketones (eq 14).30 Combinations of triethylsilane with either
Trifluoroacetic Acid/ammonium fluoride or Pyridinium Poly
(hydrogen fluoride) (PPHF) are effective for the reductions of
alkenes, alcohols, and ketones (eq 15).31 Immobilized strong acids
such as iron- or copper-exchanged Montmorillonite K1032 or
the superacid Nafion-H33 facilitate reductions of aldehydes and
ketones32 or of acetals33 by increasing the ease of product sep-
aration (eq 16). Boron trifluoride and triethylsilane are an effec-
tive combination for the reduction of alcohols, aldehydes, ketones
(eq 17),34 and epoxides.35 Boron Trifluoride Etherate sometimes
may be substituted for the free gas.36

4-FC6H4OCSO

(9)

H

Et3SiH, Δ
(PhCO2)2O

93%

O
O

O
OMeSCSO

OSCSMe
O

O

O
OEt3SiH, Δ

(PhCO2)2O

82%
(10)

Br CO2Et (11)CO2Et

Et3SiH, Δ
C6H12, DLP

97%

(12)+  Et3SiH
CF3SO3H

CH2Cl2, –75 °C
93%

SMe

OMe

(13)+  Et3SiH

SMe

BF3•H2O

CH2Cl2, 25 °C
100%

(14)

O

+  Et3SiH  +  PhSH

SPh

BF3•H2O

CH2Cl2
90%

PhO

OH

Ph

OH

(15)+  Et3SiH
TFA/NH4F or PPHF

CH2Cl2
78–91%
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OMe
OMe

(16)+  Et3SiH

OMe
Nafion-H

CH2Cl2
95%

O

NO2

(17)+  Et3SiH

NO2

BF3

CH2Cl2
92%

Triethylsilane in 3M ethereal Lithium Perchlorate solution
effects the reduction of secondary allylic alcohols and acetates
(eq 18).37 The combination of triethylsilane and Titanium(IV)
Chloride is a particularly effective reagent pair for the selective
reduction of acetals.38 Treatment of (±)-frontalin with this pair
gives an 82% yield of tetrahydropyran products with a cis:trans
ratio of 99:1 (eq 19).38b This exactly complements the 1:99 prod-
uct ratio of the same products obtained with Diisobutylaluminum
Hydride.38b

Ph

OAc

(18)+  Et3SiH

Ph
LiClO4

Et2O
92%

O

O
O OH O OH

Et3SiH, TiCl4

CH2Cl2, –78 °C
(19)+

99:1

Triethylsilane and trityl salts.39 or Trimethylsilyl Trifluoro-
methanesulfonate40 are effective for the reduction of various
ketones and acetals, as are combinations of Chlorotrimethylsi-
lane and indium(III) chloride41 and Tin(II) Bromide and Acetyl
Bromide.42 Isophthaldehyde undergoes reductive polycondensa-
tion to a polyether when treated with triethylsilane and Triphenyl-
methyl Perchlorate.43

Triethylsilane reduces nitrilium ions to aldimines,44 diazo-
nium ions to hydrocarbons,45 and aids in the deprotection of
amino acids.46 With aluminum halides, it reduces alkyl halides to
hydrocarbons.47

First Update
Ronald J. Rahaim Jr & Robert E. Maleczka Jr
Michigan State University, East Lansing, MI, USA

Additional Hydrosilylations. Hydrosilylations of terminal
alkynes with triethylsilane (eq 1) have been improved in terms
of their regio- and stereocontrol as well as in other aspects of
their operation. Through the employment of Pt(DVDS),48 Pt-
catalyzed hydrosilylations of 1-alkynes3 can now be performed at
room temperature and in water with very high selectivity for the
(E)-β-vinylsilanes (eq 20). It has also been shown that PtO2 cat-
alyzes the internal hydrosilylation of aryl alkynes under ortho-
substituent regiocontrol (eq 21).49 Strong preference for the
(E)-β-vinylsilanes during the hydrosilylation of 1-alkynes has

also been observed with cationic Ru-catalysts50 and [RhCl(nbd)]2/
dppp,51 the latter of which can also be employed in water (eq 20).
Hydrosilylations afford α-vinylsilanes when catalyzed by [CpRu
(MeCN)3]PF6

52 (eq 20). (Z)-β-Vinylsilanes are similarly made
under [RuCl2(p-cymene)]2 catalysis53 or by the trans hydrosily-
lation of 1-alkynes under Lewis acid (AlCl3)54 catalysis.

R H
Et3SiH

R

H SiEt3

H

AlCl3

R

H H

SiEt3 R

Et3Si H

H
(20)

R = C10H21

+ +

cat

93:3:4
97:0:3
100:0:0
4:96:0
0:100:0
2.5:2.5:95

[RhCl(nbd)]2 + dppp
  [Cp*Rh(BINAP)](SbF6)2

  Pt(DVDS)EP
  [RuCl2(p-cymene)]2

[CpRu(MeCN)3]PF6

R = Ph
R = C4H9

R = C4H9

R = PhCH2

R = C6H12CO2H

NO2

C5H11

NO2

SiEt3

C5H11

Et3SiH, cat PtO2 (21)
(90%)

AlCl3 can also promote the hydrosilylation of allenes and
alkenes.54 With regard to the hydrosilylation of alkenes; Rh-cata-
lyzed reactions of Et3SiH and methylenecyclopropanes provide a
convenient route to homoallylic silanes (eq 22).55

SiEt3(82%)
(22)

Et3SiH, cat Rh

The hydrosilylation of carbonyl compounds with Et3SiH (eq 4)
has also been the subject of additional research. Owing to these
efforts, carbonyls can now be directly converted to their tri-
ethylsilyl (TES) ethers with copper catalysts in the company of a
bidentate phosphine56 or N-heterocyclic carbene57 ligand. Tri-
ethylsilyl ethers can also be made from carbonyl compounds and
Et3SiH in the presence of rhenium(V) oxo-complexes.58

Additional Silane Alcoholysis. The direct silylation of alco-
hols with triethylsilane (eq 26)17 continues to be an interesting,
if somewhat underused, method to TES protect alcohols. Recent
works have demonstrated that this process is promoted by a num-
ber of catalysts including PdCl2,59 a Au(I) catalyst,60 and the
Lewis acid B(C6F6)3

61 (eq 23).

R OH
Et3SiH

Au(I)
PdCl2

B(C6F5)3

R OSiEt3 (23)

2°, 3° aliphatic or Ar

78–98
  80–100
  95–100

R = Catalyst % Yield

catalyst

1° and 2° aliphatic
1°, 2°, 3° aliphatic or Ar
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Additional Ionic Hydrogenation and Reductive Substit-
utions.

Nitrogen Containing Functional Group Reductions. As pre-
viously discussed, triethylsilane can donate its hydride to car-
bonyls and other functional groups (eqs 12–19)27–43 A variety
of transition metals have recently emerged as promoters of such
reactions, especially for reductions of nitrogen containing moi-
eties. For example, organic azides are efficiently transformed to
their Boc-protected amines with catalytic palladium in the pres-
ence of di-tert-butyl dicarbonate (eq 24).62

N
H

Me
Ar

Et3SiH
R N3

Et3SiH

cat Pd, Boc2O
(64–98%)

N
Boc

H
R

R = ArCH2

(24)

R = aryl, 1°, 2° aliphatics

SnCl4
 (0–91%)

Alternatively, if such azides bear a 1◦-benzylic group they can
be converted to N-methylanilines by reaction with Et3SiH and
SnCl4.63 Wilkinson’s catalyst and Et3SiH reduce aromatic nitro
groups to their amines in moderate to good yields,64 while the
combination of Pd(OAc)2 and Et3SiH in a THF–water mixture
reduces aliphatic nitro groups to the N-hydroxylamines (eq 25).65

NO2R N
H

Y
R

cat
(25)

R = aryl; cat = Rh(PPh3)3Cl;
Y = H (0–90%)
        
R = aliphatic; cat = Pd(OAc)2;
Y = OH (31–89%)

Et3SiH

Imines are reduced by triethylsilane to their amines when the
proper Ir66,67 or Ni68 catalysts are employed. Non-metal-mediated
reductions of C=N groups by Et3SiH are also possible. Among
these, the trifluorosulfonic acid promoted reductive amidation of
aliphatic and aromatic aldehydes with Et3SiH is an excellent way
to mono N-alkylate aliphatic and aromatic amides, thioamides,
carbamates, and ureas (eq 26).69 It is also worth noting that
trifluorosulfonic acid/Et3SiH reduces acyl- and tosylhydrazones
to hydrazines70,71 and 2-aminopyrimidines to 2-amino-dihydro-
or 2-aminotetrahydropyrimidines (eq 27).72

R1 NH2

X Et3SiH

TFA R1 N
H

X

R2 63–97%

X = O or S; R1 = aliphatic, aryl, OR, NR′R′′; R2 = aliphatic, aryl

(26)+   R2CHO

N

NN
R1

R2

R3 Et3SiH

N

N
H

N
R1

R2

TFA
(60–90%)

N

N
H

N
R1

R2

+

R1 = H, CH2, Me, Ph, SO2Ar; R2 = H, CH2, Me;

R3 = H, Me, C(O)Me, Ar, vinyl, Br

(27)
R3 R3

Reductive Etherifications and Acetal Reductions. Additional
applications of triethylsilane in the reduction of C–O bonds also
continue to surface. The Kusanov–Parnes dehydrative reduction27

of hemiacetals and acetals with trifluorosulfonic acid/Et3SiH has
proven especially valuable. Under such conditions, 4,6-O-benzyli-
dene acetal glucose derivatives can be asymmetrically deprotected
to 6-O-benzyl-4-hydroxy derivatives (eq 28)73 and thioketone
derivatives can be converted to syn-2,3-bisaryl (or heteroaryl) di-
hydrobenzoxanthins with excellent stereo- and chemoselectivity
(eq 29).74 Triethylsilane is also useful in a number of related
acetal reductions, including those used for the formation of C-
glycosides. For example, Et3SiH reductively opens 1,3-dioxolan-
4-ones to 2-alkoxy carboxylic acids when catalyzed by TiCl4.75

Furthermore, functionalized tetrahydrofurans are generated in
good yield from 1,2-O-isopropylidenefuranose derivatives with
boron trifluoride etherate and Et3SiH (eq 30).76 These same con-
ditions lead to 1,4- or 1,5-anhydroalditols when applied to methyl
furanosides or pyranosides.77

O
O

OPh

OR1

R2

OMe

O
BnO

HO

OR1

R2

OMe

TFA
(80–95%)

R1 = Ac, Bn; R2 = OAc, OBn, NHAc

(28)

Et3SiH

O

S Ar or Het

R5

R1

R4

R2

R3

S

R1

R4

R2

R3

Ar or Het

O

R5

O

H

(29)

CH2Cl2
(30–95%)

Et3SiH
TFA

O

O
R′O O

CH2OR

BF3·Et2O

O

R′O OH

CH2OR

72–95% (30)
Et3SiH

Novel syntheses of amino acids have also employed triethyl-
silane C–O bond cleavages of N,O-acetals. In this way, N-methyl-
amino acid derivatives are isolated in high yields from the Fmoc
or Cbz protected 5-oxazolidinone precursors, using TFA and Et3
SiH,78,79 or with the Lewis acid AlCl3 and Et3SiH (eq 31).80

A one-pot preparation of N-methyl-α-amino acid dipeptides can
be accomplished from an oxazolidinone, amino acid, TFA, and
Et3SiH combination.81
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O

N OP

R

P
N CO2H

Me

R

TFA or AlCl3
(27–100%)

P = Fmoc or Cbz

(31)Et3SiH

Triethylsilane can also facilitate the high yielding reductive
formation of dialkyl ethers from carbonyls and silyl ethers. For
example, the combination of 4-bromobenzaldehyde, trimethylsi-
lyl protected benzyl alcohol, and Et3SiH in the presence of
catalytic amounts of FeCl3 will result in the reduction and
benzylation of the carbonyl group (eq 32).82 Similarly, Cu(OTf)2

has been shown to aid Et3SiH in the reductive etherification of
variety of carbonyl compounds with n-octyl trimethylsilyl ether
to give the alkyl ethers in moderate to good yields.83 Likewise,
TMSOTf catalyzes the conversion of tetrahydropyranyl ethers to
benzyl ethers with Et3SiH and benzaldehyde, and diphenylmethyl
ethers with Et3SiH and diphenylmethyl formate.84 Symmetrical
and unsymmetrical ethers are afforded in good yield from car-
bonyl compounds with silyl ethers (or alcohols) and Et3SiH cat-
alyzed by bismuth trihalide salts.85 An intramolecular version
of this procedure has been nicely applied to the construction of
cis-2,6-di- and trisubstituted tetrahydropyrans.86

Br

CHO
Et3SiH

cat FeCl3
(99%)

Br

OBn (32)

+   BnOTMS

In a related process, triethylsilane plus SnCl4 can expediently
convert appropriately protected aldol products to fully protected
1,3-diols. Moreover, the synthesis of syn-1,3-ethylidene acetals
from 1-(2-methoxyethoxy)ethyl-protected β-hydroxy ketones
with SnCl4 and Et3SiH can occur with very high levels of
diastereocontrol (eq 33).87

O O

R1 R2

2. Et3SiH, SnCl4 (76–94%)
R1 R2

OH O O
MeO

, PPTS

syn/anti: >200/1

(33)

1.

Ether Cleavages. Triethylsilane and B(C6F5)3 can also be
used for the general cleavage of ether bonds to their correspond-
ing triethylsilyl ether and hydrocarbon.61b This chemistry can
selectively cleave differently substituted ethers (e.g., primary alkyl
ethers cleave preferentially over secondary, tertiary, or aryl ether
groups), but it should be noted that only a limited number of such
examples have been reported. Furthermore, chemoselectivity can
be an issue as Et3SiH/B(C6F5)3 can deoxygenate primary alcohols
and acetals, as well as perform the aforementioned silane alcohol-
yses. Nonetheless, Et3SiH and TFA are well suited for taking triph-
enylmethyl (trityl, Tr) protective groups off hydroxyls (eq 34),73

aziridines,88 or peptides89 even when other acid-sensitive func-

tional groups are present. Triethylsilane has also been employed
in the deprotection of triphenylmethyl-protected nucleotides, but
with dichloroacetic acid in dichloromethane.90

+R O Tr R OH

1. Et3SiH
    cat TESOTf, CH2Cl2

H Tr (34)

(87–99%)
2. 80% aq HOAc/THF

Ester Reductions and Miscellaneous Reductive Substitutions.
Triethylsilane can react with esters in a number of ways. Aliphatic
esters and lactones are reduced to acyclic and cyclic ethers when
treated with TiCl4, TMSOTf, and Et3SiH (eq 35).91 Propargylic
acetates, on the other hand, will undergo reductive cleavage of
their C–O bonds when treated with catalytic amounts of in-
dium(III) bromide and Et3SiH.92 Aryl and enol triflates are re-
duced when exposed to Et3SiH and a Pd–phosphine complex93

(eq 36), whereas aromatic and aliphatic iodides, bromides, and
chlorides are dehalogenated with Et3SiH and catalytic PdCl2
(also see eq 1123). Curiously, Et3SiH and PdCl2 can also be
used to make C–X bonds, as alcohols are converted to the cor-
responding halide with PdCl2, Et3SiH, and iodomethane, dibro-
momethane, or hexachloroethane (eq 37).94 Likewise, lactones
will undergo a ring-opening halosilylation with PdCl2, Et3SiH,
and iodomethane, or allyl bromide, producing the triethylsilyl
ω-iodo- or ω-bromoalkanoates.95

R1 O
R2

O
Et3SiH

R1 O
R2

TMSOTf, TiCl4
(40–89%)

R1 & R2 = aliphatic (35)

Et3SiH
R H

R = aliphatic or aryl; X = I, Br, Cl
       (78–95%)
R = vinyl or aryl; X = OTf
       (41–100%)

(36)
cat “Pd”

R X

Ph OH Ph X
RX, PdCl2
(94–98%)

RX = MeI
RX = CH2Br2
RX = CCl3CCl3

(37)
Et3SiH

Reductive Couplings and Cyclizations. As previously dis-
cussed, triethylsilane can react with both activated (eq 5)15,16 and
non-activated olefins (eq 1228). Recent developments in this area
include the saturation of alkenes by Et3SiH under catalysis by
Grubb’s 1st generation catalyst. A particularly elegant application
of this chemistry is possible when ring closing metathesis (RCM)
is kinetically favored. In such cases one can effect a one-pot ring
closure/alkene reduction in good overall yield (eq 38).96

X R

X R

Et3SiH

Ru

PCy3

PCy3
PhCl

Cl

n = 0, X = NTs
R = H  (76%)

n = 1, X = O
R = Ar  (75%)

(38)

(  )n

cat

(  )n
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Alkenes, along with alkynes, allenes, or dienes, can also partici-
pate in triethylsilane promoted reductive couplings. Aldehydes, in
particular, are good at coupling with the intermediates of nickel-
catalyzed additions of Et3SiH across alkenes, allenes, dienes, or
alkynes (eq 39).97 These reactions tend to be highly regioselec-
tive; as are the indium(III) bromide catalyzed reductive syn aldol
between aldehydes, enones, and Et3SiH (eq 40).98 Finally, in the
presence of ethylaluminum sesquichloride and Et3SiH, alkylchlo-
roformates participate in what have been termed Friedel–Crafts
alkylations of alkenes.99

Me C4H9
cat Ni
(84%)

Ph C4H9

OSiEt3

Me

(39)

PhCHO   +
Et3SiH

CHO

OMe

Et Me

O Et3SiH

cat InBr3
(61%)

Et

O

Et

OSiEt3

OMe
syn/anti >99/1

+

(40)

Imines can serve as electrophiles in similar processes.
For example, tetrahydropyran or tetrahydrofuran containing
amino acids are synthesized in good yield from a TiCl4 cat-
alyzed coupling of cyclic enol ethers, N-tosyl imino ester,
and triethylsilane (eq 41).100 Triethylsilane and a palladium-
catalyst can prompt the cyclization–hydrosilylation of 1,6-
and 1,7-dienes with good yields and moderate to high
stereoselectivity (eq 42).101 Cationic rhodium catalyzes a
cyclization–hydrosilylation of 1,6-enynes,102 whereas palladium
catalyzes a regio- and stereoselective cycloreduction.103 This re-
action has also been applied to haloenynes104 and bimetallic
cobalt/rhodium nanoparticles in an atmosphere of carbon monox-
ide to effect a carbonylative silylcarbocyclization (eq 43).105 1,6-
Diynes with cationic platinum, or cationic rhodium, in conjunc-
tion with Et3SiH undergo a cyclization–hydrosilylation.106,107

The combination of Et3SiH, rhodium, carbon monoxide,
and allenyl–carbonyl compounds yields cis-2-triethylsilylvinyl-
cyclopentanols and cyclohexanols (eq 44).108 For this reac-
tion the investigators mention that Et3SiH is superior to Ph3

SiH, Me2PhSiH, and (EtO)3SiH. This contrasts most other reports
of hydrosilylations with Et3SiH, where no particular advantage is
either attributed or demonstrated for Et3SiH over other silanes.
Finally, reductive Nazarov cyclizations can also take place with
Et3SiH and a Lewis acid.109

When reacting alkenes with triethylsilane it is necessary to keep
in mind that the PdCl2/Et3SiH combination also promotes the dou-
ble bond isomerization of monosubstituted aliphatic olefins110

and α-alkylidene cyclic carbonyl compounds are isomerized to
α,β-unsaturated cyclic carbonyls with tris(triphenylphosphine)
rhodium chloride.111

O
N CO2Et

Ts Et3SiH

O

EtO2C

NHTs

+

(41)

n = 1 (71%)
n = 2 (98%)

(  )n

(  )n

TiCl4

R2

R1 Et3SiH

cat Pd
(60–98%)

SiEt3R1

R2

R1 = ester

R2 = H, Me, Ph,

        ester, CN, 

        SO2Me

(42)

R3

R2 R1 R1

Et3SiH

CO2Et
Me
CO2Me

H
Me
H

Ph
H
H

cat

H
SiEt3
SiEt3

R2 R4

Ph
H

R4
R1

R1 R5

R2

CHO

R1                  R3

Pd(dppe)Cl2
[Rh(COD)2]SbF6

Co2Rh2 + CO

(43)

85
65

Catalyst       % Yield R5

93

X
O

R X

R

H

OH

SiEt3

(44)

(  )n

(  )n

X = C(CO2Et)2, NTs, O;  R = H, Me, Et;  n = 1, 2

CO (10 atm), Et2O, 70 °C
(54–74%)

Et3SiH
1 mol % Rh(acac)(CO)2

·

Aromatic Silylations. Aryltriethylsilanes are synthesized
in moderate to good yield from electron-rich meta- and para-
substituted aryl iodides, by Pd(P-tBu)3 in the presence of K3PO4

and triethylsilane.112 Platinum oxide in conjunction with sodium
acetate and Et3SiH silylates meta and para substituted aryl
iodides and bromides that contain electron-withdrawing
groups.113 ortho-Triethylsilyl aromatics are accessed with
Ru3(CO)12 using azoles, imines, pyridines, amides, and esters
as directing groups; the system tolerates electron-donating and
withdrawing groups (eq 45).114 This method has also been
applied to the silylation of benzylic C–H bonds.115

Ru3(CO)12
(12–98%)

R R

SiEt3
R = azole, imine,
       ester, amide,
       pyridine,

(45)
Et3SiH

Generation of Other Triethylsilyl Reagents, etc. Triethylsi-
lane is also used in the synthesis of various other reagents for
organic synthesis. Triethylsilyl cyanide, which is used for the
silylcyanation of aldehydes and ketones, can be prepared from
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Et3SiH and acetonitrile in the presence of catalytic amounts of
Cp(CO)2FeMe.116 Bromotriethylsilane is prepared when Et3SiH
reacts with copper(II) bromide and catalytic amounts of copper(I)
iodide117 or with PdCl2 and allyl bromide.118 Et3SiH can also re-
duce Bu3SnCl to Bu3SnH, which when carried out in the presence
of alkynes, allenes, or alkenes can undergo Lewis acid promoted
hydrostannation reactions (eq 46).119 This represents the first
example of Lewis acid catalyzed hydrostannations with in situ
generated tributyltin hydride. Significantly, Et3SiH succeeded in
this reaction where hydrosiloxanes failed. Lastly, Et3SiH reacts
with indium(III) chloride to generate dichloroindium hydride.119

H
SnBu3

R1

R

R R1 (46)

Et3SiH, Bu3SnCl
10 mol % B(C6F3)3

Z:E ~ 90:10

toluene, 0 °C to rt
(70–90%)

Related Reagents. Phenylsilane–Cesium Fluoride; Tri-n-
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Silane–Carbon Monoxide; Triethylsilane–Trifluoroacetic Acid.

1. (a) Fleming, I. In Comprehensive Organic Chemistry; Barton, D.; Ollis,
W. D., Eds.; Pergamon: New York, 1979; Vol. 3, p 541. (b) Colvin, E.
Silicon in Organic Synthesis; Butterworths: Boston, 1981. (c) Weber, W.
P. Silicon Reagents for Organic Synthesis; Springer: New York, 1983.
(d) The Chemistry of Organic Silicon Compounds; Patai, S.; Rappoport,
Z., Eds.; Wiley: New York, 1989. (e) Corey, J. Y. In Advances in Silicon
Chemistry; Larson, G. L., Ed.; JAI: Greenwich, CT, 1991; Vol. 1, p 327.

2. (a) Lukevics, E., Russ. Chem. Rev. (Engl. Transl.) 1977, 46, 264. (b)
Speier, J. L., Adv. Organomet. Chem. 1979, 17, 407. (c) Keinan, E.,
Pure Appl. Chem. 1989, 61, 1737.

3. (a) Doyle, M. P.; High, K. G.; Nesloney, C. L.; Clayton, T. W., Jr.; Lin,
J., Organometallics 1991, 10, 1225. (b) Lewis, L. N.; Sy, K. G.; Bryant,
G. L., Jr.; Donahue, P. E., Organometallics 1991, 10, 3750.

4. Kopylova, L. I.; Pukhnarevich, V. B.; Voronkov, M. G., Zh. Obshch.
Khim. 1991, 61, 2418.

5. Esteruelas, M. A.; Herrero, J.; Oro, L. A., Organometallics 1993, 12,
2377.

6. Esteruelas, M. A.; Oro, L. A.; Valero, C., Organometallics 1991, 10,
462.

7. (a) Murai, S.; Sonada, N., Angew. Chem., Int. Ed. Engl. 1979, 18, 837.
(b) Matsuda, I.; Ogiso, A.; Sato, S.; Izumi, Y., J. Am. Chem. Soc.
1989, 111, 2332. (c) Ojima, I.; Ingallina, P.; Donovan, R. J.; Clos,
N., Organometallics 1991, 10, 38. (d) Doyle, M. P.; Shanklin, M. S.,
Organometallics 1993, 12, 11.

8. Doyle, M. P.; Devora, G. A.; Nefedov, A. O.; High, K. G.,
Organometallics 1992, 11, 549.

9. Chatani, N.; Ikeda, S.; Ohe, K.; Murai, S., J. Am. Chem. Soc. 1992, 114,
9710.

10. (a) Eaborn, C.; Odell, K.; Pidcock, A., J. Organomet. Chem. 1973, 63,
93. (b) Corriu, R. J. P.; Moreau, J. J. E., J. Chem. Soc., Chem. Commun.
1973, 38. (c) Ojima, I.; Nihonyanagi, M.; Kogure, T.; Kumagai, M.;
Horiuchi, S.; Nakatasugawa, K.; Nagai, Y., J. Organomet. Chem. 1975,
94, 449.

11. Ojima, I.; Nihonyanagi, M.; Nagai, Y., Bull. Chem. Soc. Jpn. 1972, 45,
3722.

12. Semmelhack, M. F.; Misra, R. N., J. Org. Chem. 1982, 47, 2469.

13. Fuchikami, T.; Ubukata, Y.; Tanaka, Y., Tetrahedron Lett. 1991, 32,
1199.

14. Bottrill, M.; Green, M., J. Organomet. Chem. 1976, 111, C6.

15. Ojima, I.; Kogure, T.; Nihonyanagi, M.; Nagai, Y., Bull. Chem. Soc.
Jpn. 1972, 45, 3506.

16. Ojima, I.; Kogure, T., Organometallics 1982, 1, 1390.

17. (a) Doyle, M. P.; High, K. G.; Bagheri, V.; Pieters, R. J.; Lewis, P. J.;
Pearson, M. M., J. Org. Chem. 1990, 55, 6082. (b) Zakharkin, L. I.;
Zhigareva, G. G., Izv. Akad. Nauk SSSR, Ser. Khim. 1992, 1284. (c)
Barton, D. H. R.; Kelly, M. J., Tetrahedron Lett. 1992, 33, 5041.

18. Corey, E. J.; Mehrota, M. M.; Khan, A. U., J. Am. Chem. Soc. 1986,
108, 2472.

19. Jenkins, J. W.; Post, H. W., J. Org. Chem. 1950, 15, 556.

20. Citron, J. D., J. Org. Chem. 1969, 34, 1977.

21. Fukuyama, T.; Lin, S.-C.; Li, L., J. Am. Chem. Soc. 1990, 112, 7050.

22. Barton, D. H. R.; Jang, D. O.; Jaszberenyi, J. C., Tetrahedron Lett. 1991,
32, 7187: Tetrahedron 1993, 49, 2793.

23. Cole, S. J.; Kirwan, J. N.; Roberts, B. P.; Willis, C. R., J. Chem. Soc.,
Perkin Trans. 1 1991, 103.

24. Allen, R. P.; Roberts, B. P.; Willis, C. R., J. Chem. Soc., Chem. Commun.
1989, 1387.

25. Kirwin, J. N.; Roberts, B. P.; Willis, C. R., Tetrahedron Lett. 1990, 31,
5093.

26. Cf. Chatgilialoglu, C.; Ferreri, C.; Lucarini, M., J. Org. Chem. 1993,
58, 249.

27. (a) Kursanov, D. N.; Parnes, Z. N., Russ. Chem. Rev. (Engl. Transl.)
1969, 38, 812. (b) Kursanov, D. N.; Parnes, Z. N.; Loim, N. M.,
Synthesis 1974, 633. (c) Nagai, Y., Org. Prep. Proced. Int. 1980, 12, 13.
(d) Kursanov, D. N.; Parnes, Z. N.; Kalinkin, M. I.; Loim, N. M. Ionic
Hydrogenation and Related Reactions; Harwood: Chur, Switzerland,
1985.

28. Bullock, R. M.; Rappoli, B. J., J. Chem. Soc., Chem. Commun. 1989,
1447.

29. (a) Larsen, J. W.; Chang, L. W., J. Org. Chem. 1979, 44, 1168. (b)
Eckert-Maksic, M.; Margetic, D., Energy Fuels 1991, 5, 327. (c) Eckert-
Maksic, M.; Margetic, D., Energy Fuels 1993, 7, 315.

30. Olah, G. A.; Wang, Q.; Trivedi, N. J.; Prakash, G. K. S., Synthesis 1992,
465.

31. Olah, G. A.; Wang, Q.; Prakash, G. K. S., Synlett 1992, 647.

32. Izumi, Y.; Nanami, H.; Higuchi, K.; Onaka, M., Tetrahedron Lett. 1991,
32, 4741.

33. Olah, G. A.; Yamato, T.; Iyer, P. S.; Prakash, G. K. S., J. Org. Chem.
1986, 51, 2826.

34. (a) Adlington, M. G.; Orfanopoulos, M.; Fry, J. L., Tetrahedron Lett.
1976, 2955. (b) Fry, J. L.; Orfanopoulos, M.; Adlington, M. G.; Dittman,
W. R., Jr.; Silverman, S. B., J. Org. Chem. 1978, 43, 374. (c) Fry, J. L.;
Silverman, S. B.; Orfanopoulos, M., Org. Synth. 1981, 60, 108.

35. Fry, J. L.; Mraz, T. J., Tetrahedron Lett. 1979, 849.

36. (a) Doyle, M. P.; West, C. T.; Donnelly, S. J.; McOsker, C. C., J.
Organomet. Chem. 1976, 117, 129. (b) Dailey, O. D., Jr., J. Org. Chem.
1987, 52, 1984. (c) Krause, G. A.; Molina, M. T., J. Org. Chem. 1988,
53, 752. (d) Gil, J. F.; Ramón, D. J.; Yus, M., Tetrahedron 1993, 49,
4923.

37. Wustrow, D. J.; Smith, W. J., III; Wise, L. D., Tetrahedron Lett. 1994,
35, 61.

38. (a) Kotsuki, H.; Ushio, Y.; Kadota, I.; Ochi, M., Chem. Lett. 1988, 927.
(b) Ishihara, K.; Mori, A.; Yamamoto, H., Tetrahedron 1990, 46, 4595.

39. (a) Tsunoda, T.; Suzuki, M.; Noyori, R., Tetrahedron Lett. 1979, 4679.
(b) Kato, J.; Iwasawa, N.; Mukaiyama, T., Chem. Lett. 1985, 6, 743. (c)
Kira, M.; Hino, T.; Sakurai, H., Chem. Lett. 1992, 555.

40. (a) Bennek, J. A.; Gray, G. R., J. Org. Chem. 1987, 52, 892. (b)
Sassaman, M. B.; Kotian, K. D.; Prakash, G. K. S.; Olah, G. A., J.
Org. Chem. 1987, 52, 4314.

41. (a) Mukaiyama, T.; Ohno, T.; Nishimura, T.; Han, J. S.; Kobayashi, S.,
Chem. Lett. 1990, 2239. (b) Mukaiyama, T.; Ohno, T.; Nishimura, T.;
Han, J. S.; Kobayashi, S., Bull. Chem. Soc. Jpn. 1991, 64, 2524.



496 TRIETHYLSILANE

42. (a) Oriyama, T.; Iwanami, K.; Tsukamoto, K.; Ichimura, Y.; Koga, G.,
Bull. Chem. Soc. Jpn. 1991, 64, 1410. (b) Oriyama, T.; Ichimura, Y.;
Koga, G., Bull. Chem. Soc. Jpn. 1991, 64, 2581.

43. Yokozawa, T.; Nakamura, F., Makromol. Chem., Rapid Commun. 1993,
14, 167.

44. (a) Fry, J. L., J. Chem. Soc., Chem. Commun. 1974, 45. (b) Fry, J. L.;
Ott, R. A., J. Org. Chem. 1981, 46, 602.

45. Nakayama, J.; Yoshida, M.; Simamura, O., Tetrahedron 1970, 26, 4609.

46. Mehta, A.; Jaouhari, R.; Benson, T. J.; Douglas, K. T., Tetrahedron Lett.
1992, 33, 5441.

47. (a) Doyle, M. P.; McOsker, C. C.; West, C. T., J. Org. Chem. 1976, 41,
1393. (b) Parnes, Z. N.; Romanova, V. S.; Vol’pin, M. E., J. Org. Chem.
USSR (Engl. Transl.) 1988, 24, 254.

48. (a) Aneetha, H.; Wu, W.; Verkada, J. G., Organometallics 2005, 24,
2590. (b) Wu, W.; Li, C.-J., Chem. Commun. 2003, 1668.

49. Hamze, A.; Provot, O.; Alami, M.; Brion, J.-D., Org. Lett. 2005, 7,
5625.

50. (a) Takeuchi, R.; Nitta, S.; Watanabe, D., J. Chem. Soc. Chem. Commun.
1994, 1777. (b) Faller, J. W.; D’Alliessi, D. G., Organometallics 2002,
21, 1743.

51. Sato, A.; Kinoshita, H.; Shinokubo, H.; Oshima, K., Org. Lett. 2004,
6, 2217.

52. Trost, B. M.; Ball, Z. T., J. Am. Chem. Soc. 2005, 127, 17644.

53. Na, Y.; Chang, S., Org. Lett. 2000, 2, 1887.

54. (a) Sudo, T.; Asao, N.; Gevorgyan, V.; Yamamoto, Y., J. Org. Chem.
1999, 64, 2494. (b) Song, Y.-S.; Yoo, B. R.; Lee, G.-H.; Jung, I. N.,
Organometallics 1999, 18, 3109.

55. Bessmertnykh, A. G.; Blinov, K. A.; Grishin, Y. K.; Donskaya, N. A.;
Tveritinova, E. V.; Yur’eva, N. M.; Beletskaya, I. P., J. Org. Chem. 1997,
62, 6069.

56. Lipshutz, B. H.; Caires, C. C.; Kuipers, P.; Chrisman, W., Org. Lett.
2003, 5, 3085.

57. Díez-González, S.; Kaur, H.; Zinn, F. K.; Stevens, E. D.; Nolan, S. P.,
J. Org. Chem. 2005, 70, 4784.

58. Ison, E. A.; Trivedi, E. R.; Corbin, R. A.; Abu-Omar, M. M., J. Am.
Chem. Soc. 2005, 127, 15374.

59. Mirza-Aghayan, M.; Boukherroub, R.; Bolourtchian, M., J. Organomet.
Chem. 2005, 690, 2372.

60. Ito, H.; Takagi, K.; Miyahara, T.; Sawamura, M., Org. Lett. 2005, 7,
3001.

61. (a) Blackwell, J. M.; Foster, K. L.; Beck, V. H.; Piers, W. E., J. Org.
Chem. 1999, 64, 4887. (b) Gevorgyan, V.; Rubin, M.; Benson, S.; Liu,
J.-X.; Yamamoto, Y., J. Org. Chem. 2000, 65, 6179.

62. Kotsuki, H.; Ohishi, T.; Araki, T., Tetrahedron Lett. 1997, 38, 2129.

63. Lopez, F. J.; Nitzan, D., Tetrahedron Lett. 1999, 40, 2071.

64. Brinkman, H. R.; Miles, W. H.; Hilborn, M. D.; Smith, M. C., Synth.
Commun. 1996, 26, 973.

65. Rahaim, R. J., Jr.; Maleczka, R. E., Jr. Org. Lett. 2005, 7, 5087.

66. Field, L. D.; Messerle, B. A.; Rumble, S. L., Eur. J. Org. Chem. 2005,
2881.

67. In-situ formed imine: Mizuta, T.; Sakaguchi, S.; Ishii, Y., J. Org. Chem.
2005, 70, 2195.

68. Vetter, A. H.; Berkessel, A., Synthesis 1995, 419.

69. Dubé, D.; Scholte, A. A., Tetrahedron Lett. 1999, 40, 2295.

70. Wu, P.-L.; Peng, S.-Y.; Magrath, J., Synthesis 1995, 435.

71. Wu, P.-L.; Peng, S.-Y.; Magrath, J., Synthesis 1996, 249.

72. Baskaran, S.; Hanan, E.; Byun, D.; Shen, W., Tetrahedron Lett. 2004,
45, 2107.

73. Imagawa, H.; Tsuchihashi, T.; Singh, R. K.; Yamamoto, H.; Sugihara,
T.; Nishizawa, M., Org. Lett. 2003, 5, 153.

74. Kim, S.; Wu, J. Y.; Chen, H. Y.; DiNinno, F., Org. Lett. 2003, 5, 685.

75. Winneroski, L. L.; Xu, Y., J. Org. Chem. 2004, 69, 4948.

76. Ewing, G. J.; Robins, M. J., Org. Lett. 1999, 1, 635.

77. (a) Rolf, D.; Gray, G. R., J. Am. Chem. Soc. 1982, 104, 3539. (b) Rolf,
D.; Bennek, J. A.; Gray, G. R., J. Carbohydr. Chem. 1983, 2, 373.
(c) Bennek, J. A.; Gray, G. R., J. Org. Chem. 1987, 52, 892.

78. Luke, R. W. A.; Boyce, P. G. T.; Dorling, E. K., Tetrahedron Lett. 1996,
37, 263.

79. Aurelio, L.; Brownlee, R. T. C.; Hughes, A. B., Org. Lett. 2002, 4, 3767.

80. Zhang, S.; Govender, T.; Norstrom, T.; Arvidsson, P. I., J. Org. Chem.
2005, 70, 6918.

81. Dorow, R. L.; Gingrich, D. E., Tetrahedron Lett. 1999, 40, 467.

82. (a) Iwanami, K.; Seo, H.; Tobita, Y.; Oriyama, T., Synthesis 2005, 183.
(b) Iwanami, K.; Yano, K.; Oriyama, T., Synthesis 2005, 2669.

83. Yang, W.-C.; Lu, X.-A.; Kulkarni, S. S.; Hung, S.-C., Tetrahedron Lett.
2003, 44, 7837.

84. Suzuki, T.; Kobayashi, K.; Noda, K.; Oriyama, T., Synth. Commun.
2001, 31, 2761.

85. (a) Wada, M.; Nagayama, S.; Mizutani, K.; Hiroi, R.; Miyoshi, N.,
Chem. Lett. 2002, 248. (b) Komatsu, N.; Ishida, J.; Suzuki, H.,
Tetrahedron Lett. 1997, 38, 7219. (c) Bajwa, J. S.; Jiang, X.; Slade,
J.; Prasad, K.; Repic, O.; Blacklock, T. J., Tetrahedron Lett. 2002, 43,
6709.

86. Evans, P. A.; Cui, J.; Gharpure, S. J.; Hinkle, R. J., J. Am. Chem. Soc.
2003, 125, 11456.

87. Cullen, A. J.; Sammakia, T., Org. Lett. 2004, 6, 3143.

88. Vedejs, E.; Klapars, A.; Warner, D. L.; Weiss, A. H., J. Org. Chem.
2001, 66, 7542.

89. Kadereit, D.; Deck, P.; Heinemann, I.; Waldmann, H., Chem. Eur. J.
2001, 7, 1184.

90. Ravikumar, V. T.; Krotz, A. H.; Cole, D. L., Tetrahedron Lett. 1995,
36, 6587.

91. Yato, M.; Homma, K.; Ishida, A., Tetrahedron 2001, 57, 5353.

92. Sakai, N.; Hirasawa, M.; Konakahara, T., Tetrahedron Lett. 2005, 46,
6407.

93. Kotsuki, H.; Datta, P. K.; Hayakawa, H.; Suenaga, H., Synthesis 1995,
1348.

94. Ferreri, C.; Costantino, C.; Chatgilialoglu, C.; Boukherroub, R.;
Manuel, G., J. Organomet. Chem. 1998, 554, 135.

95. Iwata, A.; Ohshita, J.; Tang, H.; Kunai, A.; Yamamoto, Y.; Matui, C.,
J. Org. Chem. 2002, 67, 3927.

96. Menozzi, C.; Dalko, P. I.; Cossy, J., Synlett 2005, 2449.

97. (a) Montgomery, J., Angew. Chem., Int. Ed. 2004, 43, 3890.
(b) Mahandru, G. M.; Liu, G.; Montgomery, J., J. Am. Chem. Soc.
2004, 126, 3698. (c) Ng, S.-S.; Jamison, T. F., J. Am. Chem. Soc. 2005,
127, 7320. (d) Knapp-Reed, B.; Mahandru, G. M.; Montgomery, J., J.
Am. Chem. Soc. 2005, 127, 13156.

98. Shibata, I.; Kato, H.; Ishida, T.; Yasuda, M.; Baba, A., Angew. Chem.
Int. Ed. 2004, 43, 711.

99. Biermann, U.; Metzger, J. O., Angew. Chem. Int. Ed. 1999, 38, 3675.

100. Ghosh, A. K.; Xu, C.-X.; Kulkarni, S. S.; Wink, D., Org. Lett. 2005, 7,
7.

101. (a) Widenhoefer, R. A.; Stengone, C. N., J. Org. Chem. 1999, 64, 8681.
(b) Widenhoefer, R. A.; Perch, N. S., Org. Lett. 1999, 1, 1103. (c) Perch,
N. S.; Pei, T.; Widenhoefer, R. A., J. Org. Chem. 2000, 65, 3836. (d)
Wang, X.; Chakrapani, H.; Stengone, C. N.; Widenhoefer, R. A., J. Org.
Chem. 2001, 66, 1755.

102. Chakrapani, H.; Liu, C.; Widenhoefer, R. A., Org. Lett. 2003, 5, 157.

103. Oh, C. H.; Jung, H. H.; Sung, H. R.; Kim, J. D., Tetrahedron 2001, 57,
1723.

104. Oh, C. H.; Park, S. J., Tetrahedron Lett. 2003, 44, 3785.

105. Park, K. H.; Jung, I. G.; Kim, S. Y.; Chung, Y. K., Org. Lett. 2003, 5,
4967.

106. Wang, X.; Chakrapani, H.; Madine, J. W.; Keyerleber, M. A.;
Widenhoefer, R. A., J. Org. Chem. 2002, 67, 2778.



497TRIETHYLSILANE

107. Liu, C.; Widenhoefer, R. A., Organometallics 2002, 21, 5666.

108. Kang, S.-K.; Hong, Y.-T.; Leen, J.-H.; Kim, W.-Y.; Lee, I.; Yu, C.-M.,
Org. Lett. 2003, 5, 2813.

109. (a) Giese, S.; West, F. G., Tetrahedron Lett. 1998, 39, 8393. (b) Giese,
S.; West F. G., Tetrahedron 2000, 56, 10221.

110. Miraz-Aghayan, M.; Boukherroub, R.; Bolourtchian, M.; Hoseini, M.;
Tabar-Hydar, K., J. Organomet. Chem. 2003, 678, 1.

111. Tanaka, M.; Mitsuhashi, H.; Maruno, M.; Wakamatsu, T., Chem. Lett.
1994, 1455.

112. Yamanoi, Y., J. Org. Chem. 2005, 70, 9607.

113. Hamze, A.; Provot, O.; Alami, M.; Brion, J.-D., Org. Lett. 2006, 8, 931.

114. Kakiuchi, F.; Matsumoto, M.; Tsuchiya, K.; Igi, K.; Hayamizu, T.;
Chatani, N.; Murai, S., J. Organomet. Chem. 2003, 686, 134.

115. Kakiuchi, F.; Tsuchiya, K.; Matsumoto, M.; Mizushima, E.; Chatani,
N., J. Am. Chem. Soc. 2004, 126, 12792.

116. Itazaki, M.; Nakazawa, H., Chem. Lett. 2005, 34, 1054.

117. Kunai, A.; Ochi, T.; Iwata, A.; Ohshita, J., Chem. Lett. 2001, 1228.

118. Gevorgyan, V.; Liu, J.-X.; Yamamoto, Y., Chem. Commun. 1998, 37.

119. Hayashi, N.; Shibata, I.; Baba, A., Org. Lett. 2004, 6, 4981.



498 TRIFLUOROMETHANESULFONIC ACID

Essential Reactions for Organic Synthesis, First Edition. Edited by Philip L. Fuchs.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Trifluoromethanesulfonic Acid1

CF3SO2OH

[1493-13-6] CHF3O3S (MW 150.09)
InChI = 1/CHF3O3S/c2-1(3,4)8(5,6)7/h(H,5,6,7)/f/h5H
InChIKey = ITMCEJHCFYSIIV-JSWHHWTPCD

(one of the strongest organic acids; catalyst for oligomerization/
polymerization of alkenes and ethers; precursor for triflic anhy-
dride and several metal triflates; acid catalyst in various reactions)

Alternate Name: triflic acid.
Physical Data: bp 162 ◦C/760 mmHg, 84 ◦C/43 mmHg, 54 ◦C/8

mmHg; d 1.696 g cm−3.
Solubility: sol water and in many polar organic solvents such

as DMF, sulfolane, DMSO, dimethyl sulfone, acetonitrile; sol
alcohols, ketones, ethers, and esters, but these generally are not
suitable inert solvents (see below).

Analysis of Reagent Purity: IR;2 19F NMR.3

Preparative Methods: best prepared by basic hydrolysis of
CF3SO2F followed by acidification.2

Purification: distilled with a small amount of Tf2O.4

Handling, Storage, and Precautions: is a stable, hygroscopic liq-
uid which fumes copiously on exposure to moist air. Transfer
under dry nitrogen is recommended. Contact with cork, rubber,
and plasticized materials will cause rapid discoloration of the
acid and deterioration of the materials. Samples are best stored
in sealed glass ampules or glass bottles with Kel-FTM or PTFE
plastic screw cap linings. Use in a fume hood.

Original Commentary
Lakshminarayanapuram R. Subramanian, Antonio García
Martínez & Michael Hanack
Universität Tübingen, Tübingen, Germany

Reaction with P2O5. Trifluoromethanesulfonic acid (TfOH)
reacts with an excess of Phosphorus(V) Oxide to give Triflu-
oromethanesulfonic Anhydride (eq 1),5 while treatment with a
smaller amount of P2O5 (TfOH:P2O5 = 6:1) and slower distilla-
tion leads to trifluoromethyl triflate (eq 2).6

–H2O
(CF3SO2)2OCF3SO3H  +  P2O5 (excess) (1)

Δ

(2)

6 CF3SO3H  +  P2O5

3 CF3SO2OCF3  +  3 SO2  +  2 H3PO4

Δ

70%

The synthetic utility of trifluoromethyl triflate as a trifluoro-
methanesulfonylating agent is severely limited, because the
reagent is rapidly destroyed by a fluoride-ion chain reaction in
the presence of other nucleophiles.7

Dehydration of a 2:1 mixture of CF3CO2H and TfOH with P2O5
affords trifluoroacetyl triflate (eq 3),8 which is a very reactive agent
for trifluoroacetylations at O, N, C, or halogen centers (eq 3).8a

CF3SO3H
CF3CO2H

CF3CO2OSO2CF3

OCOCF3

(3)

P2O5, Δ
75%

anisole, 65 °C, 28 h

–MeOTf
86%

Protonation and Related Reactions. TfOH is one of the
strongest monoprotic organic acids known. The acid, and its
conjugate base (CF3SO3

−), have extreme thermal stability, are
resistant to oxidation and reduction, and are not a source of
fluoride ions, even in the presence of strong nucleophiles. They do
not lead to sulfonation as do Sulfuric Acid, Fluorosulfuric Acid,
and Chlorosulfonic Acid in some reactions. TfOH is therefore
effectively employed in protonation reactions.

The strong protonating property of TfOH is used to generate
allyl cations from suitable precursors in low-temperature ionic
Diels–Alder reactions. 3,3-Diethoxypropene and 2-vinyl-1,3-
dioxolane add to cyclohexa-1,3-diene in the presence of TfOH
to give the corresponding Diels–Alder adducts, the latter in high
yield (eq 4).9

CF3SO3H, CH2Cl2

O O

H2C=CHCH(OEt)2

57%
2-vinyl-1,3-dioxolane

94%

(4)

An intramolecular Diels–Alder reaction with high stereo-
selectivity occurs involving allyl cations by protonation of allyl
alcohols (eq 5).10

OH
H

H

CF3SO3H
CH2Cl2, –23 °C

(5)

Alkynes and allenes are protonated with TfOH to give vinyl
triflates (eqs 6 and 7),11 which are precursors to vinyl cations.

CF3SO3H
pentane, –30 °C

70%

OTf OTf
+

65:35

(6)

CF3SO3H
 –78 °C

60–80%
(7)

•

OTf

A convenient synthesis of pyrimidines is developed by
protonation of alkynes with TfOH in the presence of nitriles
(eq 8).12
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R1

N

N

R2

R2R1

CF3SO3H
0 °C to rt, 24 h

68–94%
+  R2CN (8)

R1 = R2 = alkyl, aryl

Triflic acid catalyzes the transformation of α-hydroxy carbonyl
compounds to ketones (eq 9).13

CF3SO3H
CH2Cl2, 0 °C to rt

–PhCHO
97%

(9)
COPh

OH O

Oximes undergo Beckmann rearrangement with TfOH in the
presence of Bu4NReO4 to give amides in high yield (eq 10).14

N
OH

Ph Ph

Ph

H
N Ph

O

CF3SO3H, Bu4NReO4
MeNO2, 20 min

98%
(10)

TfOH protonates nitroalkenes, even nitroethylene, to give N,N-
dihydroxyiminium carbenium ions, which react with arenes to
give arylated oximes. This overall process provides a route to
α-aryl methyl ketones from 2-nitropropene (eq 11)15 and con-
stitutes a versatile synthetic method for the preparation of
α-arylated ketones, otherwise difficult to synthesize by the
conventional Friedel–Crafts reaction.

NO2 CF3SO3H

H
N+

OH

H OH
PhH

Ph
N

OH

H

O

Ph

+ +
H2O

85%

(11)

TfOH catalyzes the removal of N-t-butyl groups from N-substi-
tuted N-t-butylcarbamates to give carbamate-protected primary
amines (eq 12).16

95%

t-Bu N OBn

O Ph

t-Bu

O

t-Bu N
H

OBn

O Ph O

–

1 mol % CF3SO3H

(12)

The methyl group attached to the phenolic oxygen of tyrosine
is smoothly cleaved by TfOH in the presence of Thioanisole
(eq 13).17 This deblocking method was successfully applied to
the synthesis of a new potent enkephalin derivative.

OMe

CO2H

NH2
OH

CO2H

+NH3

+  PhSMe2

+
(13)

CF3SO3H, PhSMe
CF3CO2H, 25 °C, 50 min

~100%

1,3,4-Oxadiazoles are prepared in good yields from silylated
diacylhydrazines (formed in situ) by acid-catalyzed cyclization
using TfOH (eq 14).18

H
N

N
HO

O
NN

O

CF3SO3H, Me2SiCl2

MeCN, 0 °C, 24 h
60%

(14)

TfOH protonates naphthalene at room temperature to give a
complex mixture of products.19 TfOH promotes aldol reaction
of silyl enol ethers with aldehydes and acetals, leading to new
C–C bond formation (eq 15).20 TfOH competes well with other
reagents employed for the aldol reaction, while Methanesulfonic
Acid does not afford any product.

OTMS O

Ph

OH

(15)

CF3SO3H, PhCHO
CH2Cl2, –95 °C

91%

Cyclization of 3- and 4-arylalkanoic acids to bicyclic ketones is
effected by TfOH via the corresponding acid chlorides (eq 16).21

COCl
O

(16)

CF3SO3H
CH2Cl2, –78 °C to rt

87%

Allylic O-methylisoureas are cyclized with TfOH containing
Benzeneselenenyl Trifluoromethanesulfonate to 5,6-dihydro-
1,3-oxazines (eq 17).22

HN

NH

OMe

Ph CF3SO3H
PhSeOTf

NH2

N O

SePh

Ph

(17)
66%

Tscherniac amidomethylation of aromatics with N-hydroxy-
methylphthalimide in TfOH proceeds smoothly at room
temperature to give the corresponding α-amido-methylated prod-
ucts (eq 18).23
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+N

O

O

OH

N

O

O

(18)

CF3SO3H, rt

84%

TfOH catalyzes the amination24 and phenylamination25 of
aromatics via the corresponding aminodiazonium ion generated
from Azidotrimethylsilane and Phenyl Azide respectively (eq 19).

CF3SO3H, PhN3

82%

NH2

(19)

NHPh

CF3SO3H, MeSiN3

95%

Electrophilic hydroxylation of aromatics is carried out by
protonation of Bis(trimethylsilyl) Peroxide with TfOH in the pres-
ence of the substrate (eq 20).26

CF3SO3H, 0 °C

77%

OH
(20)+  TMSOOTMS

Phenol and 2,3,5,6-tetramethylphenol are protonated with
TfOH under irradiation to afford rearranged products (eqs 21 and
22).27

CF3SO3H, hν
(21)

OH O

CF3SO3H, hν
(22)

OH O

Other Applications. TfOH is the starting material for the
preparation of the electrophilic reagent Trimethylsilyl Trifluoro-
methanesulfonate. The latter is prepared by reacting TfOH
with Chlorotrimethylsilane28 or more conveniently with Me4Si
(eq 23).29

TMSCl  or Me4Si

12–99%
(23)CF3SO3H CF3SO3TMS

Functionalized silyl triflates can also be prepared using TfOH
(eq 24).30

CF3SO3H
CH2Cl2, –20 °COMe

Me2Si
OMe

Me2Si
OTf

(24)

Reaction of aromatic compounds with Bis(pyridine)
iodonium(I) Tetrafluoroborate in the presence of TfOH

is an effective method to form the monoiodo compounds
regioselectively (eq 25).31

CHO CHO

I

IPy2BF4  +

CF3SO3H
CH2Cl2, rt

80%
(25)

Ionic hydrogenation of alkenes with trialkylsilanes is possible
in the presence of the strong acid TfOH, even at −75 ◦C (eq 26).32

(26)
Et Et

CF3SO3H, Et3SiH
CH2Cl2, –75 °C

98%

Hydroxycarbonyl compounds can be selectively reduced to
carbonyl compounds by means of TfOH in the presence of tri-
alkylboranes (eq 27).33

(27)

CHO

OH

CHO

CF3SO3H, Et3B

81%

The triphenylmethyl cation is nitrated with Nitronium Tetra-
fluoroborate in the presence of TfOH (eq 28).34

(28)
Ph

Ph

1. CF3SO3H, NO2BF4

2. ionic hydrogenation
                64% NO2

Ph3CBF4

Sterically hindered azidophenyltriazines decompose in TfOH
at 0 ◦C to give isomeric triflates (eq 29).35

N

N
H

N

NH2

H2N

Cl

N3

N

N
H

N

NH2

H2N

ClTfO

NH2

CF3SO3H
CF3CO2H, 0 °C

98%

(29)

Benzoyl triflate prepared from TfOH and Benzoyl Chloride is
a mild and effective benzoylating agent for sterically hindered
alcohols36 and acylative ring expansion reactions.37 The appli-
cations of TfOH in Koch–Haaf carboxylation,38 Fries rearrange-
ment,39 and sequential chain extension in carbohydrates40 are also
documented. Recent applications of TfOH in cyclization reactions
have been published.41–43
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First Update
G. K. Surya Prakash
University of Southern California, Los Angeles, CA, USA

Jinbo Hu
Shanghai Institute of Organic Chemistry, Shanghai, China

Superelectrophilic Activation or Superelectrophilic Solva-
tion. Trifluoromethanesulfonic acid (triflic acid, TfOH) has been
extensively employed as a superacid (Ho= −14.1) in super-
electrophilic activation (or superelectrophilic solvation), both
concepts advanced by Olah.44,45 Superelectrophilic activations
may occur when a cationic electrophile reacts with a Bronsted or
Lewis acid to give a dicationic (doubly electron-deficient) super-
electrophile. However, it should be recognized that the activation
may proceed through superelectrophilic solvation without neces-
sarily forming limiting dicationic intermediates. The frequently
used depiction of protosolvated species as their limiting dications
is just for simplicity.45

Carboxonium ions are highly stabilized by strong oxygen
participation and therefore are much less reactive compared to
alkyl cations. However, under the superelectrophilic solvation by
triflic acid, the Friedel–Crafts-type reactions still can occur via
a protosolvated reactive intermediate. For example, 1-phenyl-2-
propen-1-ones can be readily transformed into 1-indanones in
good yields through triflic acid-catalyzed reaction (eq 30).46

Ph
Ph

O

TfOH

Ph
Ph

OH

TfOH
Ph

OH2

O

Ph

Ph

OH2

5 h, 0 °C

2+ +

−2 H+

91%

(30)

+

+

A one-pot synthesis of 1-indanones and 1-tetralones in good
to excellent yields have been developed by reacting a series
of alkenyl carboxylic acid derivatives with arenes in TfOH
medium. The reaction involves dicationic intermediates involving
intermolecular alkylation followed by intramolecular acylation
(eq 31).47 These reactions have been further investigated.48

Dicarboxylic acids can also form a variety of distonic superelec-
trophilic intermediates by TfOH-mediated protonation of the car-
boxylic acid group and ionization of adjacent functional groups.
α-Keto dicarboxylic acids in strongly acidic medium generate
reactive multiply charged electrophilic species capable of con-
densing with arenes in high yields (eq 32).49 The cascade of
reactions also involve the loss of carbon monoxide.

R

R1
OH

O

R2

TfOH

R

O

R1 R2

+

n

n = 0, 1

n = 0, 1

(31)

n

HO OH

O

O

O

HO OH

OH

OH

OH

PhH

TfOH

TfOH

−CO
PhH

O

Ph Ph

(32)

89%

Triflic acid-catalyzed Friedel–Crafts acylation reactions of
aromatics with methyl benzoate give benzophenone products in
good to excellent yields (eq 33).50 To explain the high level of
electrophilic reactivity of this system, protosolvated species are
proposed as possible intermediates (eq 32). In the triflic acid-
catalyzed cyclization of some ethylene dications, protonation of
the ester group is thought to be a key activation step. Reaction
of α-(methoxycarbonyl)diphenylmethanol with TfOH gives the
fluorene product in 94% yield (eq 34).51

OCH3

O

TfOH

C6H5NO2

OCH3

OH

H

OCH3

OH2

TfOH

C6H5NO2

O

NO2

82%

(33)
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TfOHPh
OCH3

O

Ph
HO

Ph
OCH3

O

Ph

H+
Ph

OCH3

OH

Ph

OCH3

O

(34)

94%

−40 °C

The same concept was applied in the synthesis of aryl-substi-
tuted piperidines by the TfOH-catalyzed reaction of piperi-
dones with benzene (eq 35).52 In the TfOH-catalyzed reactions,
acetyl-substituted heteroaromatic compounds, such as pyridines,
thiazoles, quinolines, and pyrazines can condense with benzene
in good yields via the dicationic intermediates (eq 36).53 Amino
alcohols have also been found to ionize cleanly to the dicationic
intermediates, which were directly observed by low-temperature
13C NMR.54 Amino alcohols can react with benzene in
triflic acid by electrophilic aromatic substitution with 70∼99%
yields (eq 37).54 Similarly, amino acetals can react with benzene
in triflic acid medium to give 1-(3,3-diphenylpropyl)amines or
1-(2,2-diphenylethyl)amines in 50∼99% yield (eq 38).55

N
H

O

TfOH

N

OH

H H

TfOH

N
H

Ph Ph

PhH, rt

99%

(35)
PhH, rt

N

S

CH3

O
TfOH

N

S

CH3

OH

H

TfOH

PhH

N

S

CH3

Ph
Ph

PhH

75%

(36)

NH2

CH3

Ph

Ph
OH

TfOH

PhH
NH3

CH3

Ph

Ph

NH2

CH3

Ph

Ph
Ph

PhH

80%

(37)

TfOH

PhH, rt

H2N
OCH3

OCH3

H2N
Ph

Ph

(38)

95%

Klumpp and co-workers reported the triflic acid-catalyzed
reactions of olefinic amines with benzene to give addition prod-
ucts in 75∼99% yields.56 Remarkably, the chemistry was also
used to conveniently prepare functionalized polystyrene beads
having pendant amine groups (eq 39).56 In the triflic acid medium,
amides are also able to form reactive, dicationic electrophiles.57

It has been shown that protonated amide increases the reacti-
vity of an adjacent electrophilic group (eq 40), and the proto-
nated amide itself shows enhanced reactivity for Friedel-Crafts
acylation arising from an adjacent cationic charge (eq 41).57

Similar types of TfOH-catalyzed Friedel-Crafts acylation of
aromatics with β-lactams have been reported.58 TfOH-mediated
activation of α,β-unsaturated amides for condensation with arenes
have been disclosed by Koltunov co-workers.59 Klumpp and
co-workers have also demonstrated the triflic acid-catalyzed
superelectrophilic reactions of 2-oxazolines with benzene to give
the corresponding amide products.60 When aminoalkynes and re-
lated heterocycles reacted with benzene in triflic acid, diarylated
products were obtained in generally good yields (69∼99%) via
dicationic intermediates.61 Triflic acid also promotes reactions of
pyrazolecarboxaldehydes with arenes.62

N

HN
TfOH

N

NH

(39)

polystyrene
beads

N CH3

O

O

TfOH
N CH3

OH

HO

N CH3

O

Ph

Ph

(40)

PhH, 25 °C

90%
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H2N

N Ph

O

H

TfOH

H3N

N Ph

OH

H

O

PhH, 100 °C

78%

(41)

In TfOH medium, vinylpyrazine undergoes anti-Markownikow
addition involving superelectrophilic intermediates. Arylation of
such an electrophile with benzene gave 2-phenylethylpyrazine in
high yield (eq 42).63

N

N
TfOH

N

N Ph

PhH, 80 °C
(42)

96%

Ethyl trifluoropyruvate has been activated in TfOH medium
for the hydroxyalkylation of arenes to give valuable Mosher’s
acid derivatives in good to excellent yields.64 Even Selectfluor©R
has been activated in TfOH to effect electrophilic fluorination of
arenes including fluorobenzene and chlorobenzene.65

A novel, mild method for the preparation of diaryl
sulfoxides from arenes and thionyl chloride has been developed in
TfOH medium. Under the nonoxidative reaction conditions only
sulfoxides are produced without any contamination from the
corresponding sulfones (eq 43).66

R

TfOH

R

S

O

R

+ SOCl2 −2 HCl
(43)

Other Protonation and Acid-catalyzed Reactions. The
catalytic activity of triflic acid can be dramatically increased by
the addition of a catalytic amount of bismuth(III) chloride. For
example, triflic acid or BiCl3 by itself poorly catalyzes the sulfony-
lation of arenes using arenesulfonyl chlorides. However, the
BiCl3-triflic acid combination catalysts can efficiently catalyze the
sulfonylation reactions (eq 44).67 Similar synergistic effects
between TfOH and bismuth(III) or antimony(III) chlorides have
been observed in methanesulfonylation of arenes.68

Corey et al. have shown the asymmetric Diels-Alder reac-
tions catalyzed by a triflic acid activated chiral oxazaborolidine
(eq 45).69 Triflic acid has also been found to be an efficient catalyst
(1 mol %) for the hetero-Diels–Alder reaction between aromatic
aldehydes and unactivated dienes.70

S

Cl

O O

S OO

+
BiCl3 (5 mo l %) + TfOH (10 mo l %)

120 °C, 1 h

93%

(44)

CHO

Me

CHOMe
N

B
O

H Ar

Ar

R+
CH2Cl2, −95 °C, 1−2 h

+  TfOH (6 mol %)

(5:3)

s

99% yield, ee = 96%
  (exo:endo = 89:11)

(R = 2-Me-Ph, Ar = 3,5-Me2-Ph)

(45)

The synthetic scope of the Thiele-Winter reaction of quinines
with acetic anhydride can be increased by the use of triflic acid
(eq 46).71 Reaction of cyclopropylacylsilanes with triflic acid
in aprotic solvent affords the corresponding cyclobutanone or
2-silyl-4,5-dihydrofuran derivatives.72 Triflic acid can react with
o-iodosylbenzoic acid to form a hypervalent iodine reagent, which
reacts with 1-trimethylsilylalkynes to afford alkynyliodonium tri-
flates bearing a carboxy group in high yields (eq 47).73 Reaction
of (diacetoxyiodo)benzene [PhI(OAc)2] with excess triflic acid
results in oligomerization of PhI(OAc)2.74

O

O

R1

R2

R3

TfOH

OAc

R3R1

R2

OAc

OAc

(46)+    Ac2O
20 °C, 20 h

(R = H, CH3, Br, OEt, etc.) 92−42%

I
O

O

OH

RMe3Si

2 TfOH
CH2Cl2

I

CO2H

OTfR

+
0 °C to rt, 2 h

a

[a-2TfOH] (47)

(R = n-Bu, t-Bu, n-Oct, n-Dec, Ph)
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Olah et al. reported the triflic acid-catalyzed isobutene-iso-
butylene alkylation, modified with trifluoroacetic acid (TFA) or
water. They found that the best alkylation conditions were at an
acid strength of about Ho = −10.7, giving a calculated research oc-
tane number (RON) of 89.1 (TfOH/TFA) and 91.3 (TfOH/H2O).75

Triflic acid-modified zeolites can be used for the gas phase syn-
thesis of methyl tert-butyl ether (MTBE), and the mechanism of
activity enhancement by triflic acid modification appears to be
related to the formation of extra-lattice Al rather than the direct
presence of triflic acid.76 A thermally stable solid catalyst pre-
pared from amorphous silica gel and triflic acid has also been
reported.77,78 The obtained material was found to be an active
catalyst in the alkylation of isobutylene with n-butenes to yield
high-octane gasoline components.77 A similar study has been
carried out with triflic acid-functionalized mesoporous Zr-TMS
catalysts.79,80 Triflic acid-catalyzed carbonylation,81 direct cou-
pling reactions,82 and formylation83 of toluene have also been
reported. Triflic acid also promotes transalkylation84 and adaman-
tylation of arenes in ionic liquids.85 Triflic acid-mediated re-
actions of methylenecyclopropanes with nitriles have also been
investigated to provide [3 + 2] cycloaddition products as well as
Ritter products.86 Triflic acid also catalyzes cyclization of unsat-
urated alcohols to cyclic ethers.87

Loh et al. found a triflic acid-catalyzed 2-oxonia Cope
rearrangement, which was used in the stereocontrolled synthe-
sis of linear 22R-homoallylic sterols (eq 48).88 Interestingly, poor
stereoselectivity was observed when In(OTf)3 was employed as
the catalyst for this reaction. Stereoselective Mannich-type reac-
tion of chiral aldimines with 2-silyloxybutadienes in the presence
of triflic acid gives the corresponding products with 70–92% de in
62–74% chemical yield, which are not obtained by general Lewis
acid-promoted methods (eq 49).89

O

OH

O

OH

TfOH (20 mol %)

CH2Cl2, 25 °C

   82% yield 
22R/22S = 98:2

(48)

Triflic acid was also used in the synthesis of dixanthones and
poly(dixanthones) by cyclization of 2-aryloxylbenzonitriles at
room temperature.90 Addition of dialkyl disulfides to terminal
alkynes is catalyzed by a rhodium-phosphine complex and triflic
acid giving (Z)-bis(alkylthio)olefins stereoselectively (eq 50).91

N

O

R1

H
OMe

OTMS

R3
R2

MeO
N

O H

R1 O

R2

R3

1. TfOH

2.

Et2O, 30 °C, 6 h

*
(49)

70% yield, 90% deR1 = Tol, R2 = Ph, R3 = H

n-C6H13
S

S

H
n-Bu

n-Bu

n-C6H13 +  (n-BuS)2

RhH(PPh3)4
TfOH

(p-MeOC6H4)3P

acetone, reflux, 10 h

95%

(50)

Marko and co-workers have reported the role of triflic acid in
the metal triflate-catalyzed acylation of alcohols with carboxylic
anhydrides.92 Their mechanistic insights demonstrate that triflic
acid is generated under the acylation reaction conditions, and
that two competing catalytic cycles are operating at the same
time: a rapid one involving triflic acid and a slower one involv-
ing the metal triflates. A straightforward synthesis of aziridines is
reported by treating electron rich alkyl- or aryl azide with electron
deficient olefin and TfOH in cold acetonitrile.93
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Trifluoromethanesulfonic Anhydride

(CF3SO2)2O

[358-23-6] C2F6O5S2 (MW 282.16)
InChI = 1S/C2F6O5S2/c3-1(4,5)14(9,10)13-15(11,12)2(6,7)8
InChIKey = WJKHJLXJJJATHN-UHFFFAOYSA-N

(preparation of triflates;1 mild dehydrating reagent; promoter for
coupling reactions in carbohydrates2)

Alternate Name: triflic anhydride.
Physical Data: bp 81–83 ◦C/745 mmHg; d 1.677 g cm−3; n20

D
1.3210.

Solubility: soluble in dichloromethane; insoluble in hydrocar-
bons.

Form Supplied in: colorless liquid in ampules. Once opened it
should be immediately used.
Analysis of Reagent Purity: IR, NMR.

Preparative Method: by distillation of Trifluoromethanesulfonic
Acid with an excess of Phosphorus (V) Oxide.1 Purity: by
redistillation with a small amount of P2O5. It is advisable to
freshly distill the reagent from a small quantity of P2O5 before
use.

Handling, Storage, and Precautions: the pure reagent is a col-
orless liquid that does not fume in air and is stable for a long
period. It is not soluble in water and hydrolyzes only very slowly
to triflic acid over several days at room temperature. Preferably
stored under N2 in a stoppered flask. Dangerously exothermic
reactions have been reported when attempting to triflate hin-
dered alcohols.67

Original Commentary

Antonio García Martínez,
Lakshminarayanapuram R. Subramanian & Michael Hanack
Universität Tübingen, Tübingen, Germany

Reaction with Alcohols and Phenols. The reaction of alco-
hols and phenols with triflic anhydride (Tf2O) at ∼0 ◦C in the
presence of a base (usually Pyridine) in an inert solvent (usu-
ally dichloromethane) for 2–24 h affords the corresponding re-
active trifluoromethanesulfonate esters (triflates).1 When triflic
anhydride and pyridine are combined, the pyridinium salt forms
immediately and normally precipitates out from the reaction mix-
ture. Nevertheless, the salt is an effective esterifying agent, react-
ing with the added alcohol to give triflates in high yields (eq 1).3

N N

Tf
OTf–

N

H

ROTf  +

OTf–

(1)

R = alkyl, aryl

+
+

Tf2O ROH

Pyridine can become involved in nucleophilic substitution
when very reactive triflates are being synthesized.2,3 One ap-
proach to minimize this disadvantage is to replace it with ster-
ically hindered bases, such as 2,6-di-t-butyl-4-methylpyridine,3,4

2,4,6-trisubstituted pyrimidines,5 or nonnucleophilic aliphatic

amines (usually N,N-diisobutyl-2,4-dimethyl-3-pentylamine). No
salt formation appears to take place under these conditions. The
triflic anhydride seems to be the direct triflating agent and the
base only neutralizes the triflic acid formed. Numerous alkyl tri-
flates have been prepared in the literature1b by the above method.
Some recent examples of triflates prepared from alcohols are illus-
trated in eqs 2 and 3.6,7 As an exception, 2,6-dinitrobenzyl alcohol
does not react with Tf2O although similar sulfonyl esters could
be prepared.8

(2)

O

HO

O

TfO

Tf2O, py

CH2Cl2, 0 °C
87%

(3)

O

Cl

OH

O

Cl

OTf
Tf2O, py

CH2Cl2, –10 °C
85%

Alkyl triflates have come to be recognized as useful intermedi-
ates for the functionalization of organic substrates by nucleophilic
substitution, e.g. in carbohydrate chemistry.9 Triflate is the best
leaving group known1b next to the nonaflate and hence a large
number of triflates, obtained in good yields by reaction of the
corresponding alcohols (or alkoxides) with Tf2O, have been used
to generate unstable or destabilized carbocations under solvolytic
conditions.1b Some new typical examples are shown in [1–4].10–13

OTf OTf
(1)

TMS

(2)

OTf

D

OTf
Br

(3) (4)

Alkyl triflates are known to be powerful reagents for the alkyla-
tion of aromatic compounds.1b,14 However, the reaction of alkyl
triflates with heterocycles affords N-alkylation products.15

In an improved modification of the Ritter reaction, primary and
secondary alcohols react with Tf2O in CH2Cl2 in the presence of
a 2:1 excess of nitriles to give the corresponding amides in good
yields (eq 4).16

OH
H(R2)

R1

OTf
H(R2)

R1

N
H(R2)

R1

R3(Ar) OTf– NHCOR3(Ar)
H(R2)

R1
NaHCO3

R3(Ar)–CN

(4)
+

Tf2O

50–98%

CH2Cl2

Aryl triflates are prepared from phenols at 0 ◦C using
pyridine as solvent.1b Sometimes it is useful to conduct the
reaction in CH2Cl2 at −77 ◦C, as in the preparation of 3,5-
di-t-butyl-4-hydroxyphenyl triflate (eq 5).17 Aryl triflates are



508 TRIFLUOROMETHANESULFONIC ANHYDRIDE

synthetically transformed into several products of interest and ap-
plications in organic chemistry, by cross-coupling reactions with
organometallics (eqs 5 and 6).18

(5)
t-Bu

OH

t-Bu

OH

t-Bu

OH

t-Bu

OTf

Tf2O, py

CH2Cl2, –77 °C to rt
88%

(6)Ar OH Ar OTf Ar R
Pd0, RXTf2O, py

0 °C

Reaction of Tf2O with Amines. The reaction of 1 equiv of
Tf2O in CH2Cl2 and Et3N with amines (or their salts) affords
trifluoromethanesulfonamides (triflamides) in good yields.19,20 If
2 equiv of Tf2O are used, triflimides are formed. The triflamides
are soluble in alkali and readily alkylated to triflimides (eq 7).19,20

(7)

R1 NH2 R1 NHTf

Tf2O, Et3N
CH2Cl2

–78 °C

R1NTf2

Na/NH3
t-BuOH

–33 °C
R1NH2

R1R2NTf

R1 = R2 = alkyl

K2CO3

R2X

Tf2O

Triflamides can be deprotected reductively (Sodium–
Ammonia) to yield the corresponding amines.21 This protocol
has been employed in the facile two-step synthesis of aza
macrocycles starting from trifluoromethanesulfonyl derivatives
of linear tetramines (eq 8).22

Tf Tf

N

N N

N

Tf2O, Et3N

CH2Cl2

XX

X X

K2CO3, Br(CH2)4Br

DMF, 110 °C

(8)

X = Tf
Na, NH3, –33 °C

X = H

H2N N
H

N
H

NH2

TfHN N N NHTf

Several triflamides (5–8)23 and O-triflylammonium salts24 have
been used for the formation of vinyl triflates from regiospecifically
generated metalloenolates or for preparing triflates from alcohols.

NTf2 N NTf2

(5) (6)

N

Cl

NTf2

N+Tf
Ph

O2S

(7) (8)

Reaction of Tf2O with Carbonyl Compounds. The reaction
of Tf2O with carbonyl compounds consists of the electrophilic
attack of the anhydride on the carboxylic oxygen, resulting in
the formation of triflyloxycarbenium ions as intermediates (eq 9).
According to the nature of the carbonyl compound, the triflyloxy-
carbenium cations can eliminate a proton giving a vinyl triflate,
undergo a rearrangement, or be trapped by the gegenion yielding
gem-bistriflates (eq 9).

R1 R2
O

R1 R2
OTf

R1 R2
OTf

rearranged
products

TfO

R1

OTf

Tf2O, base

CH2Cl2, 0 °C to rt

(9)

+

R2

–H+

In the case of acyclic and monocyclic ketones, the reaction with
Tf2O affords vinyl triflates in good yields. Several methods exist
to realize this reaction.1b,25 For example, the reaction is carried
out at room temperature in CH2Cl2 (or pentane) in the presence
of 2,4-di-t-butyl-4-methylpyridine (DTBMP) (eq 10).4

(10)R2
O

R2
OTf

R1 R2
OTf

R1+
Tf2O, DTBMP

CH2Cl2
R1

Other bases such as pyridine,1b lutidine,1b Et3N,1b polymer-
bound 2,6-di-t-butyl-4-methylpyridine,26 and 2,4,6-trialkyl-
substituted pyrimidines27 were also used. The commercially avail-
able N,N-diisobutyl-2,4-dimethyl-3-pentylamine is a very conve-
nient base to prepare the vinyl triflates.28 In the case of nonfunc-
tionalized ketones, anhydrous Na2CO3 has been proved to be very
successful.1b,25

The reaction of ketones with Tf2O is governed by
Markovnikov’s rule and results in the formation of the more substi-
tuted triflate as the major product. When the reaction of ketones27

and α-halo ketones29 with Tf2O is carried out in the presence of
a nitrile, the intermediate trifloxy cation (eq 9) can be trapped,
forming pyrimidines in good yields (eq 11).

(11)
R1 X

O Tf2O, R2CN

CH2Cl2, 1–5 d, rt

55–91%

N N

R2

R2R1

X

X = Cl, Br, I

R1 = R2 = alkyl, aryl

The reaction of Tf2O with strained bicyclic ketones such as 2-
norbornanone and nopinone takes place with Wagner–Meerwein
rearrangement of the corresponding triflyloxy cations, form-
ing bridgehead triflates in good yields (eq 12).30 These tri-
flates are key compounds in the preparation of other bridgehead
derivatives by substitution31 and of substituted cyclopentanes by
fragmentation.32
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(12)

Tf2O, DTBMP
CH2Cl2

24 h, rt

O OTf OTf

+

93% 5%

In the reaction of Tf2O with norcaranones and spiro[2.5]octan-
4-one, the cyclopropane ring undergoes fragmentation to give
vinyl triflates (eqs 13 and 14).33

(13)

Tf2O, Na2CO3
CH2Cl2

30 min, rt

O OTf OTf

+

36% 12%

(14)

Tf2O, Na2CO3
CH2Cl2

30 min, rt

O

+

37%

OTf OTf

OTf

37%

However, a cyclopropane ring is formed in the reaction of 5-
methylnorborn-5-en-2-one with Tf2O under the same conditions
(eq 15).34

(15)

Tf2O, Na2CO3
CH2Cl2

30 min, rt

50%

O OTf

When the ketone can accomplish neither the stereoelectronic
conditions for the elimination of TfOH nor for a rearrangement,
the reaction of ketones with Tf2O results in the formation of a
gem-bistriflate (eqs 16 and 17).35

(16)

Tf2O, Na2CO3
CH2Cl2

30 h, rt

50%

O
TfO OTf

(17)

Tf2O, Na2CO3
CH2Cl2

30 h, rt

50%

TfO OTf

O

Sensitive ketones such as 3-pentyn-2-one also afford the corre-
sponding vinyl triflate on treatment with Tf2O in the presence of
a base (eq 18).36

(18)

Tf2O, DTBMP
CH2Cl2

86%

O OTf

Substituted cyclopropenones and tropones react with Tf2O with
the formation of the corresponding dication ether salts (eq 19).37

–OTf
Tf2O, CH2Cl2

R

R

OTf+

(19)

R

R

O

2 –OTf

R

R

O +

R

R
R = Pr, Ph

+

Treatment of trifluoroacetyl ylides with Tf2O results in the for-
mation of gem-bistriflates (eq 20).38

Tf2O, CH2Cl2

5 h, 20–28 °C
76–88%

X+ = Me3N+, 

X
CF3

O
X

OTf

TfO CF3

–
–

S+

(20)
+

+

Reaction of Tf2O with Aldehydes. The reaction of aliphatic
aldehydes with Tf2O in the presence of 2,6-di-t-butyl-4-
methylpyridine (DTBMP) in refluxing CH2Cl2 or ClCH2CH2Cl
for 2 h affords the corresponding vinyl triflates as a mixture of (Z)-
and (E)-isomers.4,39 When the reaction is carried out at 0 ◦C, gem-
bistriflates are formed as products (eq 21).40 The gem-bistriflates
result due to the trapping of the intermediate triflyloxycarbenium
ion by the triflate anion. Primary vinyl triflates have been used
extensively in the generation of alkylidene carbenes,41 and gem-
bistriflates are interesting precursors for gem-dihaloalkanes42,43

and (E)-iodoalkenes.44

(21)
CHO

Et

Et

OTf

Et

4 h, reflux

89%

OTf

OTf

Tf2O, DTBMP

0 °C

46%

Reaction with Dicarbonyl Compounds. 1,3-Diketones can
be reacted with an equimolar amount of Tf2O or in excess to fur-
nish the corresponding vinyl triflates or dienyl triflates (eq 22).45

These triflates are transferred into monoketones, monoalcohols,
alkanes, and unsaturated ketones by means of various reducing
reagents.45

(22)

Na2CO3, Tf2O (excess)

CH2Cl2, rt
94%

O

O

O

OTf

OTf

OTf

Tf2O, DTBMP

NaH, Tf2O (1 equiv)

DME, –78 °C
87%
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The reaction of 3-methylcyclopentane-1,2-dione with
Tf2O/Et3N affords the vinyl triflate in 53% yield (eq 23).46 The
reaction takes place probably through the enol form. The product
was coupled with alkenylzinc compounds in the presence of a
palladium catalyst.46

O

O O

OTf
Bu

Zn
Tf2O, Et3N

O

Bu

2

Cl2Pd(PPh3)2, BuLi

(23)

The reaction of β-keto esters47 with Tf2O in the presence of a
base results in the formation of 2-carboxyvinyl triflates (eq 24).
These substrates undergo nucleophilic substitution of the TfO-
group (eq 24)47 and also coupling reactions.48

N
O

CO2Bu

OH

BocHN

N
O

CO2Bu

OTf

BocHN

N
O

CO2Bu

SCH2CH2NHCO2PNB

H
N

O

PhO

Tf2O, i-Pr2NEt

0 °C

H

H

H
(24)

1. TFA, anisole
2. phenoxyacetic anhydride,
    i-Pr2NEt

3. HSCH2CH2NHCO2PNB

PNB = p-nitrobenzyl carbamate

Reaction with Carboxylic Acids and Esters. The reaction
of carboxylic acids and esters with Tf2O takes place according to
the scheme shown in eq 25.49

(25)

R1
OTf

R1–CO2R2(H)

R1 CO2Tf  +  TfOR2(H)

+
–OTf

R1 = alkyl, aryl; R2 = alkyl, H

OR2(H)

Tf2O

The trifluoromethanesulfonic carboxylic anhydrides are highly
effective acylation agents, which react without catalysts even with
deactivated aromatics to yield aryl ketones (eq 26).50

(26)
O

Ph Ph

Tf2O, C6H6

81%
PhCO2H

Alkyl arylacetates react with Tf2O to give a cation which in the
presence of a nitrile affords isoquinoline derivatives via cycliza-
tion of the intermediate nitrilium cation (eq 27).50

CO2R2

R1 R1

OTf

OR2

N

R3

OR2
OTf

R1
N

R3

OR2

+
R3CN

R1

+
(27)

R1 = H, 6-Me, 7–Cl, 5–NO2, 6,7-(OMe)2; R2 = Et, Me

Tf2O

Reaction of Tf2O with Amides. The reaction of a 2-oxo-1,2-
dihydroquinoline with Tf2O in the presence of pyridine affords
the corresponding 2-quinoline triflate (eq 28).51

(28)
NH

CHO

O

N

CHO

OTf
Tf2O, py

0 °C
90%

The reaction of tertiary amides with Tf2O gives a mixture of
O-sulfonylated (major) and N-sulfonylated (minor) products. In
the presence of collidine and an alkene, [2 + 2] cycloadducts are
formed which hydrolyze to give cyclobutanones (eq 29).52

CONMe2
R1

R2

R1

R2 OTf

NMe2 R1

R2 O

NMe2

+ –OTf
+

O

R1
R2

(29)+
–OTf

1. collidine
2. alkene

3. H2O
 35–80%TfO

R1, R2 = H, Me, Ph

Tf2O

Treatment of DMF with Tf2O results in the formation of an
imminium triflate, which formylates less active aromatics. It is a
convenient variation of the Vilsmeier–Haack reaction (eq 30).53

(30)

O

NMe2

OTf

NMe2

Tf2O, CH2Cl2
+ –OTf

CHO

1. naphthalene

2. 5% aq. NaOH
         50%

The reaction of N-methylpyridone and substituted urea systems
with Tf2O gives heteroatom-stabilized dicarbonium salts (eqs 31
and 32).37,54

+
N

Me

O N

Me

O N

Me

+ 2OTf– (31)
Tf2O

O

N N
Me

Me

Me

Me

O NMe2

NMe2

Me2N

Me2N
2OTf– (32)

Tf2O
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Secondary amides can be converted to tetrazoles with Tf2O in
the presence of Sodium-Azide (eq 33).55

R1 = alkyl, Ph; R2 = alkyl, (CH2)2OAc, (CH2)2OTBDMS

O

R1 N
H

R2

Tf2O, NaN3
CH2Cl2 or MeCN

20 °C
0–72%

N

N N

N
R1

R2

(33)

Other Applications. Activated arenes can be converted to aryl
triflones by Friedel–Crafts reaction with Tf2O using Aluminum
Chloride as catalyst (eq 34).56

(34)Ar H
Tf2O, AlCl3

18 h, rt
10–73%

ArSO2CF3

The reaction of Tf2O with Ph3PO in CH2Cl2 at 0 ◦C affords
triphenylphosphine ditriflate, which can be used as an oxygen
activator, and then to a diphosphonium salt (eq 35).57

Ph3P O– Ph3P OTf
Tf2O

0 °C

+

Ph3P O PPh3

+
OTf–

(35)
+ +

2OTf–

Ph3PO

The less stable dimethyl sulfide ditriflate, obtained from Tf2O
and DMSO, has been used to oxidize alcohols (eq 36).58

+
Me2S OTfMe2S O

R2

R1

OH

(36)

R2

R1

O

OTf–
Tf2O, CH2Cl2

–78 °C

Tetrahydropyran is not a suitable solvent in reactions involv-
ing Tf2O because it is cleaved, affording 1,5-bistrifloxypentane
(eq 37).59

(37)TfO
OTfTf2O

20 °CO

Diols react with Tf2O to yield the corresponding ditriflates;
however, the reaction of 1,1,2,2-tetraphenyl-1,2-ethanediol with
Tf2O takes place with rearrangement (eq 38).59

O

PhPh

Ph
PhHO

Ph

OH
Ph

Ph
Ph Tf2O, py

20 °C
(38)

Vinylene 1,2-bistriflates are formed by the reaction of azoben-
zils with Tf2O (eq 39).60

O

Ph

N2

Ph

83%

TfO

Ph

OTf

Ph

TfO

OTf

Ph

Ph
(39)

3%

+
Tf2O

The reaction of enolates, prepared from silyl enol ethers and ,
with Tf2O affords vinyl triflates (eq 40).61

(40)

O OTMSTMSCl

DMF, Et3N

OTf

1. MeLi

2. Tf2O

The combination of equimolecular quantities of Iodosylben-
zene and Tf2O generates PhI(OTf)2, a compound also formed
by treatment of Zefiro’s reagent with Tf2O. As shown in eq 41,
this compound can be used to prepare para-disubstituted benzene
derivatives in good yields.62

I
TfO

Ph
I

Ar

OTf

Ph3P PPh3 (41)
+ +

2OTf–

PhIO
Tf2O

PhI(OTf)2

ArH

PPh3

Tf2O is a suitable promoter for the stereoselective glucosidation
of glycosyl acceptors using sulfoxides as donors.63

The reaction of Tf2O with a catalytic amount of Anti-
mony(V)Fluoride at 25 ◦C produces trifluoromethyl triflate in
94% yield (eq 42).64

(42)
SbF5

80%
(CF3SO2)2O CF3OSO2CF3

Useful application of Tf2O as dehydrating reagent is accounted
by the synthesis of isocyanides from formamides and vinylfor-
mamides (eq 43).65

(43)

O

O

STol
NHCHO O

O

STol
NC

Tf2O, i-Pr2NEt
CH2Cl2, –78 °C

86%

Reaction of enaminones with Tf2O in a 1:1 molar ratio affords 3-
trifloxypropeniminium triflates by O-sulfonylation. From a cyclic
enaminone, by using a 2:1 molar ratio, the corresponding bis(3-
amino-2-propenylio) bistriflate is obtained (eq 44).66

(44)

BuHN O BuHN OTf

OTf–
Tf2O

81%
+

First Update

Spencer J. Williams
University of Melbourne, Parkville, Victoria, Australia

Reactions with Alcohols, Phenols, and Thiols. Chem-
ical transformations effected by triflic anhydride have been
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comprehensively reviewed.68 Formation of alkyl triflates from
alcohols is typically performed using triflic anhydride (Tf2O)
and pyridine or hindered pyridines such as 2,6-di-tert-butyl-4-
methylpyridine (DTBMP) according to the methods already out-
lined. Purification of the resultant triflate from the excess base can
sometimes prove problematic, and polymeric pyridine equivalents
such as poly(4-vinylpyridine) or poly(2,6-di-tert-butylpyridine)
have been successfully used allowing the removal of excess base
and its triflate salt by simple filtration.69 Alternatively, pheno-
lic triflates can be prepared from Tf2O under Schotten–Baumann
conditions using toluene and 30% aqueous K3PO3.70 Work-up is
effected by simple separation of the organic phase and evapora-
tion of the solvent. When attempting to triflate alcohols of low
reactivity with Tf2O, alternative redox processes can occur re-
sulting in the formation of sulfinates as the major products. Such
undesired redox processes are favored at higher temperatures and
particularly when using triethylamine as base (eq 45).67

OH

O
SO O
CF3

O
SO
CF3

Tf2O, TEA

85:15
70%

+

CCl4, 0 °C

(45)

Methyl substituted pyridines such as 2,6-lutidine and 2,4,6-
collidine can also afford undesirable by-products. These pyridines
can react with Tf2O to generate sulfinate- and trifluoromethyl-
substituted derivatives (eq 46).71 In such cases, the use of 2,6-di-
tert-butyl-substituted pyridines is recommended.

N
N
Tf OTf

N
CF3 N

O
S

CF3

O

+ (46)

CCl4
rt

Tf2O

Triflates formed from hept-1-enitols spontaneously cyclize with
debenzylation to afford vinyl C-glycosides (eq 47).72,73

OH

BnO
BnO

BnO

OBn O
BnO

OBn
BnO

Tf2O, py

90%

(47)
CH2Cl2

−15 °C to rt

Dimethyl substituted homoallylic alcohols undergo smooth cy-
clization to trans-cyclopropanes upon treatment with Tf2O and a

base (eq 48).74,75 Various functionalities can be introduced adja-
cent to the newly formed cyclopropane ring by altering the quench-
ing conditions.74

BnO

OTf

BnO

OH

BnO
OH

1. Tf2O, collidine, CH2Cl2, −78 °C

87%

(48)

2. H2O

Eleven-membered carbocycles are formed by way of a five-
carbon ring expansion in a homo-Cope rearrangement upon treat-
ment of β-(hydroxymethyl)allylsilanes with Tf2O (eq 49).76

SiMe3

OTf
But

SiMe3

OH
But

But

Tf2O, CH2Cl2

75%

(49)

lut, −60 °C

Reaction with Amines. Reaction of Tf2O with hexam-
ethyldisilazane affords the reactive silylating reagent N,N-
bis(trimethylsilyl)trifluoromethylsulfonamide.77,78 This com-
pound exists in two tautomeric forms in solution, related by
trimethylsilyl shifts between oxygen and nitrogen (eq 50).77

NS

O

O

F3C
SiMe3

SiMe3

NS

O

OSiMe3

F3C
SiMe3

HN
SiMe3

SiMe3

Tf2O, TEA

85%

(50)

CH2Cl2
20 °C

Reaction with Carbonyl and Thiocarbonyl Compounds.
Treatment of ketones with α-protons with Tf2O and magnesium
bromide or Grignard reagents results in α-bromination (eq 51).79

O O

BrTf2O, MgBr2

89%

(51)
Et2O, 0 °C
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An alternative to the Arndt–Eistert reaction for the homologa-
tion of carboxylic acids uses N-(acylmethyl)benzotriazoles
prepared from acyl chlorides and N-(trimethylsilyl)-
methylbenzotriazole. Upon treatment with Tf2O these com-
pounds are converted to the corresponding vinyl triflate, and then
to the homologous ester by sequential treatment with sodium
methoxide in acetonitrile and then HCl in methanol (eq 52).80

Me3Si N

NN

R

O

Cl
N

NNO

R

N

NNOTf

R

OMe
R

O

Tf2O, lut

1. NaOMe, CH3CN
    65 °C

50–70% overall

80−100 °C

(52)

0−20 °C

2. conc. HCl, MeOH

Tf2O reacts with thioketones to generate triflylthiocarbenium
ions that undergo Wagner–Meerwein rearrangement to bridge-
head thiotriflates (eq 53).81

S
STf

79%

Tf2O, CH2Cl2
(53)

triisobutylamine
−78 °C

Ketones react with methylthiocyanate in the presence of Tf2O
to afford 2,4-bis(methylthio)pyrimidines (eq 54).82 Methylthio
substituted pyrimidines are useful synthetic intermediates as the
methylthio groups can be substituted by other functionalities such
as alkoxy and amino groups. Substitution occurs faster at the
4-position, allowing the selective introduction of two different
nucleophiles.68,82

O

N

N

SMe

SMe

+   CH3SCN
Tf2O

75%

(54)
CH2Cl2

rt

When the reaction is carried out with an ester and a nitrile, good
yields of 4-alkoxypyrimidines are obtained (eq 55).83

OEt

O

N

N

OEt

CH3CN

75%

+ (55)
CH2Cl2

−35 °C to rt, 4 d

Tf2O

Ketones and nitriles when treated with Tf2O react to give pyrim-
idines as outlined earlier (eq 11). In the case of benzyl nitriles
bearing electron-donating substitutents, naphthalene derivatives
are obtained instead (eq 56).84

CN

OMe

OMe

MeO

O

H2N

OMe

OMe

OMe

23%

Tf2O, CHCl3
+

(56)

60 °C, 100 h

Reaction with Amides. It is well known that treatment of
secondary or tertiary amides with Tf2O affords imino and iminium
triflates, respectively (eq 57).

R

OTf

N

R2

R1R

O

NR1R2

OTf

(57)
py

Tf2O

These salts can react with a variety of nucleophiles including
amines (to afford amidines),85–87 alcohols (to afford esters),85,88

hydrogen sulfide (to afford thioamides),89 and isotopically labeled
water (to afford 18O-labeled amides).89 Iminium triflates are also
excellent intermediates for the preparation of assorted heterocy-
cles. Iminium triflates react with azides (to afford tetrazoles),55β-
mercaptoamines (to afford thiazolines),90 and triols (to afford
orthoesters) (eq 58).91 The reaction of lactams with Tf2O and
sodium azide affords tetrazolo-fused bicyclics.92

R

OTf

N

R2

R1

O

O

OR
N

SR

N N

N

H
NR

HO

HO

HO NaN3HS
NH2

OTf

py

(58)

Treatment of unsaturated amides with Tf2O generates inter-
mediate iminium triflates that cyclize under radical conditions
(eq 59).93

Ph
N

CO2(CH2)5CH3

O

CH3

O
CO2(CH2)5CH3

1. Tf2O, Et2O, −78 °C
2. SmI2, −10 °C

68%

(59)

3. tBuOH, −10 °C to rt
4. H2O, rt
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Treatment of bis-hydrazides with Tf2O and pyridine provides
a mild method for the formation of 1,3,4-oxadiazoles (eq 60).94

Ph N
H

H
N But

O

O
N N

OPh ButTf2O, py

71%

(60)
−10 °C to rt

Carbinolamides (derived from keto amides) afford 2-
sulfonamido-substituted furans when treated with Tf2O and pyri-
dine (eq 61).95

N

H3C
OH

O

CH2CH2Ar O

NCH2CH3Ar

CH3

Tf

Tf2O, py

90%

(61)
CH2Cl2

−78 °C to rt

Indolin-2-ones can participate in Vilsmeier reactions with re-
active aromatics under the agency of Tf2O. In the reaction with
indoles and benzofurans, Tf2O was found to be the reagent of
choice; no reaction took place when phosphorous oxychloride
was used (eq 62).96

OMeO

OMe Ph

N
H

O
Tf2O

OMeO

OMe Ph

N
H O

OMe

MeO

Ph

N
H

(62)

+

+

58% 10%

CH2Cl2
0 °C

Tf2O and a base can effect dehydration of primary amides to
nitriles.97 This procedure is particularly mild, with no epimer-
ization observed at the stereogenic α-carbon of several substrates
(eq 63).97

Ph CONH2

OAc

Ph CN

OAcTf2O, TEA

85%

(63)
CH2Cl2, rt

Oxidations. Tf2O reacts with sulfides affording a trifluo-
romethylsulfonylsulfonium triflate, which can be used to oxidize
alcohols (eq 64).98

Me2S
H3C

S S
H3C

CF3

O

O

OH
O

TEA
−70 °C to rt

OTf

75%

(64)

CH2Cl2
−70 °C

Tf2O

Alternatively, the intermediate sulfonium salts prepared in the
same manner can be treated with aqueous sodium acetate to afford
the sulfoxide; none of the corresponding sulfones were observed
(eq 65).98

S S

O1. Tf2O, CH2Cl2
−40 °C to rt

52%

(65)
2. aq NaOAc

Tf2O reacts with Grignard reagents to afford the self-coupled
alkanes (eq 66).99

MgBr
Tf2O

85%

(66)THF
reflux

Addition of Tf2O to 85% hydrogen peroxide affords the
powerful oxidant trifluoromethanepersulfonic acid. This oxidant
will convert unreactive thioethers to the corresponding sulfones
(eq 67).100

S

S

F

F

F

F

O

O

S

S

F

F

F

F

O

O

O

O

70%

(67)
85% H2O2

30 °C

Tf2O

Owing to the electrophilicity of the divalent sulfur of a thio-
sulfinate, thiols do not react with Tf2O to afford thiosulfonates;
disulfides are obtained instead (eq 68).101 In the presence of a
base, only diphenyl disulfide is observed.101

CH2Cl2
PhSH  +  Tf2O PhSSPh  +  CF3SSPh

rt
(68)

Glycosylations and Acetalations. The combination of Tf2O
and a hindered pyridine base such as 2,6-di-tert-butylpyridine pro-
motes glycosylation of oxygen and nitrogen nucleophiles by thio-
glycoside sulfoxides.102 This reaction has a broad scope, enabling
the glycosylation of unreactive nucleophiles under mild condi-
tions, and has been extended to solid phase glycosylations.103

The anomeric stereochemistry of the product is determined by the
nature of the protecting groups (’P’), with esters affording 1,2-
trans products and ethers affording an anomeric stereochemistry
that is sensitive to the reaction conditions (eq 69).104
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OPO
PO

PO

PO SPh
O

OPO
PO

PO

PO OR

2,6-di-tBu-pyridine, Tf2O

R = steroids, phenols, carbohydrates

+   ROH

(69)

−78 °C, toluene

An important modification of the original sulfoxide glycosy-
lation uses 4,6-O-benzylidene-protected thioglycoside sulfoxides
and a modified protocol for the addition of reagents, requiring the
addition of the nucleophile after activation of the sulfoxide with
Tf2O.105 This approach is effective in the production of the chal-
lenging β-manno 1,2-cis-glycosidic linkage, and there is strong
evidence that the reaction proceeds via an intermediate glycosyl
triflate (eq 70).106,107

O
BnO

OTBS

SEt

O
O

Ph

O

O
BnO

OTBS

OR
O

O
Ph

1. Tf2O, 2,6-di-tBu-pyridine

(70)

2. ROH, −78 °C, CH2Cl2

In some cases the addition of electrophilic alkenes, such as 4-
allyl-1,2-dimethoxybenzene, to the reaction mixture can improve
the outcome of the reaction, particularly when run in the presence
of thioglycosides, by scavenging a by-product of the reaction,
phenylsulfenyl triflate.108 Non-carbohydrate thioacetal sulfoxides
also undergo similar acetalation reactions when treated with Tf2O
(eq 71).109

CH3
O

O S
O3

HOHO O
OH

+

CH3
O

O

HOHO O
O

Tf2O, CH2Cl2
(71)

−78 °C

3

30%

Thioglycosides can be activated towards glycosylation using a
variety of reagents in combination with Tf2O. In particular, the
reagent combination of 1-benzenesulfinylpiperidine (BSP) (9),
Tf2O, and a hindered base, such as 2,6-di-tert-butylpyridine or
2,4,6-tri-tert-butylpyrimidine (TTBP) (10), is very effective.110

The combination of BSP and TTBP is especially noteworthy as
these reagents are crystalline and shelf-stable and may be stored
premixed. The combination of diphenyl sulfoxide, Tf2O, and
TTBP has been shown to be a more powerful promoter than
BSP/TTBP/Tf2O for the activation of thioglycosides.111 Again,
for all of these reagent combinations, the use of 4,6-O-benzylidene

acetals or 4,6-O-phenylboronates112 enables the stereoselective
formation of β-mannosides. The method has been used with
moderate success on solid phase.112 In the case of rhamnosides,
where it is not possible to use a 4,6-O-benzylidene acetal, ju-
dicious choice of a 2-O-(3-trifluoromethylphenylsulfonyl) pro-
tecting group allows the preparation of the corresponding β-
rhamnosides.113

N

N
S

N

O

(10)(9)

Tf2O in combination with sulfoxides lacking α-protons, such
as diphenylsulfoxide or dibenzothiophene sulfoxide, generates
a sulfoxonium triflate, which is capable of effecting the forma-
tion of glycosides from carbohydrate hemiacetals and oxygen
nucleophiles.114 This is a dehydrative glycosylation, and appears
to proceed by way of a sulfoxonium intermediate (eq 72).115

OBnO
BnO

BnO

BnO OH

OBnO
BnO

BnO

BnO O

1. Tf2O, Ph2O
    2-chloropyridine

89%

(72)

2. isopropanol
    toluene, CH2Cl2

Carbohydrate glycals undergo oxidative glycosylation when
treated first with Tf2O and diphenyl sulfoxide (or tributylphos-
phine oxide)116 and then with a nucleophile in the presence of
a Lewis acid.117 This reaction proceeds via oxygen transfer to
generate a 1,2-anhydrosugar intermediate which is opened by nu-
cleophiles in the presence of a Lewis acid, affording 2-hydroxy
β-glucosides (eq 73). If a more hindered sulfoxide (dibenzothio-
phene sulfoxide) is used, the reaction occurs with the complimen-
tary stereochemistry to give 2-hydroxy α-mannosides.118

O
OBn

BnO
BnO

OBnO
BnO

BnO

HO
OR (73)

1. Tf2O, Ph2SO
    2,6-di-tBu-pyridine

2. ROH, ZnCl2

A variant of this reaction is termed as the C2-
acetamidoglycosylation. Treatment of glycals with Tf2O
and thianthrene-5-oxide, followed by trimethylsilylacetamide
and a base, and then finally with an alcohol nucleophile and an
acid catalyst affords 2-acetamido glycosides (eq 74).119
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OBnO
BnO

BnO

S

S 2 OTf

O
OBn

BnO
BnO

S

S

O

OBnO
BnO

BnO

AcHN
OR

PhNEt2

Tf2O, TMSNHAc
+

R = carbohydrates, amino acids, and steroids

(74)

Amberlyst-15 H+
 resin

ROH

Tf2O acts as a promoter in glycosylations of alcohols by 2′-
carboxylbenzyl glycosides (eq 75).120 This reaction most likely
proceeds via the mixed anhydride.

O
BnO

O

O
O

Ph

CO2H

O
BnO OR

O
O

Ph

Tf2O, ROH

(75)

DTBMP
−78 °C, CH2Cl2

Tf2O has been used as a promoter in glycosylations of carbo-
hydrate alcohols by glycosyl fluorides.121

Aminals. Allylic and propargylic aminals when treated with
Tf2O afford iminium salts, which react with Grignard reagents to
afford allylic and propargylic amines (eq 76).122

Ph

NMe2

NMe2
Ph

NMe21. Tf2O, THF
2. NMP

67%

(76)
3. PhMgBr
    −78 °C

1,1-Difluorovinyl methyl ethers and aminal bis(carbamates) or
bis(sulfonamides) react in the presence of Tf2O to generate β-
amino-α,α-difluoroketones (eq 77).123

F

F OMe

Ph

Ph

O

F F

EtO2CHN

Ph

PhCH(NHCO2Et)2
1. Tf2O, CH2Cl2

+

84%

(77)

2. TfOH
    0 °C

An azaallenium salt has been prepared by treatment of a
bis(iminomethane) compound with Tf2O (eq 78).124

N N

H

N

NTf

OTf

Tf2O, CH2Cl2

53% 16%

+ (78)

0 °C

Other Applications. O-Silylated hydroxamic acids when
treated with Tf2O and a base yield nitrile oxides.125 In the presence
of olefins, these undergo [3 + 2] dipolar cycloadditions affording
isoxazolines (eq 79).125

Ph
N O

Ph Ph

Ph N
H

O
OTPS

Ph
N

OTf2O, TEA

88%
rt

(79)

CH2Cl2 
−40 °C to 0 °C

Triphenylphosphine oxide can be converted to the correspond-
ing unsubstituted phosphinimines by repeated sequential treat-
ment with Tf2O and then ammonia (eq 80).126

Ph3P O Ph3P NH
1. Tf2O, CH2Cl2

82%

2. NH3

    repeat seven times

(80)

The combination of tetraalkylammonium nitrates and Tf2O
generates nitronium triflate, which acts as a convenient anhydrous
nitrating reagent.127,128 This reagent system is effective for ni-
tration of homo and heteroaromatic systems (eq 81),127 and for
N-nitration of saturated nitrogen heterocycles (eq 82).128

Me4N NO3

Tf2O
O2N OSCF3

O

O

NF F

NF F

NO2

CH2Cl2 reflux

98%

(81)

NH

O

NNO2

O

56%

Bu4NNO3, Tf2O
(82)

CH2Cl2, 0 °C to rt
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Treatment of sulfoxide-substituted electron-rich heterocycles
with Tf2O promotes substitution at sulfur, resulting in the forma-
tion of large-ring N,S-heterocycles (eq 83).129

S

N

O

N
S

O H
H

N

O

S
O

Tf2O, py

60%

(83)

CH2Cl2, 0 °C

Dimethyl sulfide ditriflate, obtained from Tf2O and DMSO, has
been used to generate o-quinone methides (eq 84).130

N

OH
O

H3C

O
O

O

H

O S

NHCO2allyl

Fl

Fl = 9-fluorenyl

N

O

H3C

O
O

H

O

O S

NHCO2allyl

Fl

N

AcO

H3C

O
O

HO

O

S

H

1. DMSO, Tf2O, −40 °C

1. tBuOH, 0 °C

2. (Me2N)2C   NtBu, 23 °C

(84)

3. Ac2O, 23 °C

2. DIPEA, 0 °C

H NHCO2allyl

Bis- and tris-chalcogen monoxides when treated with Tf2O af-
ford di- or tri-chalcogona dications, respectively; these salts can
be considered 2-center, 2-electron or 3-center, 4-electron bonded
species (eq 85).131,132 These compounds are susceptible to nu-
cleophilic attack at carbon or at the chalcogen and can act as
alkylating agents under very mild conditions.132

Se

Se

2

Se

Se

O

OTf

Tf2O, CH2Cl2
(85)

−45 °C to −20 °C

A one-pot procedure for the synthesis of thioamides relies on the
successive reaction of Grignard reagents with carbon disulfide and
then with Tf2O to generate a mixed anhydride intermediate. This
intermediate reacts with amines to generate thioamides (eq 86).133

H2N OMe

refluxR

S

S
S

CF3
O

O

Ph
MgX

CS2
S

SMgXPh

S

N
H

Ph OMe

Tf2O

78%

(86)

THF

Tf2O reacts with dimethylcyanamide to afford an O,N-
ditriflylisourea.134 Reaction of this isourea with alcohols, thiols, or
amines affords isoureas, thioisoureas, or guanidines, respectively
(eq 87).134

NMe2N

Me2N
OTf

NTf

Me2N
OR

NTf

Me2N
SR

NTf

Me2N
NR

NTf

ROH

RSH

RNH2

Na2CO3 (87)

CH2Cl2
rt

Tf2O

Trimethylsilylalkynes can be converted to alkynyl(phenyl)
iodonium triflates by treatment with PhI(OAc)2 and Tf2O
(eq 88).135 Alkynyl(phenyl)iodonium triflates are useful ’elec-
trophilic acetylene’ equivalents and can act as Michael acceptors,
1,3-dipolariphiles and alkynyl cation equivalents.136

Ph SiMe3

Ph IPh OTf

PhI(OAc)2, Tf2O

56%

(88)

CH2Cl2, 0 °C

The reaction of Tf2O with phenylseleninic anhydride and
diphenyl diselenide directly affords phenylselenenyl triflate
(eq 89).137 This procedure is a convenient alternative to the prepa-
ration of phenylselenenyl triflate from light sensitive AgOTf and
moisture sensitive PhSeCl.

Tf2O
PhSeOTf(PhSeO)2O  +  Ph2Se2 (89)

CH2Cl2

Electrophilic trifluoromethylation reagents can be generated
from the treatment of trifluoromethyl biphenyl sulfoxides with
Tf2O.138,139 These reagents will react with a wide range of
nucleophiles including carbanions, aromatics, silyl enol ethers,
thiolates, and phosphines (eq 90).139
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SCF3
O

S

CF3

O

O

Na

O

O

CF3

OTf

84%

75%

CH2Cl2
−45 °C to rt

(90)

CH2Cl2, rt

Tf2O

Second Update

Sophie Régnier
Université de Montréal, Montréal, Québec, Canada

Reaction with Alcohols and Phenols. Reaction of alcohols
with triflic anhydride in the presence of a base affords the corre-
sponding alkyl triflate, a versatile intermediate that can be used to
generate an allylic carbocation in a [4+3] cycloaddition (91).140

(91)

83%

Tf2O

2,6-lutidineOMeO

OH

+

O

CH2Cl2
–78 °C, 1 h

Triflates are also known to be excellent leaving groups and,
therefore, can participate in substitution reactions to generate
saturated heterocycles, such as azetidines141,142 and aziridines
(92).143

(92)

92%

1. Tf2O

    i-Pr2EtN

    MeCN
OHHO

OBn
Ph Ph

NH2

N

Ph

Ph

OBn
i-Pr2EtN, 70 °C

2.

Alkyl triflates can also be used as efficient leaving groups for
intramolecular cyclization in the process of generating heterocy-
cles, such as thioindenes,144 cyclic enones,145,146N-heterocyclic
carbene precursors,147,148 or tetrahydropyridines via a Grob frag-
mentation process (93).149 They can also be reduced to the corre-
sponding alkane in the presence of a copper catalyst.150

(93)

1. Tf2O, CH2Cl2, rt, 5 min

2. Et3N, rt, 5 minN

HO

Ph Bn
N

92%
>19:1 dr

3. MeMgBr, rt, 20 min

The reaction of o-trimethylsilylphenoxytrimethylsilane with
excess butyllithium followed by treatment with triflic anhydride
affords o-trimethylsilylphenyl triflate,151 which, in the presence of
a fluoride source, can generate the benzyne and engage in various
reactions.

86%

TMS

OTMS

TMS

OLi

TMS

OTf
(94)

BuLi

Et2O

0 °C to rt, 4 h

Tf2O

0 °C to rt
overnight

Reaction with Amides. Iminium triflates, readily obtained by
the reaction of amides with triflic anhydride, can be reduced to the
corresponding amine in the presence of a reducing agent, such as
Hantzsch ester (95)152 or sodium borohydride.153

(95)

90%

1. Tf2O

     2-F-pyridine

     Et3SiH

     CH2Cl2, –78 °C to rt

O

O

N
H

O

O

O

N
H

2. Hantzsch ester

Iminium triflates can also undergo nucleophilic addition with a
broad spectrum of nucleophiles. For example, the activated amide
can react with malonates in a Knoevenagel-type condensation re-
action (96).154 Other nucleophiles include, but are not limited to,
Grignard reagents to form ketones155,156 or alkylamines,157–159

phosphites,160 amino acids,161 pyridines,162,163 and pyridine
oxydes164,165 or alcohols to afford lactones via intramolecular
cyclization (97).166

N

O
1. Tf2O

    CH2Cl2, –78 to 0 °C

MeO2C CO2Me

N

MeO2C CO2Me

80%

(96)
2. NaHMDS
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N

O

Ph

OH

1. Tf2O

    CH2Cl2, rt, 1 h 
O

O

Ph

(97)

97%

2. sat. NaHCO3

Iminium triflates can also react with diazonium compounds to
form new C–C bonds.167 Condensation with nitriles or hydrazides
will lead to the formation of various heterocycles, such as substi-
tuted pyridines,168,169 pyrimidines,170,171 triazoles,172 and sub-
stituted indazoles.173

Reaction of amides with triflic anhydride can also lead to inter-
esting spirocyclic moieties through a Bischler–Napieralski-type
cyclization (98).174

Reaction of amides with diphenyl sulfoxide in the presence of
triflic anhydride affords the α-arylation product (99).175

(98)

97%

N

N
H

O

N

N
Tf

1. Tf2O

    2-Cl-pyridine

    CH2Cl2, –78 to 0 °C, 1 h

2. LiAlH4

    0 °C, 3 h

1. Tf2O

    2-I-pyridine

    0 °C, 15 min

90%

(99)N

O
N

O

PhS
2. Ph2SO

Amino-substituted naphthalenes can be obtained by reacting
phenyl vinyl acetamides with triflic anhydride in the presence of
a base via the ketene-iminium intermediate (100).176

N

O

Tf2O

collidine
N

60%

(100)
DCM, Δ

Reaction with Sulfoxides and Phosphine Oxides. Sulfox-
ides and phosphine oxides can be reduced to the corresponding
sulfide177,178 and phosphine179 in the presence of triflic anhydride
and a mild reducing agent.

Sulfinimines can be obtained by activating the corresponding
sulfoxide with triflic anhydride, followed by a nitrile attack and
hydrolysis.180,181

Sulfoxide derivatives can be activated by triflic anhydride
and participate in a Pummerer-type rearrangement to afford
benzofurans (101),182 benzothiophenes,183,184 or spirocyclic
indolenines.185

n-Bu

OH S
O

CF3

+

O
SMe

CF3

(101)

89%

Tf2O

CH2Cl2
0 °C, 30 min

Reaction of diphenylsulfoxide with triflic anhydride affords, as
precedently mentioned, the corresponding sulfoxonium triflate, a
powerful reagent for numerous reactions, such as a-arylation of
carbonyls,186 enolate additions,187,188 or nucleophilic substitution
on alkenes (102).189,190

1. Tf2O

    Ph2SO

    CH2Cl2, –78 to 0 °C

Ph Ph
H
N Ph

80%

(102)
2. BnNH2

    rt, 2 h

Similarly, reaction of benzenesulfinylpiperidine (BSP) with tri-
flic anhydride affords a sulfoxonium triflate useful to perform the
hydrolysis of dithioketals (103).191

SS  Tf2O

BSP

O

83%

(103)
CH2Cl2

–60 °C, 20 min

Reactions with Carbonyls. Reaction of 1-(methylthio) ace-
tone with nitriles in the presence of triflic anhydride can afford
the substituted oxazole (104).192

(104)MeS
O

N

O

SMe
88%

MeCN

Tf2O

Enones can be activated by triflic anhydride and undergo an
intramolecular or intermolecular conjugate addition of an arene
ring (105).193

72%

O
OMe

MeO

Ph
MeO

MeO

Tf2O
2,6-DTBP

(105)

Ph

OTf

MeNO2
0 °C

Reactions with Pyridines. It is well known that the reaction
of triflic anhydride with pyridine and pyridine derivatives affords
the pyridinium triflate, thus activating the para position for nu-
cleophilic attacks, such as ketene acetals (106),194–197 activated
arenes (107),198,199 azulenes,200,201 or N-alkenes.202
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N
OTMS

OTMS

+

1. Tf2O

     –30 °C to rt, 17 h

N

OH

O

Tf
97%

(106)
2. H2O

Tf2O

2,6-lutidine

92%

(107)

N
N

O

OMe

OMe

N

NO

MeO

OMe
Tf

CH2Cl2
0 °C to rt, 30 min

Electron-deficient pyridines and pyridines derivatives can also
be oxidized to the corresponding N-oxide by a mixture of triflic
anhydride and sodium carbonate (108).203

Tf2O

Na2CO3·1.5 H2O

70%

(108)
NCl Cl

NCl Cl

O

MeCN, 0 °C, 3.5 h

Other Applications. Boc-protected amines react with triflic
anhydride in the presence of a base to form the corresponding
isocyanate. This intermediate can then undergo a nucleophilic at-
tack by an amine or an activated arene to form ureas (109)204 or
tetrahydroisoquinolinones.205

1. Tf2O

    2-Cl-pyridine

    CH2Cl2, rt, 50 min

96%

(109)

BocHN

O

OMe

Ph

N
H

O

OMe
N
H

O
Ph

2. BnNH2, rt

Carboxilic acids can react with triflic anhydride and acti-
vated aromatic compounds to form the acylated product in a
Friedel–Crafts-type acylation reaction (110).206,207 This type of
Friedel–Crafts acylation can also be applied to ureas to obtain the
corresponding aryl amide.208

OMe O

OH
+

Tf2O

neat, rt

OMe

O

+ OMe

O

98%
p:o = 93:7

(110)

Oximes can react with triflic anhydride to afford amidines or
enamines after a nucleophilic capture of the iminocarbocation
formed (111).209 The activated oxime can also eliminate to form
the corresponding nitrile in the presence of imidazole210 or be con-
verted into benzisoxazoles through an intramolecular cyclization
process.211

Ph Ph

N
OH

1. Tf2O

    Et3N

    Toluene, –78 °C

H
NPh N Ph

N
Ph

Ph
(111)
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Trimethylsilyl Trifluoromethane
sulfonate1

O
Me3Si SO2CF3

[27607-77-8] C4H9F3O3SSi (MW 222.29)
InChI = 1/C4H9F3O3SSi/c1-12(2,3)10-11(8,9)4(5,6)7/h1-3H3
InChIKey = FTVLMFQEYACZNP-UHFFFAOYAR

Alternate Name: TMSOTf.
Physical Data: bp 45–47 ◦C/17 mmHg, 39–40 ◦C/12 mmHg;

d 1.225 g cm−3.
Solubility: sol aliphatic and aromatic hydrocarbons, haloalkanes,

ethers.
Form Supplied in: colorless liquid; commercially available.
Preparative Method: may be prepared by a variety of methods.2

Handling, Storage, and Precaution: flammable; corrosive; very
hygroscopic.

Original Commentary
Joseph Sweeney & Gemma Perkins
University of Bristol, Bristol, UK

Silylation. TMSOTf is widely used in the conversion of car-
bonyl compounds to their enol ethers. The conversion is some 109

faster with TMSOTf/Triethylamine than with Chlorotrimethyl-
silane (eqs 1–3).3−5

(1)
TMSOTf

Et3N
81%

O OTMS

(2)

O

O

OTMS

OTMS OTMS

OTMS

TMSOTf

Et3N
51%

+

(3)

O OTMS

TMSOTf

Et3N, Et2O

R R

Dicarbonyl compounds are converted to the corresponding bis-
enol ethers; this method is an improvement over the previous two-
step method (eq 4).6

(4)
TMSOTf

Et3N, 0 °C
85%

O O

TMSO OTMS

In general, TMSOTf has a tendency to C-silylation which is seen
most clearly in the reaction of esters, where C-silylation dominates
over O-silylation. The exact ratio of products obtained depends on
the ester structure7 (eq 5).8 Nitriles undergo C-silylation; primary
nitriles may undergo C,C-disilylation.9

O

OMe

OTMS

OMe

O

OMe
TMS

TMS

(5)
TMSOTf, Et3N

Et2O, 0 °C
+

67%

84:16

TMS enol ethers may be prepared by rearrangement of
α-ketosilanes in the presence of catalytic TMSOTf (eq 6).10,11

(6)

O

R
TMS

OTMS

R
TMSOTf

pentane, rt

Enhanced regioselectivity is obtained when trimethylsilyl enol
ethers are prepared by treatment of α-trimethylsilyl ketones with
catalytic TMSOTf (eq 7).12

(7)
TMSOTf (10% mol%),  0 °C

O

C7H15TMS
OTMS

C7H15
CH2Cl2

92%

The reaction of imines with TMSOTf in the presence of Et3N
gives N-silylenamines.13

Ethers do not react, but epoxides are cleaved to give silyl
ethers of allylic alcohols in the presence of TMSOTf and 1,8-
Diazabicyclo[5.4.0]undec-7-ene; The regiochemistry of the re-
action is dependent on the structure of the epoxide (eq 8).14

O

OTMS

TMSOTf

DBU
87%

O

(8)

OTMS

TMSOTf

DBU
72%

Indoles and pyrroles undergo efficient C-silylation with
TMSOTf (eq 9).15

N

Me

TMSOTf

Et3N N

Me

TMS

(9)

t-Butyl esters are dealkylatively silylated to give TMS esters by
TMSOTf; benzyl esters are inert under the same conditions.16

Imines formed from unsaturated amines and α-carbonyl esters
undergo ene reactions in the presence of TMSOTf to form cyclic
amino acids.17

Carbonyl Activation. 1,3-Dioxolanation of conjugated enals
is facilitated by TMSOTf in the presence of 1,2-bis(trimethylsilyl-
oxy)ethane. In particular, highly selective protection of sterically
differentiated ketones is possible (eq 10).18 Selective protection
of ketones in the presence of enals is also facilitated (eq 11).19

TMSOTf, CH2Cl2, –78 °C
82%

TMSO OTMS
(10)

O

PhO

O

Ph
O

O



525TRIMETHYLSILYL TRIFLUOROMETHANE SULFONATE

TMSOTf, CH2Cl2, –78 °C

O

O O

OOO

O

O

TMSO OTMS
(11)+

1:27

76%

The similar reaction of 2-alkyl-1,3-disilyloxypropanes with
chiral ketones is highly selective and has been used to pre-
pare spiroacetal starting materials for an asymmetric synthesis of
α-tocopherol subunits (eq 12).20

(12)

TMSO OTMS

O
Ph

OO

Ph

TMSOTf, –85 °C

CH2Cl2
90%

+

The preparation of spiro-fused dioxolanes (useful as chiral gly-
colic enolate equivalents) also employs TMSOTf (eq 13).21

O
Ph

Ph

~ 1:1 mixture

OTMS

O
TMSO

(13)

TMSOTf, –78 °C

CH2Cl2
74%

+

OO

O

TMSOTf mediates a stereoselective aldol-type condensation
of silyl enol ethers and acetals (or orthoesters). The nonbasic
reaction conditions are extremely mild. TMSOTf catalyzes many
aldol-type reactions; in particular, the reaction of relatively non-
nucleophilic enol derivatives with carbonyl compounds is facile
in the presence of the silyl triflate. The activation of acetals was
first reported by Noyori and has since been widely employed
(eq 14).22,23

(14)

OTMS O

OMe

OMe

O

OMe

O

TMSOTf, –78 °C

CH2Cl2
92%

+

In an extension to this work, TMSOTf catalyzes the first step of a
[3 + 2] annulation sequence which allows facile synthesis of fused
cyclopentanes possessing bridgehead hydroxy groups (eq 15).24

OTMS

OMe

OMeMe3Sn

OH

H OMe

(15)

1. TMSOTf
+

2. TiCl4
 64%

The use of TMSOTf in aldol reactions of silyl enol ethers and
ketene acetals with aldehydes is ubiquitous. Many refinements of
the basic reaction have appeared. An example is shown in eq 16.25

OTMS

SEt

O

EtS Ph

OH

N

Me

NH

(16)

PhCHO
TMSOTf, SnO

CH2Cl2, –78 °C, amine

90% de
68% ee

amine =

The use of TMSOTf in the reaction of silyl ketene acetals with
imines offers an improvement over other methods (such as TiIV- or
ZnII-mediated processes) in that truly catalytic amounts of activa-
tor may be used (eq 17);26 this reaction may be used as the crucial
step in a general synthesis of 3-(1′-hydroxyethyl)-2-azetidinones
(eq 18).27

OTMS

OMe N
Ph

Ph NH

Ph OMe

O
Ph

(17)
TMSOTf

–78 °C
85%

+

OTMS

OEt N
Ph

Ph
1. TMSOTf, –65 °C

2. LiHMDS, –78 °C
         ~20%

TMSO

+

N

Ph
OTMS

O Ph

(18)

Stereoselective cyclization of α,β-unsaturated enamide esters is
induced by TMSOTf and has been used as a route to quinolizidines
and indolizidines (eq 19).28

MeO

MeO
HN

E

O

Ph

N

H

E

Ph

O

MeO

MeO (19)

TMSOTf, Et3N

15 °C, CH2Cl2
75%

E = CO2Et



526 TRIMETHYLSILYL TRIFLUOROMETHANE SULFONATE

The formation of nitrones by reaction of aldehydes and ketones
with N-Methyl-N,O-bis(trimethylsilyl)hydroxylamine is acceler-
ated when TMSOTf is used as a catalyst; the acceleration is par-
ticularly pronounced when the carbonyl group is under a strong
electronic influence (eq 20).29

CHO

NMe2

N

O–

Me

NMe2

N OTMS
TMS

Me

(20)
TMSOTf, benzene, rt

63%

+

β-Stannylcyclohexanones undergo a stereoselective ring con-
traction when treated with TMSOTf at low temperature. When
other Lewis acids were employed, a mixture of ring-contracted
and protiodestannylated products was obtained (eq 21).30

SnMe3

O O

(21)
TMSOTf

–78 °C
52%

The often difficult conjugate addition of alkynyl organometallic
reagents to enones is greatly facilitated by TMSOTf. In particular,
alkynyl zinc reagents (normally unreactive with α,β-unsaturated
carbonyl compounds) add in good yield (eq 22).31 The proportion
of 1,4-addition depends on the substitution pattern of the substrate.

(22)
TMSOTf

–40 °C
77%

O

Ph

ZnBr

Ph

OTMS

+

The 1,4-addition of phosphines to enones in the presence of
TMSOTf gives β-phosphonium silyl enol ethers, which may be
deprotonated and alkylated in situ (eq 23).32

(23)

O

Cy

OH

O

1. TMSOTf, PPh3

2. BuLi
3. CyCHO

  57%

Miscellaneous. Methyl glucopyranosides and glycopyranosyl
chlorides undergo allylation with allylsilanes under TMSOTf
catalysis to give predominantly α-allylated carbohydrate analogs
(eq 24).33

O O

BnO

OBn OBn

BnOOBn

X

OBn

OBn OBn

(24)
TMSOTf

allyltrimethylsilane
MeCN, rt

86%
 α:β = 10:1X = OMe

Glycosidation is a reaction of massive importance and wide-
spread employment. TMSOTf activates many selective glycosi-
dation reactions (eq 25).34

O

O
AcO

AcO

OAc

OTMS

O H

O

O
AcO

AcO

OAc

O

O H

O
BnO

BnO

BnO F

O
BnO

BnO

OBn

(25)

TMSOTf, PhMe, 0 °C
51%

TMSOTf activation for coupling of 1-O-acylated glycosyl
donors has been employed in a synthesis of avermectin disac-
charides (eq 26).35

OHO

MeO
OPiv

OMe

OAcO

MeO
OPiv

OAc

OAcO

MeO
OPiv

O O

MeO
OPiv

OMe

(26)

TMSOTf, CH2Cl2

–78 °C
75%

+

Similar activation is efficient in couplings with trichloroimi-
dates36 and O-silylated sugars.37,38

2-Substituted �3-piperidines may be prepared by the reaction
of 4-hydroxy-1,2,3,4-tetrahydropyridines with a variety of car-
bon and heteronucleophiles in the presence of TMSOTf (eqs 27
and 28).39

(27)
N N

OH

CO2Et

CN

CO2Et

TMSOTf

TMSCN
70%

(28)
N N

OH

CO2Et CO2Et

TMSOTf

allyltrimethylsilane
51%

Iodolactamization is facilitated by the sequential reaction of
unsaturated amides with TMSOTf and Iodine (eq 29).40

(29)
1. TMSOTf, CH2Cl2, Et3N

NH2

O

NH

O

I64%

2. I2

By use of a silicon-directed Beckmann fragmentation, cyclic
(E)-β-trimethylsilylketoxime acetates are cleaved in high yield in
the presence of catalytic TMSOTf to give the corresponding un-
saturated nitriles. Regio- and stereocontrol are complete (eq 30).41
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NC
N

AcO

TMS

1. TMSOTf, CH2Cl2, 0 °C

2. Et3N
               94%

(30)

A general route to enol ethers is provided by the reaction of
acetals with TMSOTf in the presence of a hindered base (eq 31).42

The method is efficient for dioxolanes and noncyclic acetals.

(31)
TMSOTf, i-Pr2NEt

–20 °C, CH2Cl2
98%O

O
O

OTMS

α-Halo sulfoxides are converted to α-halovinyl sulfides by re-
action with excess TMSOTf (eq 32),43 while α-cyano- and α-
alkoxycarbonyl sulfoxides undergo a similar reaction (eq 33).44

TMSOTf is reported as much superior to Iodotrimethylsilane in
these reactions.

Cl

S
Ph

O

Cl

S
Ph

2.2 equiv TMSOTf

Et3N, 0 °C
(32)

X

S
RPh

O

X

S
RPh

(33)
2.2 equiv TMSOTf

X = CN or CO2R′

HMDS, 25 °C

First Update
Enrique Aguilar & Manuel A. Fernández-Rodríguez
Universidad de Oviedo, Oviedo, Spain

The introduction of TMSOTf as a highly electrophilic silylating
reagent led to its widespread use and there are a very large number
of reactions which employ the reagent in either stoichiometric or
catalytic amounts.

O-Silylation. The formation of TMS ethers can be achieved by
reacting the requisite alcohol with TMSOTf and an amine (triethy-
lamine, pyridine, or 2,6-lutidine) in dichloromethane (eq 34).45

N
H

R

OH

R
N
H

R

OTMS

R
TMSOTf, Et3N

near quantitative

(34)
CH2Cl2, 0 °C to rt

The combination of TMSOTf and Et3N in dichloromethane
(DCM) allows the direct conversion of p-methoxybenzyl ethers
into silyl-protected alcohols, thus affording an expedient way to
replace the benzyl ether-type protective group with the silyl ether-
type one (eq 35).46

O
Ph

OMe

OTMS
Ph

TMSOTf, Et3N, DCM, rt

64%

(35)

The preparation of silyl enol ethers from carbonyl compounds
represents one of the major uses of TMSOTf. Recently, the stereo-
chemistry and regiospecificity of such transformation has been
addressed for aldehydes47 and α-(N-alkoxycarbonylamino)
ketones,48 respectively. On the other hand, enantiopure silyl enol
ethers can be formed by addition of TMSOTf to zinc enolates,
which are obtained from the copper-catalyzed enantioselective
conjugate addition of dialkylzinc reagents to cyclic (eq 36) and
acyclic enones.49

O OTMS

Me

O

O
P N

Ph

Ph

1. Me2Zn, 2% Cu(OTf)2, 4% ligand

2. TMSOTf, rt

82%
>99% ee

(36)

ligand =

The addition of dimethyl sulphide to α,β-unsaturated carbonyl
compounds in the presence of TMSOTf generates highly reactive
3-trialkylsilyloxyalk-2-enylenesulfonium salts, which permits the
introduction of a wide variety of nucleophiles at the β-position as
well as α-functionalization.50

Bis-silylation of imides in both oxygen atoms results in the
formation of cyclic 2-azadienes (eq 37).51

NH

O

O

N

OTMS

OTMS

(37)

TMSOTf, Et3N

ether, rt

48%

Silylated 2-oxidienes and bis-silylated 2,3-dioxidienes are pre-
pared from α,β-unsaturated ketones52 and 1,2-dicarbonyl compo-
unds,53 respectively; in the latter case, the reagent employed for
the first silylation is trimethylsilyl bromide while TMSOTf is
required for the second silylation. 1,3-Bis-silyloxydienes are pre-
pared by direct silylation of 1,3-dicarbonyl compounds with
TMSOTf/Et3N.54 They also can be obtained as mixtures of Z/E-
isomers by lithium reductive cleavage of isoxazoles followed by
the slow addition of an excess of TMSOTf/Et3N (eq 38).55

O
N

TMSO OTMS

(38)

1. Li, THF
2. TMSOTf, Et3N, 0 °C to rt

91%

The formation of stable N,O-acetal TMS ethers, which are
excellent precursors of N-acyliminium ions, is easily achieved
by DIBAL reduction of N-acylamides followed by in situ protec-
tion with TMSOTf/pyridine (eq 39).56 2,6-Lutidine has also been
used as base.57 The DIBAL reduction-TMSOTf/pyridine silyla-
tion sequence has also been applied to the formation of monosilyl
O,O-acetal from esters.58
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N

O

O OR

N

OTMS

O OR

1. DIBAL (1.2 equiv), CH2Cl2, −78 °C
2. TMSOTf, pyridine

83−92%

(39)

Silylated α,β-unsaturated oximes, which can be easily desily-
lated to enoximes, can be readily prepared by treatment of aliphatic
nitro compounds with an excess of TMSOTf in the presence of
Et3N, provided that an electron-withdrawing group is located at
the β-position (eq 40).59

NO2EtO2C

NEtO2C
OTMS

TMSOTf, CH2Cl2, 0 °C

65%

(40)

The in situ formation of silyl enol ether intermediates appears
to be a valuable strategy to accomplish further transformations.
That is what happens for the palladium(II) acetate-mediated prepa-
ration of indenones from indanones (eq 41),60 or for diastereo-
selective enol silane coupling reactions (eq 42).61

O

R1

R2

R3

R4O

R1

R2

R3

R4

1. TMSOTf, Et3N
2. Pd(OAc)2, CH3CN

17−82%
(41)

N

N

O

R2

Me R1

O

Me
N

O

O

Me

R1

R2

TMSOTf, Et3N
(42)

53−93%

dr = 2:1 to >20:1

A Claisen rearrangement of allylic esters is also effected by
TMSOTf in the presence of triethylamine; when chiral esters are
employed the transfer of chirality is, however, quite low. Higher
degrees of 1,4-asymmetric transmission are reached if bulkier silyl
triflates and bulkier amines are employed (eq 43).62

1. TMSOTf, NEt3
    ether, rt
2. H2O

O

O

HO2C74%

90% ee 44% ee

(43)

C-Silylation. Depending on the reaction conditions, sec-
ondary amides can be either C-silylated or N-silylated. Kinetic
C-silylation of N-methylacetamide can be quantitatively achieved
by treatment with excess TMSOTf (3 equiv) and Et3N (3 equiv)
at 0 ◦C for 2 min, followed by aqueous work-up (eq 44).63

N
H

O

N
H

O

TMS

1. TMSOTf, Et3N (3 equiv)

    dichloroethane

quantitative

(44)2. H2O

The silylation of aromatic64 or heteroaromatic compounds can
be performed via magnesiated or lithiated intermediates, which
can be accessed by hydrogen-metal or halogen-metal atom ex-
change. Thus, C-4 silylation of imidazoles is achieved from 4-iodo
imidazoles (eq 45),65 while C-2 silylated oxazoles are prepared
by addition of TMSOTf to the lithiated oxazole (eq 46); interest-
ingly, for this reaction, the employment of TMSCl as electrophile
resulted in the formation of the O-silylation product.66 Pyra-
zole N-oxides and 1,2,3-triazole N-oxides are also C-silylated on
the ring and at exocyclic α-positions in high yields by a one-
pot procedure, which is initiated by O-silylation followed by
deprotonation, and subsequently terminated by silylation of the
generated anion.67

NN

I

Ph3C NN

TMS

Ph3C1. EtMgBr, CH2Cl2, rt
2. TMSOTf, rt

58%
(45)

NO

Ph

NO

Ph

TMS
1. n-BuLi, THF, 0 °C
2. TMSOTf, −60 °C

90%
(46)

The enantioselective C-silylation of allylic substrates such as
N-(tert-butoxycarbonyl)-N-(p-methoxyphenyl)allylamines68 or
1,3-diphenylpropene69 is accomplished with butyllithium in
the presence of (−)-sparteine, followed by the addition of
TMSOTf (eq 47). The same procedure allows the asymmetric
deprotonation-substitution of arenetricarbonyl(0) complexes,70

while chiral bis(oxazolines) have been the ligands of choice to
perform such transformation with aryl benzyl sulfides;71 in these
reactions, different yields and enantioselectivities are reached
if trimethylsilyl chloride is used as silylating reagent, although
there is a substrate dependence and no definite rules can be
established.

Ar
N

Ph

BOC

Ar
N

Ph

BOC

TMS

Ar
N

Ph

BOC
TMS

1. n-BuLi, spartine
    toluene, −78 °C
2. TMSOTf

+

34%
94% ee

46%
96% ee

(47)

N

N

H

H

spartine =

1,1-Dibromo-4-methyl-3-(trimethylsilyloxy)pentane is cleanly
silylated with TMSOTf through a preformed carbenoid species
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(eq 48). On the other hand, silylation can be carried out with
TMS-imidazole albeit in lower yields, while the treatment with
trimethylsilyl chloride is unsuccessful.72

BrTMSO

Br

TMSTMSO

Br
(48)

1. n-BuLi, THF/ether, −110 °C
2. TMSOTf, −78 °C

85%

C-Silylated cyclohexyl diazo esters can be prepared from the
appropriate diazo acetates by treatment with TMSOTf and ethyl
diisopropylamine in ether at −78 ◦C (eq 49).73

O

O

N2

O

O

N2

TMS

TMSOTf, (i-Pr)2NEt

68%

(49)

Et2O, −78 °C

N-Silylation. The N-bis-silylation of α-amino acids with
TMSOTf is only effective for glycine (eq 50); for other α-amino
acids N-mono-silylation prevails because the larger size of the
carbon chain at the α-position hinders bis-silylation.74

H2N CO2H

N CO2TMS

TMS

TMS
(50)

91%

TMSOTf (excess), Et3N, rt

TMSOTf is the reagent of choice to transform imines into
N-silyl iminium salts, which have been postulated to be the re-
active intermediates in several reactions (eq 51).75

NMe
Ph

N
Ph

TMS

Me
TfO

TMSOTf
Et2O, rt

86%
(51)

Secondary amides76 and O-aryl N-isopropylcarbamates77 can
be converted in situ into their N-silylated derivatives which, al-
though not isolated, are stable for further transformations (eq 52).

R

O

O

N
H

R

O

O

N
H

E

(52)

1. TMSOTf, TMEDA, Et2O
2. s-BuLi, TMEDA, −78 °C
3. EX, −78 °C
4. MeOH

63−94%

C,O-Bis-silylation. Bis-silylation ofα,β-unsaturated carbonyl
compounds can be achieved by palladium-TMSOTf-catalyzed
addition of disilanes to enones, enals, or aromatic aldehydes via an
η3-silyloxyallylpalladium intermediate.78 The scope of the reac-
tion is wide and it generally leads to 1,4-bis-silylated compounds,

although for cinnamaldehyde, it gives a mixture of 1,4- and 1,2-
addition products, and 1,2-bis-silylated adducts are obtained for
aromatic aldehydes (eq 53).

O

R R1

Si-Si

OSi

R R1

Si

+

Si-Si = PhMe2Si-SiMe2Ph or Me3Si-SiMe3

Pd(OAc)2 (10 mol %)

TMSOTf (10 mol %)

C6D6, rt

40−99%

(53)

Carbonyl Activation. TMSOTf frequently acts as a Lewis
acid and it is able to activate several functional groups (the car-
bonyl group, the acetal unit, the nitrone moiety,…) thus facilitating
different kinds of reactions.

In this regard, it has promoted the direct conversion of carbonyl
compounds into O,S-acetals by reaction of aldehydes with 1 equiv
each of Me3SSiPh and a silyl ether in CH2Cl2 at low temperature;
the mentioned compounds are isolated as major reaction products
(eq 54).79

O

R1

R1 SPh

OR2

37−93%

(54)

+   Me3SiOR2  +   Me3SiSPh

4−200 mol % TMSOTf
 CH2Cl2, −78 °C

1,3-Dioxolanation is a very common strategy for the protec-
tion of carbonyl groups. In this regard, an efficient dioxolanation
of ketones in the presence of aldehydes is achieved by treating
the dicarbonyl compound with TMSOTf and dimethyl sulphide
in dichloromethane (eq 55).80 On the other hand, both aldehydes
and ketones can be protected as 4-trimethylsilyl-1,3-dioxolanes
by using catalytic amounts of TMSOTf; this protective group
can be selectively cleaved to regenerate the carbonyl compound
in the presence of a 1,3-dioxolane with either LiBF4 or HF in
acetonitrile.81

TMSO OTMS

1. TMSOTf, Me2S, DCM, −78 °C

2. TMSOTf,
3. aq K2CO3

O

CHO

CHO

OO
(55)

80%

The role of the ligand has been found to be crucial in the silyl
Lewis acid Mukaiyama aldol reaction, which opens interesting
applications for synthetic organic chemistry. When TMSOTf in-
duces the reaction, the silyl group of TMSOTf remains in the
product and that of the silyl enol ether becomes the catalyst for
the next catalytic cycle; however, if the reaction is promoted by
TMSNTf2, the silyl group of the catalyst is not released from
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-NTf2 and that of the silyl enol ether intermolecularly transfers to
the product (eq 56).82

PhCHO
Ph

OTBDMS

TMSO O

Ph Ph

TBDMSO O

Ph Ph

TMSOTf
TMSNTf2

+

catalyst (1 equiv)

Et2O, −100 °C

+

catalyst

24% 99 1
>99% 1 >99

(56)

The direct preparation of esters from aldehydes has been
reported but different conditions are required depending on the
nature of the aldehyde. The aldehydes are treated with the corres-
ponding silyl ether followed by addition of AIBN and NBS
in CCl4; for aromatic aldehydes, the presence of TMSOTf is
required to complete the radical oxidation to the ester; for aliphatic
aldehydes, the acetals are isolated under the above-mentioned
reaction conditions (eq 57), while the radical oxidation to the es-
ters only takes place in the absence of TMSOTf.83

CHO

CHO

OC6H13

O

OC6H13

OC6H13

+   C6H13-OTMS

+   C6H13-OTMS

TMSOTf, NBS
AIBN, CCl4, Δ

TMSOTf, NBS
AIBN, CCl4, Δ

40%

72%

(57)

The condensation of a carbonyl compound with an isonitrile
usually takes place in the presence of a carboxylic acid to give
carboxamides (Passerini reaction) and plays a central role in
combinatorial chemistry. Activation of the carbonyl group can
be achieved by TMSOTf (eq 58), although higher yields can be
obtained with the system Zn(OTf)2/TMSCl.84

CHO
Ph N

O

NC
TMSOTf

O

H
N

N

O

OH

Ph

+

73%

(58)

A previously known thermal ring-contraction, which follows
an initial 1,3-dipolar cycloaddition between azides and cyclic
enones, can be smoothly promoted by TMSOTf to give enam-
inones (eq 59).85

O

R-N3

O N
H R

26−93%

Z/E ratio = 1:1 to 2:1

(59)TMSOTf, CH2Cl2, rt

Also, 3-stannyl cyclohexanones experience a ring contraction
to a 2-methylcyclopentanone upon treatment with TMSOTf in
dichloromethane (eq 60). This transformation has been used as a
key step for the synthesis of (+)-β-cuparenone.86

O

SnMe3

p-TolTMS

O

TMS

p-Tol

Me

(60)

TMSOTf, CH2Cl2

90%

The addition of bis(trimethylsilyl)formamide to methyl pyru-
vate is readily accomplished in the presence of a catalytic amount
of TMSOTf (eq 61).87

O

O

MeO N
TMS H

OTMS

O
O

NH
MeO

OTMS

H

(61)

+

1. TMSOTf (cat.), CCl4
2. work-up

83%

Similarly, pyridine addition to aldehydes is also promoted by
TMSOTf in a three-component reaction to form [1-(trimethyl-
siloxy)alkyl]pyridinium salts (eq 62), which may act as group
transfer reagents or as precursors for the analogous phosphonium
salts.88

O
H

H

N
TMSOTf, CH2Cl2

N
TMSO

OTf

+
70%

(62)

The allylation of aldehydes can be achieved in the presence
of ketones in a highly chemoselective fashion by preferential in
situ conversion of aldehydes into 1-silyloxysulfonium salts, by
treatment with dimethyl sulphide and TMSOTf and subsequent
displacement with allyltributylstannane (eq 63).89
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CHO

OH

1. TMSOTf, Me2S, CH2Cl2, −78 °C

2. allyltributyltin, −40 °C

3. n-Bu4NF

95%

(63)

TMSOTf also promotes an intramolecular addition of allyl-
silanes to aldehydes (Sakurai reaction), when used with 2,6-
di-tert-butyl-4-methylpyridine90 (2,6-DTBMP) (eq 64), and
ketones.91

O
Si

TMS

CHO

Ph

Et Et

O
Si

Ph OTMS

Et
Et

TMSOTf, 2,6-DTBMP

88%

dr = 3.9:1

(64)

An intermolecular version of the Sakurai reaction has been
developed. It proceeds at temperatures as low as −78 ◦C,
using substoichiometric amounts of the Lewis acid, to form five-
or six-membered oxygenated heterocycles from cyclic allylsilox-
anes and aldehydes through a chairlike transition state (eq 65).
Acetals may also act as electrophiles in this kind of reaction.92

β-Borylallylsilanes also undergo nucleophilic allylation to lead
to the preparation of functionalized alkenylboranes, which may
participate in further transformations.93

O Si
Ph

Me

Me Me

O
Me

O MePh

Me

+

TMSOTf (10−15 mol %)
CH2Cl2, −78 °C

78%

(65)

The Lewis acid-mediated ring-opening reaction of arylcarbonyl
activated cyclopropanes with arylaldehydes is successfully per-
formed with 1 equiv of TMSOTf in refluxing 1,2-dichloroethane
to form α-substituted α,β-enones in good yields (eq 66).94

O

Me

O
Cl

O
OH

Me
Cl

TMSOTf (1 equiv)
+

88%

Z:E = 24:76

(66)

ClCH2CH2Cl, reflux

An improving effect of TMSOTf (and other trialkylsilyl
triflates) in the enantioselectivity has been disclosed for the
Cu-catalyzed 1,4-addition of Me3Al to a 4,4-disubstituted cyclo-
hexa-2,5-dienone, using a chiral oxazoline as ligand.95 The
presence of TMSOTf also helps to increase the yield for the conju-
gate addition of copper acetylides to α,β-unsaturated ketones and
aldehydes; however, trimethylsilyl iodide has been more effective
while other trimethylsilyl halides or BF3 inhibit the addition.96

The conjugate addition of organozinc reagents to α,β-enones
is readily mediated by TMSOTf (eq 67), thus avoiding previous
requirements of transmetallation to organocopper compounds or
the use of nickel complexes as catalysts.97

O

BrZn

O

O

O

O

O

+

1. TMSOTf, THF, −78 °C
2. H3O+

92%

(67)

An asymmetric intramolecular Michael-aldol reaction which
leads to nonracemic tricyclic cyclobutanes is performed by
using TMSOTf and bis[(R)-1-phenylethyl]amine as chiral amine,
but only moderate enantioselectivities are reached (eq 68).98 A
similar reaction sequence can also be carried out with TMSOTf
and HMDS as base, with (−)-8-phenylmenthol as the chiral auxil-
iary; however, the iodotrimethylsilane-HMDS system is more effi-
cient in terms of yield and diastereoselectivity.99 The combination
Et3N/TMSOTf (or some other trialkylsilyl triflates) has been used
to accomplish an intramolecular Michael reaction, which was the
key step for the synthesis of sesquiterpene (±)-ricciocarpin A.100
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O CO2Me

TMSO

MeO2C

TMSOTf, bis[(R)-1-phenylethyl]amine

CH2Cl2, −78 °C to −30 °C

58%

ee = 23%

(68)

On the other hand, β-functionalization of α,β-unsaturated
lactones and esters is readily achieved through a phosphoniosily-
lation process: the addition of an aldehyde to the generated ylide
followed by the fast addition of TMSOTf gave optimum results for
the hydroxyalkylation reaction (eq 69). In the absence of TMSOTf
alkylated products are obtained instead of the hydroxyalkylated
ones.101

O

O
O

O

Ph

HO

1. PPh3, TBSOTf
2. LDA
3. PhCHO, TMSOTf
4. desilylation agent

83%
(69)

The combination of Me3Al and TMSOTf allows the conversion
of a carbonyl into a geminal dimethyl functionality (eq 70).102

Other methylating reagents such as MeTiCl3, Me2TiCl2, Me2Zn,
or Me3Al itself were not successful for this transformation.

OEt

O

O

OH

O

(70)

Me3Al/TMSOTf  (2/1), CH2Cl2, rt

95%

The coupling reaction between an electron-deficient alkene and
an aldehyde (Baylis–Hillman reaction) usually requires a cata-
lyst/catalytic system (typically, a tertiary amine and a Lewis acid)
to be successful. The base catalyst is not necessary when pyridine-
2-carboxaldehyde is employed as electrophile; it is enough with
the activation effected by stoichiometric amounts of TMSOTf for
the reaction to proceed to give indolizidine derivatives (eq 71).103

N

CHO
O

N

O

+

1. TMSOTf (1 equiv), Ac2O
    CH3CN, 0 °C to rt

2. K2CO3 (aq)
46%

(71)

This reaction can be promoted by the use of dimethyl sulphide
as a catalyst (Chalcogeno-Baylis-Hillman reaction) in the pres-
ence of stoichiometric amounts of TMSOTf; in the case of the
reaction between methyl vinyl ketone and p-nitrobenzaldehyde a
2:1 adduct was isolated (eq 72), with incorporation of two units
of ketone into the final product.104

O
NO2

O

O

OH

O

NO2

TMSOTf, Me2S
CH2Cl2, −78 °C to rt

+
20%

(72)

A synthesis of cross-conjugated 2-cyclopenten-1-ones from
dialkenyl ketones is readily induced by TMSOTf (eq 73). A strong
fluorine-directing effect has been observed for such Nazarov-type
cyclization, as mixtures of products have been observed for
nonfluorinated dialkenyl ketones. The addition of 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) as a cosolvent dramatically
accelerates the cyclization. Other acids such as BF3·OEt2, FeCl3,
polyphosphoric acid, or TiOH are less effective while neither
TMSI nor TMSOMe promote this cyclization at all in CH2Cl2.105

3-Ethoxycarbonyltetrahydro-γ-pyrones also undergo such
Nazarov-type cyclization.106

CF2
R1

R2n-Bu

O R3

O

R1F

R2

R3

n-Bu
(73)

TMSOTf (1 equiv)

CH2Cl2-HFIP (1/1), rt

71−97%

A catalytic amount of TMSOTf is enough to catalyze the [4 + 3]
cycloaddition between 1,4-dicarbonyl compounds and bis(tri-
methylsilyl) enol ethers; the process is highly chemo- and regio-
selective (eq 74).107 When 1,5-diketones are employed, the
title compound is regarded as the ideal catalyst to achieve [5 + 3]
cyclizations with the bis(trimethylsilyl)enol ether of methyl aceto-
acetate.108

O

R2
R3 R4

R1

CO2Me

O

R1

R2 O

R4

R3O
TMSO OTMS

OMe

(74)

+

TMSOTf
 CH2Cl2, −78 °C



533TRIMETHYLSILYL TRIFLUOROMETHANE SULFONATE

In a highly polar medium such as 3.0 M lithium perchlorate-
ethyl acetate, TMSOTf is an effective reagent for promoting
intermolecular109 or intramolecular110 all-carbon cationic [5 + 2]
cycloaddition reactions (eq 75).

O

O OMe

Me

O

OMe
OMeMeO

TMSOTf (1.05 equiv)

3.0 M LiClO4-EtOAc, −23 °C
+ 84%

(75)

TMSOTf also interacts with carbonyl111 or imino112 groups
promoting intermolecular hetero-Diels-Alder reactions with effi-
cient control of the stereochemistry (eq 76).

N
Ph

OTBDMS
TMSOTf

N

OTBDMS

Ph

H

+
89%

(76)

Acetal Activation. TMSOTf acts as a catalyst for the addi-
tion of several nucleophiles (allylsilanes, allylstannanes, silyl enol
ethers, trimethylsilyl cyanide) toward N,O-acetals, which were ob-
tained following a DIBAL reduction-silylation sequence from acyl
amides, by promoting the formation of the corresponding acylim-
inium ions (eq 77).56a In such reactions, boron trifluoride etherate
gives usually slightly higher yields. TMSOTf also acts as a catalyst
for the analogous addition of silyl enol ethers to O,O-acetals.58

N

Cbz

OTMS

N

Cbz

CN

TMSOTf (0.2 equiv), CH2Cl2
TMSCN, −78 °C to −30 °C

99%

(77)

In other reactions that proceed via an acyliminium ion, O-vinyl
N,O-acetals rearrange smoothly to β-(N-acylamino)aldehydes at
0 ◦C in CH2Cl2 in the presence of TMSOTf with moderate to
high diastereoselectivities (eq 78).113 However, TMSOTf failed to
promote aprotic alkyne-iminium cyclizations, which are readily
enhanced by TMSCl, TMSBr, or SiCl4.114 On the other hand,
TMSOTf assists in the addition of enols to heteroaromatic imines
or hydroxyaminal intermediates.115

N
R1

O

R3

R2

R

O

N O

O

R3

R2

R1

R

(78)

1. TMSOTf (30−100 mol %), CH2Cl2, 0 °C
2. K2CO3, H2O

35−67%

dr = 20−96%

The tropane alkaloid skeleton can be accessed in one pot via
domino ene-type reactions of acetone silyl enol ether, the first
one of them being intermolecular, with catalytic use of
TMSOTf (eq 79).116 Alternatively, asymmetric tropinones can
be reached by cyclization of 1,3-bis-silyl enol ethers with acyl-
iminium triflates.117

N

O

MeO2C

O

TMS

TMS

N CO2Me

OMe

OMe

+
TMSOTf, CH2Cl2, −78 °C to rt

67%

(79)

TMSOTf is effective in both stoichiometric and catalytic modes
to promote the [4 + 3] cycloaddition of dienes to 1,1-dimethoxy-
acetone-derived silyl enol ethers (eq 80). SnBr4, SnCl4, TiCl4,
SbCl5, BCl3, and Ph3C+BF4

− gave satisfactory results when
employed in stoichiometric amounts, while the cycloaddition does
not take place for Sn(OAc)4, SnCl2, ZnBr2, or AgBF4.118

O

Me

Me

O

OMe

OMe

OTMS

OMe

(80)

78%

2,5-dimethylfuran, TMSOTf, CH2Cl2, −78 °C

A previously described procedure, reported to be efficient for
dioxolanes and noncyclic acetals,42 has been generalized for
both cyclic and acyclic acetals of ketones and aldehydes,119 and
it has been successfully applied to the opening of 1,3-dioxanes to
enol ethers (eq 81).120 However, aromatization has occurred for
4-(N-benzoylamino)-4-phenyl-2,5-cyclohexadienone dimethyl
ketal (eq 82).121 This method has also allowed the develop-
ment of 1-methylcyclopropyl ether as a protecting group for the
hydroxyl moiety which is prepared regioselectively from terminal
acetonides.122
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O
O

OTMSO
TMSOTf, Et3N

CH2Cl2, 0 °C

97%

(81)

MeO OMe

Ph
H
N

O

Ph

HN

Ph

OMe

Ph

O

TMSOTf, CH2Cl2

87%
(82)

The allylation of acetals is also promoted by TMSOTf. In fact,
TMSOTf is the only viable Lewis acid for the intermolecular al-
lylation which is achieved employing allylborates, generated in
situ from triallylborane, as the allyl source, and butyllithium in
THF at −78 ◦C (eq 83).123 The intramolecular allylation of mixed
silyl-substituted acetals reaches high diastereoselectivities when
promoted by TMSOTf (eq 84), although the diastereoselectivities
are even higher and very good yields are reached when the in-
tramolecular allylation reaction is promoted by boron trifluoride
etherate without prior synthesis of the mixed acetal.124 However,
depending on the structure of the mixed acetal, TiCl4 provides
higher diastereoselectivities while the intramolecular allylation
with TMSOTf as Lewis acid proceeds without stereoselectivity.125

Thioacetals are suitable substrates for the TMSOTf-promoted
addition of allylmetals.126 On the other hand TiCl4, SnCl4, or
Et2AlCl provide higher yields although slightly lower diastereo-
selectivities than TMSOTf for the addition of other nucleophiles
such as silyl enol ethers to trialkylsilyl-substituted acyclic-mixed
acetals.127

R OR1

OR1

R

OR1

(83)
22−94%

Li+ [BuB(allyl)3]−, TMSOTf 

THF, −78 °C

R Si

O O

R1

R2

R Si

O

OH

R1

R2 (84)

69−85%

1. TMSOTf, CH2Cl2, −78 °C

2. SiO2, H2O

diastereoselectivity = 1.6−34:1

The reduction of ketals to protected secondary alcohols is
readily accomplished in high yield with borane-dimethyl sulphide
upon activation with TMSOTf at −78 ◦C (eq 85). Other Lewis
acids require higher temperatures, and 1 equiv of TMSOTf is
essential for complete conversion of the ketal.128 The solvent has

a decisive role for controlling the site selectivity in the case of
unsymmetrical diols.129

O O

R1 R2

O

R2R1

OH

(85)

36−95%

1. TMSOTf (1 equiv), BH3·SMe2, CH2Cl2, −78 °C

2. OH−

TMSOTf also plays an important role in sugar chemistry. In
fact it often mediates in the formation of the glycosidic bond,
either alone130 or in conjunction with trimethylsilyl chloride,131

N-bromosuccinimide (NBS),132 or N-iodosuccinimide (NIS).133

In such reactions, different moieties have acted as leaving
groups134 in the glycosyl donor and O-, N-, or C-nucleophiles135

have been employed (eq 86). The addition of hydroxyl unpro-
tected sugar units to the exo-anomeric double bond of ketene
dithioacetals, which act as glycosyl donors, is also promoted by
TMSOTf.136

O
BzO

BzO
OBz

O

OBz

NH

CCl3
OH

HO

O
BzO

BzO
OBz

O

OBz

OH

TMSOTf , CH2Cl2

64%
+

(86)

A TMSOTf-induced intramolecular cyclization of silyl enol
ethers also takes place with orthoesters (eq 87).137

TMSO

OEt

OEt

OEt

SO2

L2N

O
OEt

OEtH

H SO2 NL2

N

OMe

(87)

TMSOTf, CH2Cl2, −78 °C

yield not reported

L2N    =

Nitrone Activation. The nucleophilic addition to aldonitrones
depends on the nature of the metal involved and the presence/
absence of an activator. Thus, allylsilanes add to aromatic nitrones
to give homoallylhydroxylamines in excellent yields (eq 88);138

other Lewis acids were unsuccessful with TiCl4 as the only
exception, although it produced just a 32% yield.
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N

Ar

OMe

H

SiMe3

N
OH

Ar

Me

+

TMSOTf (0.1 to 1 equiv) 

CH2Cl2, rt

73−94%

(88)

The [3 + 2] dipolar cycloaddition of nonaromatic nitrones with
allyltrimethylsilane, which requires temperatures >100 ◦C with-
out a catalyst, is carried out at temperatures ≤20 ◦C in the pres-
ence of TMSOTf (eq 89), with moderate to good yields and low
to moderate diastereoselectivities.139

N

R

OR1

H

SiMe3

ON
TMS

R

R1

+
TMSOTf, CH2Cl2

40−89%

cis/trans = 61/39 to 15/85

(89)

On the other hand, allylstannanes add to nitrones in the pres-
ence of TMSOTf to give O-silylated homoallylic hydroxylamines
in high yields; when the crude reaction mixture is quenched with
NIS, 5-iodomethylisoxazolines are formed in excellent yields
(eq 90).140

N

Ph

OMe

H

SnBu3

ON
I

Ph

Me

+

1. TMSOTf, CH2Cl2, rt

2. NIS

72%

cis/trans = 55/45

(90)

The addition of silyl ketene acetals to chiral aldonitrones
requires the use of Lewis acids as activating reagents. Whereas
activation with TMSOTf followed by a treatment with hydrofluo-
ric acid-pyridine leads to the syn-adducts of isoxazolidin-5-ones
(eq 91), the use of diethylaluminium chloride or boron trifluoride
etherate leads to anti-compounds.141

O
O

O
N

H

Bn

OTBDMS

OMe

Bn
N O

O
O

O

(91)

+

1. TMSOTf

2. HF-Py

yield not reported

Epoxide Ring Opening. One-pot alkylation-O-silylation re-
actions of epoxides take place in excellent yields when the epox-
ides are treated with trialkylaluminum-TMSOTf and Et3N (1.5
equiv of each one) in methylene chloride at −50 ◦C (eq 92). Other
trialkylsilyl triflates also undergo this reaction, which is stereospe-
cific: anti-compounds are obtained from trans-epoxides while cis-
epoxides yield syn-adducts.142

O

OTMS

(92)

1. Me3Al, TMSOTf, CH2Cl2, −50 °C
2. Et3N

90%

Chiral aryl epoxides are converted into hydroxy-protected chi-
ral α-hydroxy aryl ketones with complete retention of the chiral
center and good regioselectivity by treatment with a combination
of DMSO and TMSOTf (eq 93). Other reagent combinations such
as DMSO/BF3·OEt2 or DMSO/TfOH lead to lower yields of the
desired alcohols.143

OH

H

Me

O

OTMS

SS

S (93)

1. DMSO, TMSOTf (1.2 equiv), rt

2. Et3N (5 equiv), CH2Cl2, −78 °C

80%

ee > 96%

The TMSOTf-induced intramolecular reaction of allylstan-
nanes with epoxides causes a regio- and stereoselective cyclization
to five- or six-membered carbocycles (eq 94), depending on the
substituents of the starting material. TiCl4 also gives high yields
and slightly higher selectivities; catalytic amounts of Lewis acids
are insufficient for completion of the reactions.144

Bu3Sn

O
Ph

HO

Ph

(94)

TMSOTf, CH2Cl2

95%

Silylated aldol adducts can be reached by using a nonaldol
rearrangement promoted by treatment of bulky epoxy bis-silyl
ethers with TMSOTf/i-Pr2NEt in methylene chloride at −50 ◦C
(eq 95).145 Bulky mesylated epoxy silyl ethers also undergo this
transformation; however, a silyl triflate-promoted Payne rear-
rangement was observed as a side reaction depending on the stere-
ochemistry of the starting epoxide.146

TBDMSO

Pr

Me Me

OTES
O

TBDMSO

Pr

Me Me

CHO

OTMS

TMSOTf, i-Pr2NEt, CH2Cl2, −50 °C

85%

(95)



536 TRIMETHYLSILYL TRIFLUOROMETHANE SULFONATE

Cleavage of Protecting Groups. THP ethers of primary,
secondary, and phenolic alcohols can be conveniently de-
protected at room temperature by treatment with 1.2 equiv
of TMSOTf in methylene chloride (eq 96).147 Deprotection
of tert-butyldimethylsilyl ethers in the presence of a tert-
butyldiphenylsilyl ether has been smoothly accomplished using
TMSOTf at −78 ◦C, as one of the steps of the total synthesis of
marine macrolide ulapualide A.148

Ph OTHP
TMSOTf, CH2Cl2

Ph OH
99%

(96)

TMSOTf has been reported to be a selective and efficient
regent for the cleavage of tert-butyl esters in the presence of
tert-butyl ethers, under virtually neutral conditions (eq 97), while
iodotrimethysilane effects the deprotection of both species. No
racemization was observed when this procedure was applied to
the synthesis of tert-butoxy amino acids.149

R O

O

R OH

O
1. TMSOTf, Et3N, dioxane, reflux

2. H2O

53−90%
(97)

6-Substituted isopropyl-protected guaiacols undergo transpro-
tection in one step when treated with TMSOTf in anhydrous
acetonitrile (eq 98); very high yields are obtained for this trans-
formation if the substituent at position 6 is bulky and electron-
withdrawing. However, mono- and disubstituted isopropyl phenyl
ethers undergo Friedel-Crafts acetylation rather than transprotec-
tion.150

O

O

O

O
O

(98)
TMSOTf, Ac2O, CH3CN, rt

62%

The system TMSOTf/2,6-lutidine has been proved to be highly
effective for the deprotection of cyclic and acyclic acetals from
aldehydes (eq 99); on the other hand, high chemoselectivity has
been achieved when using triethylsilyl triflate/2,6-lutidine, which
can deprotect acetals in the presence of ketals.151

OMe

OMe(  )8

O

(  )8

(99)

1. TMSOTf, 2,6-lutidine, CH2Cl2, 0 °C

2. H2O

83%

The same combination of reagents (TMSOTf/2,6-lutidine) has
been employed to deprotect N-tert-butoxycarbonyl groups from
substrates in the solid phase synthesis of several peptides, without
cleaving the substrates from the support as would occur in the case
of using TFA with TFA-sensitive resins (such as Rink’s amide
resin) (eq 100). This method has great potential for the solid-
phase synthesis of small molecule libraries.152 Such a reagent
combination had been previously developed for solution phase
reactions of nonpeptidic substrates.153

O

H
N

H2N
Substrate Rink

O

H
N

O N
H

O
Substrate Rink

1. TMSOTf, 2,6-lutidine 
    CH2Cl2, rt
2. MeOH

(100)

A combination of thioanisole and TMSOTf was used to nucle-
ophilically release phenols from a polystyrene resin (eq 101).154

O

OH

TMSOTf, anisole (10 equiv)

10% TFA:CH2Cl2, rt

(101)

Hypervalent Iodine Chemistry. The formation of hyperva-
lent iodine complexes is often promoted by TMSOTf. Thus, TMS-
alkynes can be transformed with iodosobenzene and TMSOTf into
phenyl iodonium triflates in moderate to good yields, which may
be subsequently converted into alkyneamides (eq 102).155

Br

TMS

Ph I O

Br

IPhOTf
Ph

H
N

SO2Tol

Br

N

SO2Tol

Ph

+
TMSOTf, CH2Cl2, −20 °C

64%

BuLi, toluene, 0 °C

46%

(102)

The TMSOTf-mediated reaction of benziodoxoles with aro-
matic nitrogenated heterocycles156 or azides157 permits the prepa-
ration of hypervalent iodine complexes bearing nitrogen ligands
(eq 103) as well as several other unsymmetrical tricoordinate
iodinanes.158 TMSOTf has found widespread use as a reagent for
the preparation of fluorinated hypervalent iodine compounds.159
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O
I

O

OH

O
I

O

N

TfO

57%

(103)

TMSOTf, pyridine, CH2Cl2, rt

1-Alkynylbenziodoxoles are selectively formed in high prepar-
ative yield by the sequential addition of trimethylsilylacetylenes
and pyridine to benzoiodoxole triflates,160 which are prepared in
situ from 2-iodosylbenzoic acid and TMSOTf (eq 104).

R TMS

1. TMSOTf, CH3CN, rt

2. 

3. pyridine

O
I OHO O

I O
R

(104)
83−90%

On the other hand, TMSOTf activates acetoxybenziodazoles
to afford 3-iminobenziodoxoles upon reaction with amides and
alcohols via an acid-catalyzed rearrangement (eq 105).161

1. TMSOTf, CH3CN, rt to 40 °C

2. ROH
NH

I

O

OAc

O
I

NH2

OR

OTf (105)

83−90%

The formation of cationic iodonium macrocycles such as rhom-
boids, squares, or pentagons can be carried out in high yields by
reaction of hypervalent iodoarenes with TMS-substituted aro-
matic compounds in the presence of TMSOTf (eq 106).162

I
OTsTsO

I

OHOH

TMSTMS

II

OTf
OTf

TMSOTf, DCM

71%
+

(106)

A combination of a hypervalent iodine(III) reagent [phenyl-
iodine(III) bis(trifluoroacetate)] and TMSOTf has shown great
efficiency for the synthesis of pyrroloiminoquinones from 3-
(azidoethyl)indole derivatives (eq 107).163

N

N3

OMe

MeO
Ac

N

O

MeO
H

N

PhI(OCOCF3)2, TMSOTf

(CF3)2CHOH/H2O (50/1)

51%

(107)

Miscellaneous. TMSOTf has been also the Lewis acid of
choice (2 equiv) to promote the olefination reaction to give
α-cyano α,β-unsaturated aldehydes from 2-cyano-3-ethoxy-2-en-
1-ols (eq 108), which takes place at −78 ◦C.164

OH OEt

Ph

CN

CHO

CN

Ph

1. TMSOTf (2 equiv), CH2Cl2, −78 °C

2. NaHCO3 (aq)

91%

(108)

The reaction of pyridine with chiral acyl chlorides mediated
by TMSOTf results in the formation of chiral N-acylpyridinium
ions which can be trapped with organometallic reagents to form
N-acyldihydropyridines or N-acyldihydropyridones in a diastereo-
selective manner (eq 109).165 Catalytic TMSOTf also partakes in
the acylation of cyclic bis(trimethylsiloxy)-1,3-dienes, which are
synthons of 1,3-dicarbonyl dianions.54

O O

O

Cl

O O

O

N

Ph

O

N OMe

1. TMSOTf, CH2Cl2
2. PhMgBr,  CH2Cl2, −78 °C
3. HCl

64%
+

de = 32%

(109)

The reaction of 1,1-bis(trimethylsiloxy)ketene acetals with
oxalyl chloride results in a straightforward one-pot synthesis of a
variety of 3-hydroxymaleic anhydrides (eq 110).166
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R

OTMS

OTMS Cl O

ClO

OO O

RHO

TMSOTf (0.5 equiv), CH2Cl2, −78 °C to rt
+

20−73%

(110)

TMSOTf gives the best yields, among the tested Lewis acids
(ZnBr2, TiCl4, SnCl4), for the synthesis of functionalized 1,2,3,4-
β-tetrahydrocarbolines from enamido ketones,167 through the
formation of N-acyliminium ions as intermediates (eq 111).

TMSOTf, CH2Cl2, −78 °C

N
H

N

O

CCl3

O

Me

N
H

N

Me

O

O

CCl3

(111)

95%

4-Trimethylsilyloxy-1-benzothiopyrylium triflate and 4-tri-
methylsilyloxyquinolinium triflate, which can be easily gener-
ated by TMSOTf addition to 4H-1-benzothiopyran-4-one168 and
4-quinolone,169 respectively, behave as Michael acceptors as they
undergo the in situ TMSOTf-promoted addition of C-nucleophiles
such as allylstannanes and silyl enol ethers, respectively. In a simi-
lar manner, 4-trimethylsilyloxypyrylium triflate, easily accessible
in situ from pyran-4-one, undergoes a domino reaction sequence
with 2 equiv of a silyloxybuta-1,3-diene leading to the forma-
tion of tetrahydro-2H-chromenes as sole products with high yields
(eq 112).170

O

OTMS

OTMS

NO2

OTMSO

TMSO

OTMS

NO2NO2

H

HH

OTf +

(112)

TMSOTf, 2,6-lutidine, CH2Cl2, rt

56%

TMSOTf promotes the Diels-Alder cycloaddition of p-tolyl
vinyl sulfoxide with furan or cyclopentadiene;171 the reaction
is slower and less stereoselective than when induced by ethyl
Meerwein’s reagent (Et3OBF4). It also promotes the [4 + 2]
cycloaddition between 2,2-dimethoxyethyl acrylate and several

dienes with high yields and stereoselectivities (eq 113);172 TiCl4
and Ph3CClO4 also give satisfactory results in such processes.

OO
OMe

OMe

O

O

OMe

OMe

+

TMSOTf (1.2 equiv)
CH2Cl2, −78 °C

83%

(113)

endo:exo = >99:1

Just catalytic amounts of the title reagent are required to
efficiently mediate in the conversion of Diels-Alder adducts of
1-methoxy-3-[(trimethylsilyl)oxy]-1,3-butadiene (Danishefsky’s
diene) to cyclohexenones (eq 114).173 Dilute HCl or concentrated
acid lead to a greater percentage of side products.

TMSO

OMe

R

R1 O

R

R1

(114)
TMSOTf, CH2Cl2, −78 °C

93−95%

The addition of Lewis acids also improves the yield for a
Beckmann fragmentation followed by carbon-carbon bond for-
mation through reaction of oxime acetates with organoaluminum
reagents (eq 115). ZnCl2 is generally more effective than TMSOTf
for this transformation.174

OMe

NOAc

R

CN

OMe

(115)

RAlEt2, Lewis acid, CH2Cl2, 0 °C

Yields

39−62%

35−91%

Lewis Acid

TMSOTf

ZnCl2

The mixture of 1,3-dibromo-5,5-dimethylhydantoin
(DBDMH)-TMSOTf in methylene chloride has proved to
be more reactive than DBDMH alone for the aromatic bromina-
tion of arenes.175

On the contrary, debromination of α-bromo carboxylic acid
derivatives can be achieved in high yield by the combination of
triphenylphosphine and TMSOTf (eq 116). Other Lewis acids
such as germanium(IV) chloride proved to be even more efficient
for such transformation.176

O

NPh2

Br

O

NPh2

Ph3P, TMSOTf, H2O

THF, rt

94% (116)

The generation of thionium ions from sulfoxides bearing an
α-hydrogen can be carried out by using TMSOTf-Et3N as initiator
to afford Pummerer reaction products (eq 117).177



539TRIMETHYLSILYL TRIFLUOROMETHANE SULFONATE

NHO

O

O

S
Ph O

N

O

O

O

SPh

TMSOTf, Et3N

64%

(117)

Several coupling reactions have been activated by the addition
of TMSOTf.

It has been pointed out that the triflate ion increases the elec-
trophilic character of N-acyl quaternary salts of imidazoles and
accelerates its coupling reaction to silyl enol ethers.178 In fact, in
the absence of this Lewis acid, the yield of the coupling product
diminishes (eq 118). Thiazoles, benzothiazoles, and benzoimida-
zoles react in a similar manner.179

N

N

CO2Et

OTMS

N

N

CO2Et

EtO2C O

+

TMSOTf (1.5 equiv), ClCO2Et
CH2Cl2, rt, under Ar

60%
19% (without TMSOTf)

(118)

The nucleophilic attack of silyl enol glycine derivative to a
dienyl acetate organometallic complex proceeds readily and regio-
specifically at −78 ◦C in the presence of TMSOTf to afford a
dienyl glycine derivative in excellent yield (eq 119).180

HN
CO2Me

OF

F

F

Fe(CO)3

OTMSH
N

OMe

O

F

F

F AcO

Fe(CO)3

+

TMSOTf (20 mol %)
CH2Cl2, −78 °C

86%

(119)

The nucleophilic substitution of α-acetoxyhydrazones by silyl
enol ethers takes place with high chemical yields and mod-
erate diastereomeric excesses. Among the several Lewis acids
tested (AsCl3, AlCl3, TiCl4, ZnCl2,…), only BF3·OEt2 provides
a slightly higher diastereoselectivity than TMSOTf.181

α-Propargyl carbocations, which can be generated by treat-
ment of (arene)Cr(CO)3-substituted propargyl acetates with
TMSOTf,182 react with a variety of C-, S-, or N-nucleophiles to
give good yields of the corresponding propargyl derivatives. If
the α-propargyl carbocations are prepared from arene-substituted
propargyl silyl ethers,183 the nature of the products (allenyl or
propargyl compounds) depends mainly on the substituents of

the starting material, although the nucleophile also may exert
some influence; for example, diphenyl-substituted propargyl silyl
ethers usually lead to the formation of allenyl derivatives. α,β-
Unsaturated carbonyl compounds are obtained when these substi-
tuted propargyl silyl ethers are treated with TMSOTf followed by
the addition of water (eq 120).183

Ph

OTMS

H

Ph

Ph

OTMS

TMS

Ph

TMS

•

PhPh

OTMS

OMe

Cr(CO)3

Cr(CO)3

Me

OAc

Ph

H

TMS

Me Ph

H

CO2Me

Ph O

Ph
2. H2O

+

TMSOTf (0.12 equiv)
CH2Cl2, −78 °C

80%

+

TMSOTf (1 equiv)
CH2Cl2, −78 °C

67%

1. TMSOTf (1 equiv), CH2Cl2
    −78 °C to rt

46%

(120)

A TMSOTf-induced stereospecific cationic syn-[1,2] silyl shift
occurs with retention of the stereochemistry at the migrating ter-
minus (eq 121).184

Ph2Si

O Hex

SiPh2
O

TMS
R

R
Ph2Si

OTMS

Ph2
Si

Hex

O

TMSOTf, CH2Cl2, −78 °C

90%

(121)

Iron carbene complexes bearing chirality at the carbene ligand
can be generated from optically pure bimetallic (chromium-iron)
complexes by the addition of 1 equiv of TMSOTf in the presence
of an olefin, which in situ undergoes an asymmetric cyclopropa-
nation. Excellent ee’s are obtained when the reaction is carried
out with gem-disubstituted olefins (eq 122).185
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OMe

Fe

OTMS
H CO

CO

Cr(CO)3

Me

Me
MeO

MeMe

S

+

ee > 95%

89%

1. TMSOTf, CH2Cl2, −78 °C
2. I2

(122)

Benzylic silanes bearing an electron-donating group experi-
ence an oxidative carbon-silicon bond cleavage selectively with
oxovanadium(V) compounds to permit an intermolecular carbon-
carbon bond formation; the addition of TMSOTf resulted in a
more facile coupling (eq 123).186

TMS

OMe

OMe

TMS

(123)

VO(OEt)Cl2 

TMSOTf, 0 °C to rt

46%
+

TMSOTf may act as a Lewis acid promoter for the chiral oxova-
nadium complex-catalyzed oxidative coupling of 2-naphthols. In
the enantioselective version, chlorotrimethylsilane affords higher
enantiomeric excesses (eq 124).187

OH

OH

OH
(R)

O
V

N O

O

O H

Me

O

Ph S

catalyst (2 mol %)
TMSOTf (2 mol %), O2, CH2Cl2

80%

ee = 42%
ee = 48% (with TMSCl)

catalyst  =

(124)
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Trimethylsilyldiazomethane1

Me3Si N2

[18107-18-1] C4H10N2Si (MW 114.25)
InChI = 1/C4H10N2Si/c1-7(2,3)4-6-5/h4H,1-3H3
InChIKey = ONDSBJMLAHVLMI-UHFFFAOYAN

(one-carbon homologation reagent; stable, safe substitute for di-
azomethane; [C–N–N] 1,3-dipole for the preparation of azoles1)

Physical Data: bp 96 ◦C/775 mmHg; n25
D 1.4362.2

Solubility: sol most organic solvents; insol H2O.
Form Supplied in: commercially available as 2 M and 10 w/w%

solutions in hexane, and 10 w/w% solution in CH2Cl2; also
available as 2 M solutions in diethyl ether or hexanes.

Analysis of Reagent Purity: concentration in hexane is deter-
mined by 1H NMR.3

Preparative Methods: prepared by the diazo-transfer reaction
of Trimethylsilylmethylmagnesium Chloride with Diphenyl
Phosphorazidate (DPPA) (eq 1).3

TMS N2TMS Cl TMS MgCl (1)
Mg (PhO)2P(O)N3

Handling, Storage, and Precautions: should be protected from
light.

Original Commentary

Takayuki Shioiri & Toyohiko Aoyama
Nagoya City University, Nagoya, Japan

One-carbon Homologation. Along with its lithium salt,
which is easily prepared by lithiation of trimethylsilyldiazo-
methane (TMSCHN2) with Butyllithium, TMSCHN2 behaves
in a similar way to Diazomethane as a one-carbon homologa-
tion reagent. TMSCHN2 is acylated with aromatic acid chlorides
in the presence of Triethylamine to give α-trimethylsilyl diazo
ketones. In the acylation with aliphatic acid chlorides, the use of 2
equiv of TMSCHN2 without triethylamine is recommended. The
crude diazo ketones undergo thermal Wolff rearrangement to give
the homologated carboxylic acid derivatives (eqs 2 and 3).4

(2)

COCl
1. TMSCHN2, Et3N

80%

CONHPh

2. PhNH2, 180 °C
     2,4,6-trimethylpyridine

(3)

77%

N

CO2Bn

COCl N

CO2Bn

CH2CO2Bn
1. 2 equiv TMSCHN2

2. PhCH2OH, 180 °C
     2,4,6-trimethylpyridine

Various ketones react with TMSCHN2 in the presence of
Boron Trifluoride Etherate to give the chain or ring homologated
ketones (eqs 4–6).5 The bulky trimethylsilyl group of TMSCHN2

allows for regioselective methylene insertion (eq 5). Homologa-
tion of aliphatic and alicyclic aldehydes with TMSCHN2 in the
presence of Magnesium Bromide smoothly gives methyl ketones
after acidic hydrolysis of the initially formed β-keto silanes
(eq 7).6

(4)
TMSCHN2, BF3•Et2O

PhCOCH2Ph PhCOCH2CH2Ph
CH2Cl2, –15 °C, 1 h

74%

(5)
TMSCHN2, BF3•Et2O

OO

CH2Cl2, –15 °C, 4 h
69%

(6)

OHO

TMSCHN2, BF3•Et2O

CH2Cl2, –15 to –10 °C, 3 h
80%

t-BuCHO t-BuCOMe
1. TMSCHN2, MgBr2

89%

(7)
2. 10% aq HCl

O-Methylation of carboxylic acids, phenols, enols, and al-
cohols can be accomplished with TMSCHN2 under different
reaction conditions. TMSCHN2 instantaneously reacts with car-
boxylic acids in benzene in the presence of methanol at room tem-
perature to give methyl esters in nearly quantitative yields (eq 8).7

This method is useful for quantitative gas chromatographic anal-
ysis of fatty acids. Similarly, O-methylation of phenols and enols
with TMSCHN2 can be accomplished, but requires the use of
Diisopropylethylamine (eqs 9 and 10).8 Although methanol is
recommended in these O-methylation reactions, methanol is not
the methylating agent. Various alcohols also undergo O-methyla-
tion with TMSCHN2 in the presence of 42% aq. Tetrafluoroboric
Acid, smoothly giving methyl ethers (eq 11).9

(8)HO CO2H HO CO2Me

TMSCHN2
MeOH–benzene

quantitative

rt, 30 min

(9)

TMSCHN2, i-Pr2NEt
MeOH–MeCN

CO2Me

OH

CO2Me

OMe
rt, 15 h

78%

TMSCHN2, i-Pr2NEt
MeOH–MeCN

Ph

MeO CO2EtCO2Et

Ph

O
(10)

rt, 15 h
89%
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(11)

TMSCHN2
42% aq HBF4OH OMe

(  )8(  )8 CH2Cl2, 0 °C, 2 h
74%

Alkylation of the lithium salt of TMSCHN2 (TMSC(Li)N2)
gives α-trimethylsilyl diazoalkanes which are useful for the prepa-
ration of vinylsilanes and acylsilanes. Decomposition of α-tri-
methylsilyl diazoalkanes in the presence of a catalytic amount
of Copper(I) Chloride gives mainly (E)-vinylsilanes (eq 12),10

while replacement of CuCl with rhodium(II) pivalate affords
(Z)-vinylsilanes as the major products (eq 12).11 Oxidation of
α-trimethylsilyl diazoalkanes with m-Chloroperbenzoic Acid in
a two-phase system of benzene and phosphate buffer (pH 7.6)
affords acylsilanes (α-keto silanes) (eq 12).12

Bn

TMS

Bn TMS

Bn

TMS

O

Bn

TMS

m-CPBA, benzene
phosphate buffer (pH 7.6)

N2 Rh2(OPiv)4, benzene

Br
Bn

CuCl, benzene

(12)

89%, (E):(Z) = 95:5

84%, (E):(Z) = 22:78

65%

TMSC(Li)N2
reflux, 0.5 h

reflux, 0.5 h

0 °C, 5 min; rt, 1 h

(E)-β-Trimethylsilylstyrenes are formed by reaction of alka-
nesulfonyl chlorides with TMSCHN2 in the presence of triethyl-
amine (eq 13).13 TMSC(Li)N2 reacts with carbonyl compounds
to give α-diazo-β-hydroxy silanes which readily decompose to
give α,β-epoxy silanes (eq 14).14 However, benzophenone gives
diphenylacetylene under similar reaction conditions (eq 15).15

Cl

Cl CH2SO2Cl

Cl

Cl (13)

TMSCHN2, Et3N
THF, 0 °C, 1 h TMS

70%

N2

TMS

OH
Ph

(14)
OPh

TMSTMSC(Li)N2, THF Δ
PhCOMe

–70 °C, 30 min –N2

TMSC(Li)N2
Ph Ph (15)PhCOPh

Et2O, rt, 2 h
80%

Silylcyclopropanes are formed by reaction of alkenes with
TMSCHN2 in the presence of either Palladium(II) Chloride or
CuCl depending upon the substrate (eqs 16 and 17).16 Silyl-
cyclopropanones are also formed by reaction with trialkylsilyl
and germyl ketenes (eq 18).17

Ph

CO2Et

Ph

CO2Et
(16)

TMS

TMSCHN2, PdCl2

(E):(Z) = 1:1.4

benzene, 60 °C, 1 h
79%

(17)

Ph

TMS

TMSCHN2, CuCl

(E):(Z) = 1:4.8

PhCH=CH2 benzene, rt, 1 h
46%

TMS
(18)

SiEt2Me

TMSCHN2
O

• O
MeEt2Si

Et2O, –10 °C to rt
90%

[C–N–N] Azole Synthon. TMSCHN2, mainly as its lithium
salt, TMSC(Li)N2, behaves like a 1,3-dipole for the preparation
of [C–N–N] azoles. The reaction mode is similar to that of di-
azomethane but not in the same fashion. TMSC(Li)N2 (2 equiv)
reacts with carboxylic esters to give 2-substituted 5-trimethylsilyl-
tetrazoles (eq 19).18 Treatment of thiono and dithio esters with
TMSC(Li)N2 followed by direct workup with aqueous methanol
gives 5-substituted 1,2,3-thiadiazoles (eq 20).19 While reaction of
di-t-butyl thioketone with TMSCHN2 produces the episulfide with
evolution of nitrogen (eq 21),20 its reaction with TMSC(Li)N2

leads to removal of one t-butyl group to give the 1,2,3-thiadiazole
(eq 21).20

Cl CO2Me

Cl
O

N
N N

N TMS
(19)

2 equiv TMSC(Li)N2

Et2O, 0 °C, 3 h
88%

X

S
S

N
N

(20)
8

1. TMSC(Li)N2 8

X = OMe or SMe X = OMe, 79%; SMe, 84%

2. H2O–MeOH

S

N
N

t-Bu

TMS

TMSCHN2
Et2O, 0 °C, 2 h;

S

t-Bu
t-Bu

TMS

(21)

TMSC(Li)N2

t-Bu2C=S

rt, 1 h
89%

Et2O, 0 °C, 1 h
82%

TMSCHN2 reacts with activated nitriles only, such as cyanogen
halides, to give 1,2,3-triazoles.21 In contrast with this, TMSC
(Li)N2 smoothly reacts with various nitriles including aromatic,
heteroaromatic, and aliphatic nitriles, giving 4-substituted 5-tri-
methylsilyl-1,2,3-triazoles (eq 22).22 However, reaction of α,β-
unsaturated nitriles with TMSC(Li)N2 in Et2O affords 3(or 5)-
trimethylsilylpyrazoles, in which the nitrile group acts as a leaving
group (eq 23).23 Although α,β-unsaturated nitriles bearing bulky
substituents at the α- and/or β-positions of the nitrile group un-
dergo reaction with TMSC(Li)N2 to give pyrazoles, significant
amounts of 1,2,3-triazoles are also formed. Changing the reac-
tion solvent from Et2O to THF allows for predominant formation
of pyrazoles (eq 24).23 Complete exclusion of the formation of
1,2,3-triazoles can be achieved when the nitrile group is replaced
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by a phenylsulfonyl species.24 Thus reaction of α,β-unsaturated
sulfones with TMSC(Li)N2 affords pyrazoles in excellent yields
(eq 25). The geometry of the double bond of α,β-unsaturated sul-
fones is not critical in the reaction. When both a cyano and a
sulfonyl group are present as a leaving group, elimination of the
sulfonyl group occurs preferentially (eq 26).24 The trimethylsilyl
group attached to the heteroaromatic products is easily removed
with 10% aq. KOH in EtOH or HCl–KF.

TMSC(Li)N2

N CN
N
H

N
N

TMS

N
(22)

Et2O, 0 °C, 2.5 h
92%

TMSC(Li)N2
(23)

CN N
H

NTMSEt2O, 0 °C, 1.5 h
76%

t-Bu

CN

TMSC(Li)N2

N
H

NTMS

t-Bu

N
H

N
N

TMS

t-Bu

(24)+

in Et2O
in THF

39%
71%

51%
  6%

(25)
N
H

NTMS
SO2Ph

Et Pr
Pr

Et

TMSC(Li)N2, Et2O

–70 °C, 1 h; 0 °C, 2 h
85%

TMSC(Li)N2, THF

N
H

NTMSSO2Ph

CNCN
(26)

Cl Cl

–78 °C, 1 h; 0 °C, 2 h
87%

Various 1,2,3-triazoles can be prepared by reaction of TMSC-
(Li)N2 with various heterocumulenes. Reaction of isocyanates
with TMSC(Li)N2 gives 5-hydroxy-1,2,3-triazoles (eq 27).25 It
has been clearly demonstrated that the reaction proceeds by a
stepwise process and not by a concerted 1,3-dipolar cycloaddi-
tion mechanism. Isothiocyanates also react with TMSC(Li)N2 in
THF to give lithium 1,2,3-triazole-5-thiolates which are treated in
situ with alkyl halides to furnish 1-substituted 4-trimethylsilyl-
5-alkylthio-1,2,3-triazoles in excellent yields (eq 28).26 How-
ever, changing the reaction solvent from THF to Et2O causes a
dramatic solvent effect. Thus treatment of isothiocyanates with
TMSC(Li)N2 in Et2O affords 2-amino-1,3,4-thiadiazoles in good
yields (eq 28).27 Reaction of ketenimines with TMSC(Li)N2

smoothly proceeds to give 1,5-disubstituted 4-trimethylsilyl-
1,2,3-triazoles in high yields (eq 29).28 Ketenimines bearing an
electron-withdrawing group at one position of the carbon–carbon

double bond react with TMSC(Li)N2 to give 4-aminopyrazoles as
the major products (eq 30).29

(27)NCO N
N N

HO

TMSC(Li)N2, Et2O

0 °C, 1 h; rt, 1.7 h
71%

99%
(28)

1. TMSC(Li)N2
    THF

TMSC(Li)N2

N
N

N

SBn

TMS

Ph

N
N

S
PhNH

PhNCS

2. BnBr

Et2O, 0 °C, 2 h
83%

(29)•
Bu

Et
N

Bu
N

N
NTMS

Bu
Et

BuTMSC(Li)N2

Et2O, 0 °C, 2 h
82%

•
P

N
Et

N
N

NHEt

TMS

OEtO

EtO (30)
P

O

EtO OEt

TMSC(Li)N2

Et2O, 0 °C, 2 h
73%

Pyrazoles are formed by reaction of TMSCHN2 or
TMSC(Li)N2 with some alkynes (eqs 31 and 32)24,30 and
quinones (eq 33).31 Some miscellaneous examples of the reactiv-
ity of TMSCHN2 or its lithium salt are shown in eqs 34–36.20,31,32

TMSC(Li)N2, Et2O

N
H

N

Ph

TMS

SO2Ph

(31)Ph SO2Ph
–78 °C, 1 h; 0 °C, 2 h

74%

TMSCHN2

N
H

N
(32)

OMe

Cr(CO)5

MeO

Cr(CO)5

hexane
76%

TMSCHN2
(33)

O

O

O

O

N
H

N
Et2O, 0 °C, 4 h

89%

O O
OO

TMS

(34)

TMSCHN2
ClCH2CH2Cl

rt, 2 h, reflux, 6 h
42%
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O

S

O

N NH
STMS

(35)
TMSC(Li)N2, Et2O

–70 °C, 1 h; 0 °C, 0.5 h
74%

C Pt-Bu (36)N
N

P

TMS

t-Bu
TMSCHN2

Et2O, rt, 30 min
89%

First Update
Timothy Snowden
The University of Alabama, Tuscaloosa, AL, USA

Trimethylsilyldiazomethane has been shown to have a
nucleophilicity between that of silyl enol ethers and enamines
in dichloromethane. Trimethylsilyldiazomethane is 1.5 orders of
magnitude less nucleophilic than diazomethane and 4 orders of
magnitude more nucleophilic than ethyl diazoacetate.33 A crys-
tal structure of lithium trimethylsilyldiazomethane, TMSC(Li)N2,
has also been obtained.34

One-carbon Homologation. When acid chlorides are un-
available or problematic, the Arndt-Eistert-type homologation of
carboxylic acid derivatives is possible by adding TMSCHN2 to a
mixed anhydride or to a solution of carboxylic acid and DCC, fol-
lowed by Wolff rearrangement of the intermediate diazoketone
(eq 37).35 The use of DCC as the activating agent limits the
reaction to a maximum 50% yield because of the interme-
diate symmetric anhydride formed. A two-step ring expansion
of N-carboxylated-β-lactams to the corresponding γ-lactams is
affected by treating the former with NaHMDS and TMSCHN2,
followed by photo-Wolff rearrangement of the ring-opened dia-
zoketone. The reaction occurs in moderate overall yield without
epimerization of resident stereocenters (eq 38).36

O2N

N

O

O

OH

O

O2N

N

O

O

O
N2

O2N

N

O

O

OMe

O

1. EtOCOCl, Et3N
2. TMSCHN2

PhCO2Ag, Et3N, MeOH, )))

(37)

77%

NR
O

Ph

NR

O

Ph
1. TMSCHN2, NaHMDS, −78 °C
2. UV, PhH

R = Cbz (66%)
R = CO2Et (66%)

(38)

One-carbon homologation of aldehydes and ketones using
trimethylaluminum or methylaluminum bis(2,6-di-tert-butyl-4-
methylphenoxide) (MAD) has been reported to be more regio-
selective and higher yielding than homologation using boron
trifluoride etherate in some cases (eqs 39 and 40).37 Organo-
aluminum reagents also promote the direct conversion of aliphatic,
alicyclic, and aromatic aldehydes to homologous methyl ketones
using TMSCHN2 (eq 41).38 The complementary conversion of
dialkyl ketones to homologated aldehydes is possible by react-
ing TMSC(Li)N2 and lithium diisopropylamine with the ketone
(eq 42). This is a particularly singular transformation, although
yields (16–84%) are highly substrate dependent and conditions
are unsuitable for base-sensitive substrates.39

O O O

+

Me3Al, CH2Cl2, −20 °C
BF3·Et2O, CH2Cl2, −20 °C

68% (96:2)
35% (64:23)

(39)
TMSCHN2, conditions

Conditions Yield

C7H15

O

C7H15

O

C7H15

O

C7H15

CHO

MAD, CH2Cl2, −78 °C
Me3Al, CH2Cl2, −20 °C
BF3⋅Et2O, CH2Cl2, −20 °C

+ + (40)

75% (85:15:0)
92% (31:36:33)
87% (51:40:9)

TMSCHN2, conditions

Conditions Yield

CHO

O

TMSCHN2, Me3Al, 0 °C

78%

(41)

Ph

O

Ph

CHO1. TMSCHN2, LDA
2. H2O

72%
(42)
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BnO
O

O

BnOBnO

O

BnO

O

TMSCHN2 
i-PrOH, PPh3 

cat. RhCl(PPh)3

H3CPPh3Br 
NaHMDS, THF

3

69%

(46)

20–25% 30–35%

+
3 3

3

Alkenylation. Trimethylsilyldiazomethane is a useful reagent
for the methylenation of carbonyl compounds in the presence of
catalytic ruthenium40 or rhodium complexes. Wilkinson’s catalyst
along with stoichiometric TMSCHN2, 2-propanol, and triphenyl-
phosphine rapidly methylenates a variety of sensitive ketones and
aldehydes under nonbasic conditions in high yield (eqs 43–45).41

The use of 2-trimethylsilanylethyl 4-diphenylphosphanylbenzoate
(DPPBE)42 in place of triphenylphosphine simplifies alkene puri-
fication without sacrificing overall yield.41b The TMSCHN2 and
Wilkinson’s catalyst system is superior to standard Wittig con-
ditions not only for methylenation of enolizable substrates but
also for enhanced chemoselectivity in the methylenation of keto-
aldehydes (eq 46).41a,43

Ph
O

O

H

Ph
O

TMSCHN2, i-PrOH 
PPh3, cat RhCl(PPh)3

86%
(43)

Ph

O

OBn

Ph
OBn

TMSCHN2, i-PrOH 
PPh3, cat RhCl(PPh)3

81%

98% ee

97% ee

(44)

Ph

O

CF3

O

Ph

O

CF3

 TMSCHN2, i-PrOH 
PPh3, cat RhCl(PPh)3

63%

(45)

Substrates suitable for the Colvin rearrangement15 have been
extended to enolizable aryl alkyl ketones and both aromatic and
aliphatic aldehydes using TMSC(Li)N2 (eq 47). These condi-
tions are reported to be superior to those employing dimethyl
diazomethylphosphonate (DAMP) with regard to reaction times
and range of permissible substrates. However, the reaction is not
suitable for dialkyl ketones (see eq 42).44

MeO

O

R

MeO

R

TMSCHN2, LDA
THF/hexane

R = Me (82%)
R = H (86%)

(47)

The reaction of 2 equiv of TMSCHN2 with an alkyne in the
presence of catalytic RuCl(cod)Cp* affords 1,4-bis(trimethyl-
silyl)buta-1,3-dienes in moderate to excellent yield (eq 48).45

The resulting terminal vinylsilanes may be readily converted to
a variety of functionalities. This ruthenium catalyst also facili-
tates enyne metathesis with TMSCHN2 to generate bicyclo[3.1.0]
hexane derivatives bearing a heteroatom in the cyclopentane ring
(eq 49). The reactivity of the enynes is greater with propargyl sul-
fonamides than with the corresponding ethers.46 A related cascade
metathesis reaction involving the Ni(cod)2-catalyzed [4 + 2 + 1]
cycloaddition of TMSCHN2 and a dienyne offers an efficient
approach to unsaturated bicyclo[5.3.0]decane systems (eq 50).47

OH Me3Si

SiMe3

OH

TMSCHN2 
cat RuCl(cod)Cp* 

dioxane, 60 °C

95%
(48)

TsN
N
Ts

SiMe3

TMSCHN2 
cat RuCl(cod)Cp* 

dioxane, 60 °C

80%
(49)

O

Ph

O

SiMe3

Ph

TMSCHN2, THF
cat Ni(cod)2, 60 °C

74%
(50)

>95:5 dr

Cyclopropane and Aziridine Formation. Aliphatic ketones
react with TMSC(Li)N2 in DME to generate an intermediate sin-
glet alkylidene carbene. The carbene reacts with a large excess of
alkene to afford alkylidenyl cyclopropanes in yields ranging from
<30% to 69% (eq 51).48
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Ph

O

Ph

cyclohexene, TMSC(Li)N2
DME, −50 °C to rt

63%
(51)

Improvements in the stereoselective preparation of silylcyclo-
propanes16 (eqs 16 and 17) from alkenes and TMSCHN2 have
been reported based upon the judicious choice of catalytic metal
and ligand. The meso-tetra-p-tolylporphyrin iron(II) complex,
(TTP)Fe, and TMSCHN2 convert styrene to the corresponding
trans-1-phenyl-2-trimethylsilylcyclopropane in 89% yield with
13:1 diastereoselectivity.49 The selection of [Cu(CH3CN)4]PF6
and an appropriate bis(oxazoline) ligand provides highly
diastereo- and enantioselective cyclopropanation of styrene and
its derivatives, albeit with compromised yield compared to other
protocols.50

Substituted N-sulfonyltrimethylsilylaziridines are formed when
N-sulfonylaldimines are treated with TMSCHN2. The reaction is
highly diastereoselective, preferentially affording cis-products in
good yields,51 although electron releasing substituents attached
to the N-sulfonylaldimine decrease the efficiency (eq 52).52 The
C-silylaziridines are useful precursors to a variety of products
created by desilylation and trapping with electrophiles. This
process proceeds with complete retention of stereochemistry.
Alternatively, nucleophilic ring opening proceeds with excel-
lent regiocontrol, occurring only at the silicon-bearing carbon
atom (eq 53).53 Substituted N-sulfonyltrimethylsilylaziridines are
also formed with moderate enantioselectivity by treating N-
tosyl α-imino esters with TMSCHN2 and a catalytic BINAP-
copper(I) complex to give the corresponding cis-aziridine or a
bis(oxazoline)-copper(I) complex to create the analogous trans-
diastereomer.54

N
Ts

N

Ts

SiMe3
72%

TMSCHN2, dioxane, 40 °C

95:5 dr

(52)

N

Ts

SiMe3

N

Ts

Ph
OH

Ph

N3

SiMe3
TsNH

1R

PhCHO, TBAT 
THF, 40 °C

60%

98:2 dr

NaN3, DMF

98%
(53)

TBAT = tetrabutylammonium
               triphenyldifluorosilicate

Insertion Reactions. Trimethylsilyldiazomethane undergoes
net insertion between the B–C bond of borinate and boronate
esters. Thus, olefin hydroboration, followed by treatment with
TMSCHN2, oxidation, and desilylation offers a method for
hydroxymethylation of alkenes in fair to moderate yield (eq 54).55

Stable, chiral allenylboranes (1R and 1S) are prepared by reaction
of TMSCHN2 with B-MeO-9-BBN followed by resolution with
pseudoephedrine and reaction with allenyl magnesium bromide
(eq 55). Compounds 1R and 1S are useful for the asymmetric
allenylboration of aldehydes with predictable absolute stereo-
chemistry. The precursors to 1 are then readily recovered during
work-up.56

Me3Si

B
O

O
HO

1. catecholborane, 100 °C
2. TMSCHN2, THF, Δ

1. H2O2, NaOH
2. TBAF, THF

41%

(54)

B

TMS

B

TMS

B

OMe

BOMe
Me3Si

1R 1S

TMSCHN2, C6H14

97%

or (55)

O

BnO OBn

TMSC(Li)N2, DME, −60 °C

85%
(56)

Lithium trimethylsilyldiazomethane has proved particularly
useful in the conversion of ketones into alkylidene carbenes,
vide supra, that readily undergo 1,5 C–H insertion reactions to
afford cyclopentenes (eq 56).57 Yields are generally good and
the chemoselectivity of C–H insertion is predictable. The C–H
insertion of the singlet carbene into heteroatom-bearing stereo-
centers proceeds with retention of stereochemistry (eqs 57 and
58).58 Reaction with acetals affords spiroketals (eq 59)59 or
2-cyclopentenones after acetal hydrolysis (eq 60).60
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O

O

O
OBn

O

O
OBn

TMSC(Li)N2, DME, −40 °C to rt

72%

(57)

O

O

BocN

NBoc
O

TMSC(Li)N2, THF, −78 °C to rt

62%

(58)

O
BnO

BnO

OBn

O

H

OBn

O

O
BnO

BnO

OBn

O

OBn

TMSC(Li)N2, THF, −78 °C

82%

(59)

O

O

OOTBS

O

OTBS

1. TMSC(Li)N2, THF, −78 °C to rt
2. 10% citric acid

81%

>99% ee

(60)

The intermediate carbenes generated from ketones and TMSC-
(Li)N2 have also been shown to undergo 1,5 O–Si and N–H
insertion to produce 5-trimethylsilyl-2,3-dihydrofurans61 and 2-
pyrrolines or 3-substituted indoles, respectively (eqs 61 and
62).62 Azulene 1-carboxylic esters may be generated in mod-
erate yield by the reaction of TMSC(Li)N2 with alkyl 4-aryl-2-
oxobutanoates, followed by oxidation with manganese dioxide.63

C5H11

O OTMS

OMe3Si C5H11

TMSC(Li)N2, THF, −78 to 0 °C

80%

(61)

O

NHTs N
Ts

TMSCHN2, LDA (2.2 equiv)
THF, −78 °C to rt

81%
(62)

Ketenylation Reactions. Lithium silylethynolates are con-
veniently prepared by introducing carbon monoxide to
TMSC(Li)N2. The resulting ynolate, when mixed with trimethy-
laluminum, adds to epoxides to give 2-trimethylsilyl-γ-lactones
with excellent regioselectivity and stereospecificity (eq 63).64

Silylethynolates also add to aziridines, without Lewis acid activa-
tion, leading to 2-trimethylsilyl-γ-lactams. Introduction of excess
aldehyde during lactam preparation affords α-alkylidene lactams
in good yields via Peterson olefination (eq 64).65

Me3Si Li

N2

Me3Si OLi
O

SiMe3

O

CO (1 atm), −78 °C

Ynolate

1. Me3Al, –78 to 0 °C
2.                , −78 °C to rt

93%

(63)

O

Me3Si OLi

NTs, THF, −78 °C to rt

N
Ts

OLi

SiMe3

N
Ts

O

Ph

PhCHO, −78 °C to rt

61% (96:4 E/Z)

(64)

Preparation of Homoallylic Sulfides. When allyl sulfides
are treated with TMSCHN2 and a transition metal catalyst, an
allylsulfonium ylide is formed that rapidly undergoes a diastereo-
selective [2,3] sigmatropic rearrangement in high yield (eq 65).
Trimethylsilyldiazomethane is superior to ethyl diazoacetate for
the transformation and rhodium(II) acetate is the catalyst of
choice.66 The homoallylic α-silyl sulfides thus obtained are suit-
able substrates for subsequent Peterson olefination or conversion
to homoallylic aldehydes. Propargyl sulfides are also suitable re-
actants with TMSCHN2 and catalytic iron(II) to generate allenyl
α-silyl sulfides.67
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Ph S

S

Ph

Me3Si S

Ph

Me3Si

TMSCHN2, cat Rh2(OAc)4
PhCH3, 50 °C

90%

+

9:1 dr

(65)

Pericyclic Reactions. Trimethylsilyldiazomethane reacts
with chiral acrylates to create optically active �1-pyrazolines via
regioselective asymmetric [3+2] cycloaddition. Subsequent pro-
todesilylation affords �2-pyrazolines in good yields (eq 66). This
procedure offers a convenient route to azaprolines.68

O

O2S

N

O

O2S

N

N NH

1. TMSCHN2, 1:1 hex./PhCH3
2. CF3CO2H, CH2Cl2

72%

9:1 dr

(66)

Di- and trisubstituted furans may also be prepared by reacting
TMSCHN2 with an acyl isocyanate. The intermediate 4-trimethyl-
silyloxy oxazole readily undergoes Diels-Alder cycloaddition in
situ with a suitable dienophile to construct the product (eq 67).69

N

O
CO2Me

CO2MeBn

TMSO

NCO
Ph

O

N

O

OTMS

Bn

MeO2C CO2Me

–TMSOCN O

CO2Me

Bn

MeO2C

TMSCHN2, MeCN, 0 °C

77%

(67)

Trimethylsilyldiazomethane smoothly reacts with (trialkyl-
silyl)vinylketenes, ultimately prepared from diazoketones, in a net
[4 + 1] annulation process to afford 2-trialkylsilylcyclopentenones
in good to excellent yields (eq 68).70 The products are readily desi-
lylated by treatment with methanesulfonic acid in methanol. An
analogous reaction with (trialkylsilyl)arylketenes gives trialkyl-
silyl-2-indanone derivatives (eq 69).71

O
Et3Si

SiMe3

O
Et3SiTMSCHN2, CH2Cl2

95%
(68)

O
(i-Pr)3Si

Br

Br

O

Si(i-Pr)3

1. TMSCHN2, CH2Cl2/hex.
2. dil. HCl, THF or SiO2

(69)

79%

Miscellaneous Reactions. Trimethylsilyldiazomethane con-
verts acid- and base-sensitive maleic anhydride derivatives into
the corresponding bis(methyl esters) (eq 70).72 Terminal silyl enol
ethers are conveniently prepared from aldehydes by first treating
the carbonyl compound with TMSC(Li)N2, followed sequentially
by methanol and Rh2(OAc)4 (eq 71). The method works well with
base-sensitive substrates and is superior to the attempted regio-
selective deprotonation/O-silylation of the corresponding methyl
ketone.73

O

O

O

HO

OH

O

CO2Me

CO2Me

HO

OH

O

TMSCHN2, 1:1 MeOH/THF

70–75%

(70)

O

H

OSiMe3

1. TMSCHN2, n-BuLi
    THF, –78 °C

77%

(71)

2. MeOH, –78 °C
3. Rh2(OAc)4, –78 °C to rt
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Zinc–Acetic Acid1

Zn–AcOH

(Zn)
[7440-66-6] Zn (MW 65.39)
InChI = 1/Zn
InChIKey = HCHKCACWOHOZIP-UHFFFAOYAS
(AcOH)
[64-19-7] C2H4O2 (MW 60.06)
InChI = 1/C2H4O2/c1-2(3)4/h1H3,(H,3,4)/f/h3H
InChIKey = QTBSBXVTEAMEQO-TULZNQERCK

(reducing agent; causes reductive elimination of vicinal hetero-
atoms;2–15 cleaves heteroatom–heteroatom bonds;16–27 reduces
allylic, benzylic, or α-carbonyl-substituted heteroatoms,28–34

activated carbonyls,35–37 and alkenes38–40)

Physical Data: see entries for Zinc and Acetic Acid.
Form Supplied in: although zinc is available in a variety of forms,

the overwhelming majority of zinc–acetic acid reductions use
zinc powder.

Purification: acid washing is not uncommon, but not always vital.

Introduction. Zinc in acetic acid is capable of a wide range of
reduction reactions. Although many of these can also be performed
by a great number of other reagents, this reagent is of particular
value in that good chemoselectivities can often be achieved. Some
such instances are noted in the text and equations below; many
of the references have also been chosen to demonstrate selective
reduction in sensitive, polyfunctional molecules.

Reductive Elimination of Vicinal Heteroatoms.2–15 A great
variety of combinations of heteroatom substituents has been suc-
cessfully reductively eliminated by Zn/AcOH (eq 1 and Table 1).
Cosolvents such as ether, THF, CH2Cl2, i-PrOH, or water have
all been used. Reaction temperatures vary from case to case, but
yields reported are typically good to excellent.

X
Y (1)

Zn

AcOH

A set of protecting groups, based upon Zn/AcOH elimination
of the 2,2,2-trichloroethoxy group, has been developed, and is
discussed below as a special case. Table 1 records several of the
combinations of heteroatoms successfully eliminated under these

Table 1 Reductive eliminations of vicinal heterosubstituents (eq 1)

X Y Yield (%)

Cl OR see next section
Cl Cl 962

Cl SO2R 873

Cl NO2 794

Br OR 885

Br Br 946

OR OR 927

conditions. Perhaps surprisingly, the relative stereochemistry of
the two carbon centers does not have to permit trans coplanarity
of the heteroatoms.4,7

Heterocyclic rings may be cleaved by these reactions. Thus,
effective reversal of iodolactonization (eq 2)8 or of epoxidation
(after iodide ring opening) (eq 3)9 may be achieved.

I
CO2Me

O
O

CO2Me

CO2H

(2)
Zn, AcOH

reflux, 0.5 h
100%

O
R (3)

RNaI, NaOAc

Zn, AcOH, 0 °C
67%

Halogenated oximes (1) eliminate to give the nitrile in variable,
but often good to excellent, yields (eq 4).10

N

R Hal

OMe

(4)
Zn, AcOH, DMF

(1)

RCN
150 °C, 0.5–8 h

23–95%

2,2,2-Trichloroethoxy-based Protecting Groups.11–15

Valuable protecting groups for alcohols,11 phenols,11c amines,11c

and carboxylic acids,12 and an introduction/protection reagent
for thiols,13 all dependent upon the lability of this group to
Zn/AcOH reductive elimination, have been developed. They are
summarized in Table 2.

Table 2 Protecting groups based on OCH2CCl3 elimination

Functionality Protected form

ROH11a ROCH2CCl3
ROH11b ROCH2OCH2CCl3
ROH11c,d ROC(O)OCH2CCl3
ROH11e ROC(O)OCMe2CCl3
ArOH11c ArOC(O)OCH2CCl3
R2NH11c R2NC(O)OCH2CCl3
RCO2H12 RC(O)OCH2CCl3
RSH13 RSC(O)OCH2CCl3

The trichloroacetylidene acetal has also been proposed as a po-
tential protection for diols, similarly deprotectable.14 Also, along
similar lines, the 2-iodoethyl carbamate protection for amines, de-
protectable by Zn dust alone in MeOH, has been proposed,15 but
has found relatively little use.

Heteroatom–Heteroatom Cleavage.16–27 N=N double
bonds can be cleaved16 by Zn/AcOH; less frequently, hydrazines17

may be obtained from the reduction (eqs 5 and 6).17 Hydrazones
may also be reduced to amines,18 as used18b in a variant of the
classical Knorr pyrrole synthesis. Diazo ketone (2) has been suc-
cessfully reduced, despite the apparent potential for adverse side
reactions (eq 7).19

(5)
Zn, AcOH

PhN=NAr PhNH-NHAr
90–100%



555ZINC–ACETIC ACID

N

NAr2

Ar1 O–

(6)
Zn, AcOH

Ar1NH-NHAr2
+

89%

O
O

(7)

N2

Zn, AcOH

(2)

0 °C, THF
50%

Aromatic nitro groups20a (aliphatic nitro groups can yield
oximes,20b even though not all such would be stable under all
reaction conditions), hydroxylamines,21 oximes22 (once again,
finding use22b in a Knorr pyrrole synthesis), N-nitro-23a and
N-nitrosoamines,23b aromatic N-oxides,24 and aromatic N–S
bonds25 have all been reduced to amines with Zn/AcOH. These
references include ample evidence of the ability of this reagent to
perform the desired reaction, while leaving intact, for example,
bromides,22 carbon-bonded sulfur atoms,20,23b and isolated C=C
double bonds.21 It will, of course, be understood that the newly
liberated amines often undergo spontaneous intramolecular reac-
tions. Sulfonamides26 can also be reduced to the thiols.

Zn/AcOH can act as a useful alternative reagent for reductive
workup of ozonolysis reactions,27 which can be considered, at
least formally, to involve O–O bond cleavage (see Ozone).

Curiously, the vigor of the conditions reported to have been
employed for these disparate reactions does not seem to follow
any consistent pattern; reaction conditions, therefore, may need
individual determination in many cases.

Carbon–Heteroatom Cleavage.28–34 Substitution of N,28

O,29 S,30 or halogen,31 for example, at an allylic, benzylic, or
α-carbonyl-substituted carbon atom renders the heteroatom liable
to cleavage with Zn/AcOH. In allylic systems, double bond migra-
tion usually occurs. If conjugated to a carbonyl group, migration
still occurs, giving the β,γ-product (eq 8),32a but these can be eas-
ily reconjugated (eq 9).32b Homoallylic reduction33 has also been
reported in a constrained system (eq 10).

CO2Et

Br

(8)
CO2Et

Zn, AcOH

83%

OO

OAc

OAc
OO

OAc
92%

1. Zn, AcOH
(9)

2. Et3N

O

OTs

(10)

O

Zn, AcOH, H2O

reflux, 1.5 h

Cleavage α to a carbonyl group has been exploited in the use of
phenacyl protecting groups.34 The reduction of compounds such
as (3) (for their formation, via Dichloroketene see Trichloroacetyl
Chloride) retains the strained four-membered ring, and often gives
excellent yields (eq 11).31c

Bu

O

Bu

O

Cl
Cl

(11)

Zn, AcOH
TMEDA, EtOH

(3)

rt, 2.5 h
72–86%

Carbonyl Reduction.35–37 Quinones are reduced to hydro-
quinones by Zn/AcOH at reflux.35a Incorporation of Ac2O into the
reaction mixture gives the respective diacetate.35a Under milder
conditions (rt), the intermediate γ-hydroxycyclohexenone may be
intercepted in surprisingly high yield (72–90%).35b

Diaryl ketones may be reduced to the alcohols,36a but a com-
peting dimerization has also been reported36b in some unusual
cases. Reduction of phthalimide (4) proceeds well and, notably,
with regiospecificity (eq 12).37

N
O

O

Me
N

O

Me

(12)
Zn, AcOH

(4)

reflux, 12 h
79%

Reduction of Activated Alkenes.38–40 Carbonyl (mono-38a

or di-38b) substitution renders a C=C double bond liable to re-
duction by Zn/AcOH. α,β,γ ,δ-Dienones may yield either α,β-38a

or β,γ-enones38c in equally high yields. A recent modification,39

at lower temperature (rt), and with much shorter reaction times,
uses ultrasonication; excellent yields were achieved.

α,β-Unsaturated nitro compounds can also be reduced.40 Under
mild conditions an oxime can be obtained (eq 13)40a (cf. Sodium
Borohydride, which reduces the C=C double bond); more vigor-
ous reaction leads to the corresponding ketone.40b

O
O

OPh

NO2

OMe O
O

OPh

NOH

OMe

(13)
Zn, AcOH, Et2O

reflux, 1 h
87%

Aza-heterocycle Ring Contraction. A variety of polyaza
six-ring heterocycles undergo contraction with formal excision
of N, e.g. eq 14.41a Further heteroatoms in the ring are toler-
ated: 1,2,3-triazines yield pyrazoles41b and 1,2,4-triazines yield
imidazoles,41c with the latter usually requiring reflux tempera-
ture. The utility of indole syntheses from cinnolines41d by this
method should be noted. Adjacency of heteroatoms is not required:
conversions of pyrimidine to pyrrole42a,b and 1,3,5-triazine to
imidazole42c have been recorded. The mechanism of these con-
versions is unclear, but ring dihydro derivatives41a,42b are thought
to be involved.

N
N

MeO2C

CO2Me
N
H

MeO2C CO2Me
(14)

Zn, AcOH

25 °C, 24 h
63%

Reduction of Aryl Substituents. Although, as mentioned
above, many potentially labile functionalities are stable to
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Zn/AcOH, aryl iodides may be dehalogenated.43 Substitution of
Cl or Br at the 2-position of heteroaromatics also renders them
liable to reduction, often with superb selectivity (eqs 15 and 16).44

N

Cl

Cl N

Cl
Zn, AcOH, H2O

(15)
70 °C, 6 h

90%

S

Br

BrBr S

BrZn, AcOH, H2O
(16)

reflux, 4 h
89%

Related Reagents. Iron; Tin; Zinc Amalgam; Zinc–Zinc
Chloride.

1. Fieser & Fieser 1967, 1, 1276.

2. Attenburrow, J.; Connett, J. E.; Graham, W.; Oughton, J. F.; Ritchie,
A. C.; Wilkinson, P. A., J. Chem. Soc. 1961, 4547.

3. Kay, I. T.; Punja, N., J. Chem. Soc. (C) 1968, 3011.

4. Komeichi, Y.; Osawa, Y.; Duax, W. L.; Cooper, A., Steroids 1970, 15,
619.

5. Goodman, L.; Winstein, S.; Boschan, R., J. Am. Chem. Soc. 1958, 80,
4312.

6. Martin, J. D.; Pérez, C.; Ravelo, J. L., J. Am. Chem. Soc. 1985, 107, 516.

7. Goto, G., Bull. Chem. Soc. Jpn. 1977, 50, 186.

8. Hamanaka, N.; Seko, T.; Miyazaki, T.; Naka, M.; Furuta, K.; Yamamoto,
H., Tetrahedron Lett. 1989, 30, 2399.

9. Hatakeyama, S.; Numata, H.; Takano, S., Tetrahedron Lett. 1984, 25,
3617.

10. Sakamoto, T.; Mori, H.; Takizawa, M.; Kikugawa, Y., Synthesis 1991,
750.

11. (a) Lemieux, R. U.; Driguez, H., J. Am. Chem. Soc. 1975, 97, 4069.
(b) Jacobson, R. M.; Clader, J. W., Synth. Commun. 1979, 9, 57.
(c) Windholz, T. B.; Johnston, D. B. R., Tetrahedron Lett. 1967, 2555.
(d) Imoto, M.; Kusunose, N.; Kusumoto, S.; Shiba, T., Tetrahedron Lett.
1988, 29, 2227. (e) Eckert, H.; Listl, M.; Ugi, I., Angew. Chem., Int. Ed.
Engl. 1978, 17, 361.

12. Woodward, R. B.; Heusler, K.; Gosteli, J.; Naegeli, P.; Oppolzer, W.;
Ramage, R.; Rangamathan, S.; Vorbrüggen, H., J. Am. Chem. Soc. 1966,
88, 852.

13. Sheehan, J. C.; Commons, T. J., J. Org. Chem. 1978, 43, 2203.

14. Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis,
2nd ed.; Wiley: New York, 1991; p 122.

15. Grimshaw, J., J. Chem. Soc. 1965, 7136.

16. Barton, D. H. R.; Lamotte, G.; Motherwell, W. B.; Narang, S. C., J.
Chem. Soc., Perkin Trans. 1 1979, 2030.

17. (a) Ruggli, P.; Hölzle, K., Helv. Chim. Acta 1943, 26, 814 (Chem. Abstr.
1944, 38, 2640). (b) Budziarek, R.; Drain, D. J.; Macrae, F. J.; McLean,
J.; Newbold, G. T.; Seymour, D. E.; Spring, F. S.; Stansfield, M., J. Chem.
Soc. 1955, 3158.

18. (a) Goodwin, R. C.; Bailey, J. R., J. Am. Chem. Soc. 1925, 47, 167.
(b) Treibs, A.; Schmidt, R.; Zinsmeister, R., Chem. Ber. 1957, 90, 79
(Chem. Abstr. 1957, 51, 10 480).

19. Vedejs, E., J. Chem. Soc., Chem. Commun. 1971, 536.

20. (a) Saupe, T.; Krieger, C.; Staab, H. A., Angew. Chem., Int. Ed. Engl.
1986, 25, 451. (b) Johnson, K.; Degering, E. F., J. Am. Chem. Soc. 1939,
61, 3194.

21. Howell, A. R.; Pattenden, G., J. Chem. Soc., Chem. Commun. 1990,
103.

22. (a) Prasitpan, N.; Johnson, M. E.; Currie, B. L., Synth. Commun. 1990,
20, 3459. (b) Fischer, H., Org. Synth., Coll. Vol. 1955, 3, 513.

23. (a) Shriner, R. L.; Neumann, F. W., Org. Synth., Coll. Vol. 1955, 3, 73.
(b) Allen, C. F. H.; Vanallan, J. A., J. Org. Chem. 1948, 13, 603.

24. Freeman, J. P.; Gannon, J. J.; Surbey, D. L., J. Org. Chem. 1969, 34,
187.

25. Shealy, Y. F.; O’Dell, C. A., J. Org. Chem. 1964, 29, 2135.

26. Hendrickson, B.; Bergeron, R., Tetrahedron Lett. 1970, 345.

27. Callant, P.; Ongena, R.; Vandewalle, M., Tetrahedron 1981, 37,
2085.

28. Gaskell, A. J.; Joule, J. A., Tetrahedron 1968, 24, 5115.

29. Cope, A. C.; Barthel, J. W.; Smith, R. D., Org. Synth., Coll. Vol. 1963,
4, 218.

30. Gotthardt, H.; Nieberl, S.; Doenecke, J., Liebigs Ann. Chem. 1980, 873
(Chem. Abstr. 1980, 93, 239 355).

31. (a) Grieco, P. A., J. Org. Chem. 1972, 37, 2363. (b) Danheiser, R. L.;
Savariar, S., Tetrahedron Lett. 1987, 28, 3299. (c) Danheiser, R. L.;
Savariar, S.; Cha, D. D., Org. Synth., Coll. Vol. 1993, 8, 82.

32. (a) Moppett, C. E.; Sutherland, J. K., J. Chem. Soc. (C) 1968, 3040.
(b) Roth, B. D.; Roark, W. H., Tetrahedron Lett. 1988, 29, 1255.

33. Rakhit, S.; Gut, M., J. Am. Chem. Soc. 1964, 86, 1432.

34. Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis,
2nd ed.; Wiley: New York, 1991; pp 153, 238.

35. (a) Crawford, H. M.; Lumpkin, M.; Mcdonald, M., J. Am. Chem. Soc.
1952, 74, 4087. (b) Speziale, A. J.; Stephens, J. A.; Thompson, Q. E., J.
Am. Chem. Soc. 1954, 76, 5011.

36. (a) Gross, M. E.; Lankelman, H. P., J. Am. Chem. Soc. 1951, 73, 3439.
(b) Agranat, I.; Tapuhi, Y., J. Am. Chem. Soc. 1979, 101, 665.

37. Brewster, J. H.; Fusco, A. M., J. Org. Chem. 1963, 28, 501.

38. (a) Corey, E. J.; Watt, D. S., J. Am. Chem. Soc. 1973, 95, 2303. (b) Büchi,
G.; Foulkes, D. M.; Kurono, M.; Mitchell, G. F.; Schneider, R. S., J. Am.
Chem. Soc. 1967, 89, 6745. (c) Fieser, L. F.; Rajagopalan, S.; Wilson,
E.; Tishler, M., J. Am. Chem. Soc. 1951, 73, 4133.

39. Marchand, A. P.; Reddy, G. M., Synthesis 1991, 198.

40. (a) Baer, H. H.; Rank, W., Can. J. Chem. 1972, 50, 1292. (b)
Anagnostopoulos, C. E.; Fieser, L. F., J. Am. Chem. Soc. 1954, 76, 532.

41. (a) Boger, D. L.; Coleman, R. S.; Panek, J. S.; Yohannes, D., J. Org.
Chem. 1984, 49, 4405. (b) Chandross, E. A.; Smolinsky, G., Tetrahedron
Lett. 1960 (13), 19. (c) Laakso, P. V.; Robinson, R.; Vandrewala, H. P.,
Tetrahedron 1957, 1, 103. (d) Besford, L. S.; Bruce, J. M., J. Chem. Soc.
1964, 4037.

42. (a) Patterson, J. M., Synthesis 1976, 281. (b) Longridge, J. L.; Thompson,
T. W., J. Chem. Soc. (C) 1970, 1658. (c) Cook, A. H.; Jones, D. G., J.
Chem. Soc. 1941, 278.

43. Giza, C. A.; Hinman, R. L., J. Org. Chem. 1964, 29, 1453.

44. (a) Marais, J. L. C.; Backeburg, O. G., J. Chem. Soc. 1950, 2207. (b)
Gronowitz, S.; Raznikiewicz, T., Org. Synth., Coll. Vol. 1973, 5, 149.

Peter Ham
SmithKline Beecham Pharmaceuticals, Harlow, UK



List of Contributors

Enrique Aguilar Universidad de Oviedo, Oviedo, Spain
• Sodium Periodate 447
• Trimethylsilyl Trifluoromethanesulfonate 524

Mouâd Alami Université Pierre & Marie Curie, Paris, France
• Manganese Dioxide 248

Toyohiko Aoyama Nagoya City University, Nagoya, Japan
• Trimethylsilyldiazomethane 543

Alan Armstrong University of Bath, Bath, UK
• N,N′-Carbonyl Diimidazole 72

Luca Banfi Universitá, di Genova, Italy
• Sodium Borohydride 406

Louis Barriault University of Ottawa, Ottawa, Ontario, USA
• Lithium Diisopropylamide 224

Richard A. Berglund Eli Lilly Company, Lafayette, IN, USA
• Ozone 290

Justin Du Bois Stanford University, Stanford, CA, USA
• (Diacetoxyiodo)benzene 136

Derek R. Buckle SmithKline Beecham Pharmaceuticals, Epsom, UK
• 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 152

Benjamin R.  Buckley Loughborough University, Loughborough, UK
• Potassium Monoperoxysulfate 334

Kevin Burgess Texas A&M University, College Station, TX, USA
• Chlorotris(triphenylphosphine)-rhodium(I) 121

Christopher P. Burke Colorado State University, Fort Collins, CO, USA
• Potassium Monoperoxysulfate 334

Gérard Cahiez Université Pierre & Marie Curie, Paris, France
• Manganese Dioxide 248

Drury Caine The University of Alabama, Tuscaloosa, AL, USA
• Potassium tert-Butoxide 353

J. Subash Chandra Purdue University, West Lafayette, IN, USA
• Pinacolborane 306

Calvin J. Chany II University of Illinois at Chicago, Chicago, IL, USA
• (Diacetoxyiodo)benzene 136

André Charette Université de Montréal, Montréal, Québec, Canada
• m-Chloroperbenzoic Acid 87
• Samarium(II) Iodide 378

Ke Chen Bristol-Myers Squibb, New Brunswick, NJ, USA
• Bis(dibenzylideneacetone)palladium(0) 2



558 LIST OF CONTRIBUTORS

Majid J. Chughtai Dyson Perrins Laboratory, Oxford, UK
• Osmium Tetroxide 264

Steven J. Collier Albany Molecular Research, Inc., Albany, NY, USA
• 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 152

Veronica Cornel Emory University, Atlanta, GA, USA
• Boron Trifluoride Etherate 27

Jack K. Crandall Indiana University, Bloomington, IN, USA
• Dimethyldioxirane 176
• Potassium Monoperoxysulfate 334

Matthew L. Crawley Wyeth Research, Collegeville, PA, USA
• Sodium Cyanoborohydride 419

Ruggero Curci Università di Bari, Bari, Italy
• Dimethyldioxirane 176

Lucia D’Accolti Università di Bari, Bari, Italy
• Dimethyldioxirane 176

Valerie Desyroy Universite Laval, Quebec City, Quebec, Canada
• Lithium Aluminum Hydride 212

Stephen G. DiMagno University of Nebraska, Lincoln, NE, USA
• Tetrabutylammonium Fluoride 458

Wilfred A. van der Donk Texas A&M University, College Station, TX, USA
• Chlorotris(triphenylphosphine)-rhodium(I) 121

Timothy J. Donohoe Dyson Perrins Laboratory, Oxford, UK
• Osmium Tetroxide 264

Martin D. Eastgate Bristol-Myers Squibb, New Brunswick, NJ, USA
• Bis(dibenzylideneacetone)palladium(0) 2

Ivan V. Efremov Pfizer Inc, Groton, CT, USA
• Oxalyl Chloride 283

Lee Fader Boehringer-Ingelheim (Canada) Ltd., Laval, Québec, Canada
• Manganese Dioxide 248

Alex G. Fallis University of Ottawa, Ottawa, Ontario, Canada
• 2-Iodoxybenzoic Acid 206

Rosario Fernández Instituto de Investigaciones Químicas (IIQ), Sevilla, Spain
• Pinacolborane 306

Manuel A. Fernández-Rodríguez Universidad de Oviedo, Oviedo, Spain
• Sodium Periodate 447
• Trimethylsilyl Trifluoromethanesulfonate 524

Jonathan S. Foot University of York, York, UK
• Manganese Dioxide 248

Richard W. Friesen Merck Frosst Centre for Therapeutic Research, Kirkland, Quebec, Canada
• Tetrakis(triphenylphosphine)palladium(0) 467

James L. Fry The University of Toledo, Toledo, OH, USA
• Triethylsilane 489

Laura Furst Boston University, Boston, MA, USA
• Ruthenium(II), Tris(2,2′-bipyridine-κN1,κN1′)-,(OC-6-11)- 370

Caterina Fusco Università di Bari, Bari, Italy
• Dimethyldioxirane 176



LIST OF CONTRIBUTORS 559

Paul Galatsis University of Guelph, Guelph, Ontario, Canada
• Diisobutylaluminum Hydride 164

Yun Gao Sepracor, Marlborough, MA, USA
• Osmium Tetroxide 264

M. D. García Romero University of Leicester, Leicester, UK
• N-Bromosuccinimide 43

Robert E. Gawley University of Miami, Coral Gables, FL, USA
• Sodium Hydride 438

Julia Haas Array BioPharma, Boulder, CO, USA
• p-Toluenesulfonyl Chloride 480

Peter Ham SmithKline Beecham Pharmaceuticals, Harlow, UK
• ZincAcetic Acid 554

Michael Hanack Universität Tübingen, Tübingen, Germany
• Trifluoromethanesulfonic Acid 498
• Trifluoromethanesulfonic Anhydride 507

Christina R. Harris University of Colorado, Boulder, CO, USA
• Samarium(II) Iodide 378

Robert M. Harris Dyson Perrins Laboratory, Oxford, UK
• Osmium Tetroxide 264

Alison Hart University of Southern Mississippi, Hattiesburg, MS, USA
• 4-Dimethylaminopyridine 170

Alfred Hassner Bar-Ilan University, Ramat Gan, Israel
• 4-Dimethylaminopyridine 170

D. David Hennings Array BioPharma, Boulder, CO, USA
• Sodium Hydride 438

Jung-Nyoung Heo Korea Research Institute for Chemical Technology, Daejeon, Korea
• 9-Borabicyclo[3.3.1]nonane Dimer 17

John C. Hershberger University of Kansas, Lawrence, KS, USA
• Potassium Hexamethyldisilazide 313

Martin Hiersemann Technische Universität Dortmund, Dortmund, Germany
• Sodium Borohydride 406

Tse-Lok Ho National Chiao-Tung University, Hsinchu, Taiwan, Republic of China
• Cerium (IV) Ammonium Nitrate 80

Jinbo Hu University of Southern California, Los Angeles, CA, USA
• Iodotrimethylsilane 194

Shanghai Institute of Organic Chemistry, Shanghai, China
• Trifluoromethanesulfonic Acid 498

Terry V. Hughes J&JPRD, Raritan, NJ, USA
• N-Chlorosuccinimide 98

MaryGail K. Hutchins LNP Engineering Plastics, Exton, PA, USA
• Sodium Cyanoborohydride 419

Robert O. Hutchins Drexel University, Philadelphia, PA, USA
• Sodium Cyanoborohydride 419

Wouter I. Iwema Bakker University of Waterloo, Waterloo, Ontario, Canada
• Lithium Diisopropylamide 224

P. R. Jenkins University of Leicester, Leicester, UK
• N-Bromosuccinimide 43



560 LIST OF CONTRIBUTORS

Carl R. Johnson Wayne State University, Detroit, MI, USA
• p-Toluenesulfonyl Chloride 480

Chul-Ho Jun Yonsei University, Seoul, Korea
• Chlorotris(triphenylphosphine)-rhodium(I) 121

Michael E. Jung University of California, Los Angeles, CA, USA
• Iodotrimethylsilane 194

Sun Min Kim Sungkyunkwan University, Suwon, Korea
• Osmium Tetroxide 264

Shu Kobayashi The University of Tokyo, Tokyo, Japan
• Scandium Trifluoromethanesulfonate 388

Fanzuo Kong Research Center for Eco-Environmental Sciences, Beijing, China
• N-Iodosuccinimide 188

Jerome W. Kosmeder II University of Illinois at Chicago, Chicago, IL, USA
• (Diacetoxyiodo)benzene 136

Matthew M. Kreilein University of North Carolina, Chapel Hill, NC, USA
• Ozone 290

José M. Lassaletta Instituto de Investigaciones Químicas (IIQ), Sevilla, Spain
• Pinacolborane 306

Ellen M. Leahy Affymax Research Institute, Palo Alto, CA, USA
• Chlorotrimethylsilane 108

Héléne Lebel Université de Montréal, Montréal, Québec, Canada
• Potassium Hexamethyldisilazide 313
• Sodium Hexamethyldisilazide 428

Poh Lee Wong University of Waterloo, Waterloo, Ontario, Canada
• Lithium Diisopropylamide 224

Steven V. Ley University of Cambridge, UK
• Tetra-n-propylammonium Perruthenate 476

Hui-Yin Li DuPont Merck Pharmaceutical Company, Wilmington, DE, USA
• Tetrabutylammonium Fluoride 458

Wenju Li University of Illinois at Chicago, Chicago, IL, USA
• N,N′-Carbonyl Diimidazole 72

Chaozhong Li Shanghai Institute of Organic Chemistry, Shanghai, China
• Cerium (IV) Ammonium Nitrate 80

B. P. V. Lingaiah Indian Institute of Chemical Technology, Hyderabad, India
• Sodium Azide 398

Carl J. Lovely University of Texas at Arlington, Arlington, TX, USA
• Boron Trifluoride Etherate 27

Robert E. Maleczka Michigan State University, East Lansing, MI, USA
• Triethylsilane 489

Helena C. Malinakova University of Kansas, Lawrence, KS, USA
• Potassium Hexamethyldisilazide 313

Michael J. Martinelli Lilly Research Laboratories, Indianapolis, IN, USA
• Iodotrimethylsilane 194

Antonio García Martínez Universität Tübingen, Tübingen, Germany
• Trifluoromethanesulfonic Anhydride 507
• Trifluoromethanesulfonic Acid 498



LIST OF CONTRIBUTORS 561

Mark D. McLaws Albany Molecular Research, Inc., Albany, NY, USA
• 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 152

H. Rama Mohan Indian Institute of Chemical Technology, Hyderabad, India
• m-Chloroperbenzoic Acid 87

Gary A. Molander University of Colorado, Boulder, CO, USA
• Samarium(II) Iodide 378

Robert M. Moriarty University of Illinois at Chicago, Chicago, IL, USA
• (Diacetoxyiodo)benzene 136

Enrica Narisano Universitá, di Genova, Genova, Italy
• Sodium Borohydride 406

B. Narsaiah Indian Institute of Chemical Technology, Hyderabad, India
• Sodium Azide 398

Bert Nolte Alantos Pharmaceuticals AG, Heidelberg, Germany
• n-Butyllithium 54

Joanne Norman University of Cambridge, UK
• Tetra-n-propylammonium Perruthenate 476

Joong Suk Oh Sungkyunkwan University, Suwon, Korea
• Osmium Tetroxide 264

George A. Olah University of Southern California, Los Angeles, CA, USA
• Iodotrimethylsilane 194

Thierry Ollevier Université Laval, Québec City, QC, Canada
• Scandium Trifluoromethanesulfonate 388
• Lithium Aluminum Hydride 212

Adrian Ortiz Bristol-Myers Squibb, New Brunswick, NJ, USA
• Bis(dibenzylideneacetone)palladium(0) 2

Timo V. Ovaska Connecticut College, New London, CT, USA
• n-Butyllithium 54

Panuwat Padungros Chulalongkorn University, Bangkok, Thailand
• Lithium Naphthalenide 241

Leo A. Paquette The Ohio State University, Columbus, OH, USA
• Lithium Aluminum Hydride 212

Young Jun Park Yonsei University, Seoul, Korea
• Chlorotris(triphenylphosphine)-rhodium(I) 121

Gemma Perkins University of Bristol, Bristol, UK
• Trimethylsilyl Trifluoromethanesulfonate 524

F. Christopher Pigge University of Iowa, Iowa City, IA, USA
• Bis(dibenzylideneacetone)palladium(0) 2

Julie A. Pigza Vanderbilt University, Nashville, TN, USA
• N-Iodosuccinimide 188

University of Southern Mississippi, Hattiesburg, MS, USA
• 4-Dimethylaminopyridine 170

Richard S. Pottorf University of Bristol, Bristol, UK
• 1-Ethyl-3-(3′-dimethylaminopropyl)carbodiimide Hydrochloride 184



562 LIST OF CONTRIBUTORS

Di Qiu Peking University, Beijing, China
• N-Chlorosuccinimide 98

Ronald J. Rahaim Michigan State University, East Lansing, MI, USA
• Triethylsilane 489

P. Veeraraghavan Ramachandran Purdue University, West Lafayette, IN, USA
• Pinacolborane 306

A. Somasekar Rao Indian Institute of Chemical Technology, Hyderabad, India
• m-Chloroperbenzoic Acid 87

Christopher S. Regens Bristol-Myers Squibb, New Brunswick, NJ, USA
• Bis(dibenzylideneacetone)palladium(0) 2

Mark Reid University of York, York, UK
• Manganese Dioxide 248

Renata Riva Universitá, di Genova, Genova, Italy
• Sodium Borohydride 406

Abel Ros Instituto de Investigaciones Químicas (IIQ), Sevilla, Spain
• Pinacolborane 306

William R. Roush University of Michigan, Ann Arbor, MI, USA
• 9-Borabicyclo[3.3.1]nonane Dimer 17

Roger Salmon Zeneca Agrochemicals, Bracknell, UK
• Oxalyl Chloride 283
• Oxalyl Chloride–Dimethylformamide 288

Tarek Sammakia University of Colorado, Boulder, CO, USA
• Diazomethane 145

Yian Shi Colorado State University, Fort Collins, CO, USA
• Potassium Monoperoxysulfate 334

Takayuki Shioiri Nagoya City University, Nagoya City, Japan
• Trimethylsilyldiazomethane 543

Kevin M. Short Wayne State University, Detroit, MI, USA
• Lithium Naphthalenide 241

Pierre Sinaÿ Universit‚ Pierre et Marie Curie Paris, Paris, France
• Diisobutylaluminum Hydride 164

Jason Slobodian University of Regina, Regina, SK, Canada
• Sodium Periodate 447

Victor Snieckus University of Waterloo, Waterloo, ON, Canada
• Lithium Diisopropylamide 224

Queens University, Kingston, ON, Canada
• n-Butyllithium 54

Timothy Snowden The University of Alabama, Tuscaloosa, AL, USA
• Trimethylsilyldiazomethane 543

John A. Soderquist University of Puerto Rico, Rio Piedras, Puerto Rico
• 9-Borabicyclo[3.3.1]nonane Dimer 17

Matthieu Sollogoub Ecole Normale Supérieure, Paris, France
• Diisobutylaluminum Hydride 164

Choong Eui Song Sungkyunkwan University, Suwon, Korea
• Osmium Tetroxide 264



LIST OF CONTRIBUTORS 563

Corey R. J. Stephenson Boston University, Boston, MA, USA
• Ruthenium(II), Tris(2,2′-bipyridine-κN1,κN1′)-, (OC-6-11)- 370

Nikola Stiasni Technische Universität Dortmund, Dortmund, Germany
• Sodium Borohydride 406

John R. Stille Michigan State University, East Lansing, MI, USA
• Bis(dibenzylideneacetone)palladium(0) 2

Lakshminarayanapuram R.
Subramanian

Universität Tübingen, Tübingen, Germany
• Trifluoromethanesulfonic Anhydride 507
• Trifluoromethanesulfonic Acid 498

Masaharu Sugiura The University of Tokyo, Tokyo, Japan
• Scandium Trifluoromethanesulfonate 388

Haoran Sun University of Nebraska-Lincoln, Lincoln, NE, USA
• Tetrabutylammonium Fluoride 458

G. K. Surya Prakash University of Southern California, Los Angeles, CA, USA
• Trifluoromethanesulfonic Acid 498
• Iodotrimethylsilane 194

Joseph Sweeney University of Bristol, Bristol, UK
• Trimethylsilyl Trifluoromethanesulfonate 524

Peter Szeto Marion Merrell Dow Research Institute, Cincinnati, OH, USA
• 1-Ethyl-3-(3′-dimethylaminopropyl)carbodiimide Hydrochloride 184

Richard J. K. Taylor University of York, York, UK
• Manganese Dioxide 248

Pierre E. Tessier University of Ottawa, Ottawa, Ontario, Canada
• 2-Iodoxybenzoic Acid(IBX) 206

Tatsuyuki Tsubo Keio University, Yokohama, Japan
• Sodium Borohydride 406

Kenneth Turnbull Wright State University, Dayton, OH, USA
• Sodium Azide 398

Scott C. Virgil Massachusetts Institute of Technology, Cambridge, MA, USA
• N-Iodosuccinimide 188
• N-Bromosuccinimide 43
• N-Chlorosuccinimide 98

Jianbo Wang Peking University, Beijing, China
• N-Chlorosuccinimide 98

Junhua Wang Shanghai Institute of Organic Chemistry, Shanghai, China
• Cerium (IV) Ammonium Nitrate 80

Jeffrey M. Warrington University of Ottawa, Ottawa, Ontario, Canada
• Lithium Diisopropylamide 224

Brett T. Watson Bristol-Myers Squibb Pharmaceutical Research Institute, Wallingford, CT, USA
• Potassium Hexamethyldisilazide 313
• Sodium Hexamethyldisilazide 428

Andrew G. Wee University of Regina, Regina, SK, Canada
• Sodium Periodate 447

Alexander Wei Purdue University, West Lafayette, IN, USA
• Lithium Naphthalenide 241

D. Todd Whitaker Wayne State University, Detroit, MI, USA
• p-Toluenesulfonyl Chloride 480



564 LIST OF CONTRIBUTORS

K. Sinclair Whitaker Wayne State University, Detroit, MI, USA
• p-Toluenesulfonyl Chloride 480

Spencer J. Williams University of Melbourne, Melbourne, VIC, Australia
• Trifluoromethanesulfonic Anhydride 507

Anthony J. Wilson University of Leicester, Leicester, UK
• N-Bromosuccinimide 43

University of Nottingham, Nottingham, UK
• Tetra-n-propylammonium Perruthenate 476

J. S. Yadav Indian Institute of Chemical Technology, Hyderabad, India
• Sodium Azide 398

T. Yakaiah Indian Institute of Chemical Technology, Hyderabad, India
• Sodium Azide 398

Tohru Yamada Keio University, Yokohama, Japan
• Sodium Borohydride 406

Jung Woon Yang Sungkyunkwan University, Suwon, Korea
• Osmium Tetroxide 264

Ying Zeng Research Center for Eco-Environmental Sciences, Beijing, China
• N-Iodosuccinimide 188

Wenming Zhang Dupont Crop Protection, Newark, DE, USA
• Chlorotrimethylsilane 108



Acenes, synthesis, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

155

Acetalizations

 carbonyl compounds, N-bromosuccinimide, 49

 catalysts, iodotrimethylsilane, 197

 trifl uoromethanesulfonic anhydride, 514–516

Acetals

 activations, trimethyl trifl uoromethanesulfonate, 533–534

 alcohol/ether reductive cleavage, sodium cyanoborohydridem, 

425–426

 aldol reactions, scandium trifl uoromethanesulfonate, 388

 brominations, N-bromosuccinimide, 48–49

 cleavage

  m-chloroperbenzoic acid, 94

  diisobutylaluminum hydride, 165

  iodotrimethylsilane, 195, 199–200

  potassium hexamethyldisilazide, 320

  potassium monoperoxysulfate, 344

 condensations

  allylsilanes, iodotrimethylsilane, 197

  silyl enol ethers, iodotrimethylsilane, 197

 cyclic, cleavage, m-chloroperbenzoic acid, 94

 fi ssion, potassium hexamethyldisilazide, 320

 Kursanov–Parnes dehydrative reductions, triethylsilane, 492

 oxidations, dimethyldioxirane, 178

 ozonations, ozone, 293

 reductions, triethylsilane, 492–493

 reductive cleavage, diisobutylaluminum hydride, 165

 regioselective cleavage, diisobutylaluminum hydride, 

167–168

 synthesis

  N-bromosuccinimide, 48–49

  m-chloroperbenzoic acid, 93

C2-Acetamidoglycosylations, trifl uoromethanesulfonic 

anhydride, 515–516

Acetates, stereoselective epoxidations, m-chloroperbenzoic acid, 

92–93

γ-Acetoxy-α,β-enoates, reductive eliminations, samarium(II) 

iodide, 382

1,2-Acetoxysulfones, Julia–Lythgoe olefi nations, samarium(II) 

iodide, 382–383

O-Acetyl-1-chloro-1-trimethylsilylalkan-2-ols, reductive 

eliminations, samarium(II) iodide, 382

Acetylenes

 N-acylamino acid cycloadditions, 1-ethyl-3-

(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 185

 chlorinations, N-chlorosuccinimide, 99

 hydrochlorinations, chlorotrimethylsilane, 114

Subject Index

 palladium-catalyzed organozinc coupling, 

iodotrimethylsilane, 202

 vicinal dibromoalkene synthesis, cerium(IV) ammonium 

nitrate, 84

Acetylenic organometallics, chlorinations, N-chlorosuccinimide, 

99

Acid chlorides

 Arndt–Eistert synthesis, diazomethane, 147

 Curtius reactions, sodium azide, 399

 one-carbon homologations, diazomethane, 147

 organometallic coupling, tetrakis(triphenylphosphine)

palladium(0), 468

Acid functional groups, esterifi cations, diazomethane, 145–146

Acid-sensitive aryl methyl esters, demethylation, 

4-dimethylaminopyridine, 174

Acid-sensitive substrates, oxidations, tetra-n-propylammonium 

perruthenate, 477

Acrylates, pericyclizations, trimethylsilyldiazomethane, 550

Activated alkenes, reductions, zinc–acetic acid, 555

Activated primary alcohols, nitrile synthesis, manganese 

dioxide, 258

Activations

 acetals, trimethyl trifl uoromethanesulfonate, 533–534

 carbonyl compounds, trimethyl trifl uoromethanesulfonate, 

524–527, 529–533

 carboxylic acids, N,N′-carbonyl diimidazole, 72

 glycosyl donors, N-iodosuccinimide, 188–189

 iodotrimethylsilane, 198, 200–201

 nitro compounds, iodotrimethylsilane, 198

 nitrones, trimethyl trifl uoromethanesulfonate, 534–535

 olefi ns, bis(dibenzylideneacetone)palladium(0), 11–12

 organometallic compounds, lithium naphthalenide, 244–245

 oximes, iodotrimethylsilane, 198

 superelectric, trifl uoromethanesulfonic acid, 501–503

Active methylene compounds

 C-acylations, N,N′-carbonyl diimidazole, 73

 deprotonations, sodium hydride, 439, 443

Acyclic alkenes, epoxidations, m-chloroperbenzoic acid, 88–89, 

92–93

Acyclic ketones, stereoselective reductions, lithium aluminum 

hydride, 214–215

N-Acylamino acids, acetylene cycloadditions, 1-ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 185

Acyl amino acids, alkylations, sodium hydride, 438–439

Acyl anion equivalents, intramolecular alkylations, sodium 

hexamethyldisilazide, 428–429

Acylations

 alcohols, 4-dimethylaminopyridine, 170

 amines, 4-dimethylaminopyridine, 170



566  SUBJECT INDEX

 alkenylboron compounds, (diacetoxyiodo)benzene, 140

 alkenylzirconanes, (diacetoxyiodo)benzene, 140

 alkoxides, iminodithiazoles, sodium hydride, 440

 alkyl arylacetates, trifl uoromethanesulfonic anhydride, 510

 allylsilanes, aldehydes, trimethyl trifl uoromethanesulfonate, 

531

 aminals, trifl uoromethanesulfonic anhydride, 516

 amines, trifl uoromethanesulfonic anhydride, 508, 512

 anti-Markownikow, vinylpyrazine, trifl uoromethanesulfonic 

acid, 503

 arenes

  α-diazo ketones, diazomethane, 148

  lithium diisopropylamide, 236

 benzene, olefi nic amines, trifl uoromethanesulfonic acid, 502

 boron trifl uoride etherate, 27–28, 33–35

 bromomalonate, heterocycles, ruthenium(II), 

tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 372

 carbon=carbon double bonds, N-bromosuccinimide, 46

 carbonyl compounds

  chloromethyl methyl sulfone, potassium tert-butoxide, 359

  trifl uoromethanesulfonic anhydride, 508–509, 512–513

 carboxylic acids, trifl uoromethanesulfonic anhydride, 510

 catecholborane, alkenes, chlorotris(triphenylphosphine)

rhodium(I), 126

 chiral ligands, lithium aluminum hydride, 215

 chlorocarbonyl groups, alkanes/cycloalkanes, oxalyl chloride, 

284

 chloromethyl methyl sulfone, carbonyl compounds, 

potassium tert-butoxide, 359

 β-cyclodextrins, porphyrins, sodium cyanoborohydride, 422

 cyclohexanone, terminal alkynes, potassium tert-butoxide, 

358

 dicarbonyl compounds, trifl uoromethanesulfonic anhydride, 

509–510

 diphenylacetic acid, olefi ns, N-bromosuccinimide, 49

 electron-defi cient species, diazomethane, 150

 esters, trifl uoromethanesulfonic anhydride, 510

 halocarbons, organocuprates, lithium naphthalenide, 242

 heterocycles, bromomalonate, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 372

 iminodithiazoles, alkoxides, sodium hydride, 440

 indole derivatives, scandium trifl uoromethanesulfonate, 

393–394

 β-keto esters, trifl uoromethanesulfonic anhydride, 510

 ketones

  diazomethane, 148–149

  trifl uoromethanesulfonic anhydride, 508–509

 nitroalkanes, aldehydes, lithium aluminum hydride, 217

 nucleophilic

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 160

  iodotrimethylsilane, 196

 olefi nic amines, benzene, trifl uoromethanesulfonic acid, 502

 olefi ns, diphenylacetic acid, N-bromosuccinimide, 49

 organocuprates, halocarbons, lithium naphthalenide, 242

 1,3-oxathianes, lithium aluminum hydride, 215

 phenols, trifl uoromethanesulfonic anhydride, 507–508, 512, 

518

 porphyrins, β-cyclodextrins, sodium cyanoborohydride, 422

 potassium tert-butoxide, 357, 358–361

 cyclic bis(trimethylsiloxy)-1,3-dienes, trimethyl 

trifl uoromethanesulfonate, 537

 1,3-diones, 4-dimethylaminopyridine, 172

 Friedel–Crafts-type

  scandium trifl uoromethanesulfonate, 390

  trifl uoromethanesulfonic acid, 501–502

C-Acylations

 active methylene compounds, N,N′-carbonyl diimidazole, 73

 acylimidazoles, N,N′-carbonyl diimidazole, 78

Acyl azides, synthesis, manganese dioxide, 258–259

α-Acylazo compounds, synthesis, manganese dioxide, 254

Acyl derivatives, reductions, aldehyde synthesis, triethylsilane, 

490

Acyldiazomethanes, deprotonations, sodium hydride, 443

N-Acyldihydropyridines, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

N-Acyldihydropyridones, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

Nα-Acylhistidine peptides, imidazole protection, 

p-toluenesulfonyl chloride, 484

Acylhydrazides, oxidations, potassium monoperoxysulfate, 341

Acylimidazoles

 C-acylations, N,N′-carbonyl diimidazole, 78

 synthesis, N,N′-carbonyl diimidazole, 72

Acyl isocyanates, synthesis, oxalyl chloride, 285

N-Acyl lactams, aldehyde/ketone coupling, samarium(II) 

iodide, 384

2-Acyl N-methylimidazoles, Friedel–Crafts alkylations, 

scandium trifl uoromethanesulfonate, 393–394

Acylnitroso dienophiles, synthesis, sodium periodate, 453–454

Acyloxybenzene, Fries rearrangements, scandium 

trifl uoromethanesulfonate, 390

α-Acyl radicals, generation, cerium(IV) ammonium nitrate, 82

Acyl substitutions, samarium(II) iodide, 380

Adamantanes, hydride abstractions, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 161

Adamantan-1-ols, synthesis, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 161

1,2-Additions

 aldehydes, 9-borabicyclo[3.3.1]nonane dimer, 21

 cuprates, aldehydes/ketones, chlorotrimethylsilane, 110

1,4-Additions

 cuprates

  aldehydes/ketones, chlorotrimethylsilane, 110–111

  cyclopentenone, 2-iodoxybenzoic acid, 210

 α,β-unsaturated ketones, n-butyllithium, 64

Additions

 alcohols, trifl uoromethanesulfonic anhydride, 507–508, 

511–512, 518

 aldehydes

  allylsilanes, trimethyl trifl uoromethanesulfonate, 531

  β-amino methyl ester synthesis, ozone, 296–297

  nitroalkanes, lithium aluminum hydride, 217

  trifl uoromethanesulfonic anhydride, 509

  vinylsamarium, samarium(II) iodide, 384

 alkenes

  catecholborane, chlorotris(triphenylphosphine)rhodium(I), 126

  α-diazo ketones, diazomethane, 148

Acylations (Continued)



SUBJECT INDEX  567

 coupling, glycals, N-iodosuccinimide, 188–189

 cyclic allylic, ozonolysis, ozone, 300–301

 cyclic dithiane, rearrangements, N-chlorosuccinimide, 102

 deprotection

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 158–159

  potassium monoperoxysulfate, 343–344

 deprotonations, sodium hydride, 438

 3,5-dimethoxybenzoin carbonate protecting group 

installation, N,N′-carbonyl diimidazole, 77

 dim ethyl substituted homoallylic, cyclizations, 

trifl uoromethanesulfonic anhydride, 512

 direct esterifi cations, 4-dimethylaminopyridine, 170

 esterifi cations, p-toluenesulfonyl chloride, 482

 fragmentations, cerium(IV) ammonium nitrate, 80

 glycosylations, trifl uoromethanesulfonic anhydride, 516

 halide synthesis, N,N′-carbonyl diimidazole, 74

 halogenations, oxalyl chloride–dimethylformamide, 289

 heterocyclic, oxidations, manganese dioxide, 251

 homoallylic

  cyclizations, trifl uoromethanesulfonic anhydride, 512

  epoxidations, m-chloroperbenzoic acid, 92–93

  oxidations, sodium periodate, 454

 homopropargylic, oxidations, sodium periodate, 454

 methylations, diazomethane, 146

 O-methylations, trimethylsilyldiazomethane, 543–544

 nitrile synthesis, manganese dioxide, 258

 non-activated, oxidations, manganese dioxide, 253

 Oppenauer oxidations, diisobutylaluminum hydride, 167

 oxidations

  aldehyde synthesis, 2-iodoxybenzoic acid, 206

  bis(dibenzylideneacetone)palladium(0), 8

  N-bromosuccinimide, 50

  cerium(IV) ammonium nitrate, 80

  N-chlorosuccinimide, 100, 101, 105

  (diacetoxyiodo)benzene, 141

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 154

  dimethyldioxirane, 177–178

  1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 185

  N-iodosuccinimide, 189

  ketone synthesis

   N-chlorosuccinimide, 100

   2-iodoxybenzoic acid, 206–207

  manganese dioxide, 249–252, 253–254

  osmium tetroxide, 270–271

  potassium monoperoxysulfate, 338, 344–345

  sodium periodate, 454

  tetrakis(triphenylphosphine)palladium(0), 470

  tetra-n-propylammonium perruthenate, 476

  trifl uoromethanesulfonic anhydride, 514

 primary

  N-alkylimidazole synthesis, N,N′-carbonyl diimidazole, 77

  hydroborations, chlorotris(triphenylphosphine)rhodium(I), 

129

  nitrile synthesis, manganese dioxide, 258

  oxidations

   bis(dibenzylideneacetone)palladium(0), 8

   1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 185

 propargyl alcohols, α,β-unsaturated nitroalkenes, potassium 

tert-butoxide, 360

 radical

  samarium(II) iodide, 381

  p-toluenesulfonyl chloride, 484

 secondary amides, trifl uoromethanesulfonic anhydride, 513

 sulfoxides, trifl uoromethanesulfonic anhydride, 519

 terminal alkynes, cyclohexanone, potassium tert-butoxide, 358

 tertiary amides, trifl uoromethanesulfonic anhydride, 510, 

513–514

 thiocarbonyl compounds, trifl uoromethanesulfonic anhydride, 

512–513

 thiols, trifl uoromethanesulfonic anhydride, 511–512

 unactivated alkenes, sodium borohydride, 415

 α,β-unsaturated nitroalkenes, propargyl alcohols, potassium 

tert-butoxide, 360

 vinylsamarium, aldehydes, samarium(II) iodide, 384

 see also Conjugate additions; Cycloadditions; Diels–Alder 

reactions; Michael additions

Additives, enolate synthesis, lithium diisopropylamide, 231–232

Alanine ester imines, alkylations, 2-fl uoroalkyl halides, 

potassium tert-butoxide, 361

Alcoholic anilines, oxidations, potassium monoperoxysulfate, 340

Alcohols

 acylations, 4-dimethylaminopyridine, 170

 additions, trifl uoromethanesulfonic anhydride, 507–508, 

511–512, 518

 alkyl chloride synthesis, oxalyl chloride–dimethylformamide, 

289

 N-alkylimidazole synthesis, N,N′-carbonyl diimidazole, 77

 allylic

  amide synthesis, manganese dioxide, 250

  diastereoselective epoxidations, m-chloroperbenzoic 

acid, 93

  epoxidations

   m-chloroperbenzoic acid, 93

   potassium monoperoxysulfate, 347

  α,β-ethylenic ester synthesis, manganese dioxide, 250

  hindered trisubstituted, epoxidations, potassium 

monoperoxysulfate, 347

  isomerizations, tetra-n-propylammonium perruthenate, 478

  oxidations

   manganese dioxide, 249–250

   tetra-n-propylammonium perruthenate, 476–477

  ozonolysis, ozone, 300–301

  rearrangement-oxidations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 161

  synthesis

   lithium naphthalenide, 244

   α,β-unsaturated ester reductions, diisobutylaluminum 

hydride, 165

 benzylic

  oxidations

   manganese dioxide, 251

   potassium monoperoxysulfate, 338

 chlorinations

  N-chlorosuccinimide, 100, 104

  chlorotrimethylsilane, 113–114

  p-toluenesulfonyl chloride, 481



568  SUBJECT INDEX

 conjugate reductions, sodium borohydride, 406

 Corey–Fuchs reactions, n-butyllithium, 65

 coupling

  N-acyl lactams, samarium(II) iodide, 384

  α-bromo- esters/ketones, tetrakis(triphenylphosphine)

palladium(0), 469

 decarbonylations, chlorotris(triphenylphosphine)rhodium(I), 

125

 deoxygenations, sodium cyanoborohydride, 420

 E/Z-diene synthesis, sodium hexamethyldisilazide, 435

 enantioselective alkylations, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 372

 Grignard additions, β-amino methyl ester synthesis, ozone, 

296–297

 hydroborations, pinacolborane, 311

 hydrosilylations, chlorotris(triphenylphosphine)rhodium(I), 

124

 Mannich reactions, scandium trifl uoromethanesulfonate, 389

 olefi nations, potassium hexamethyldisilazide, 329

 one-carbon homologations, trimethylsilyldiazomethane, 

544–547

 1,3-oxathiolane synthesis, N-bromosuccinimide, 49

 oxidations

  cerium(IV) ammonium nitrate, 81

  N-iodosuccinimide, 189

  potassium monoperoxysulfate, 337–338

 ozonations

  α-amino methyl ester synthesis, ozone, 296

  peroxy acid synthesis, ozone, 294

 peroxy acid synthesis, ozone, 294

 protection, pyrrole carbinols, potassium hexamethyldisilazide, 

325–326

 reductions

  alcohol synthesis, lithium aluminum hydride, 212

  sodium borohydride, 406

  sodium cyanoborohydride, 420–421

 reductive aminations, sodium cyanoborohydride, 419

 reductive cross-coupling, samarium(II) iodide, 381–382

 reductive deoxygenations, sodium cyanoborohydride, 420, 

424

 silyl enol ether synthesis, chlorotrimethylsilane, 109

 synthesis

  acyl derivative reductions, triethylsilane, 490

  alcohol oxidations, 2-iodoxybenzoic acid, 206

  alkene cleavage, potassium monoperoxysulfate, 339

  amine oxidations, manganese dioxide, 252

  N,N′-carbonyl diimidazole, 73

  ester conversions, diisobutylaluminum hydride, 165

  potassium monoperoxysulfate, 339, 344–345

 1,2,4-trioxone synthesis, N-bromosuccinimide, 49

 α,β-unsaturated, hydrosilylations, 

chlorotris(triphenylphosphine)rhodium(I), 124

 vinyl trifl ate synthesis, trifl uoromethanesulfonic anhydride, 

509

Aldol condensations

 9-borabicyclo[3.3.1]nonane dimer, 22

 potassium tert-butoxide, 354

 tetrabutylammonium fl uoride, 460

Aldol-lactonizations, ketoacids, 4-dimethylaminopyridine, 174

   tetrakis(triphenylphosphine)palladium(0), 470

   tetra-n-propylammonium perruthenate, 476

 propargylic, oxidations, manganese dioxide, 250–251

 protection

  N,N′-carbonyl diimidazole, 77

  chlorotrimethylsilane, 108–109, 111

  zinc–acetic acid, 554

 reductive cleavage, sodium cyanoborohydride, 425–426

 saturated, oxidations, manganese dioxide, 251–252

 secondary

  N-alkylimidazole synthesis, N,N′-carbonyl diimidazole, 77

  β-functionalized optically active, synthesis, sodium 

borohydride, 415

  oxidations

   bis(dibenzylideneacetone)palladium(0), 8

   sodium periodate, 454

   tetrakis(triphenylphosphine)palladium(0), 470

   tetra-n-propylammonium perruthenate, 476

  ozonations, ketone synthesis, ozone, 293

  synthesis, sodium borohydride, 415

 silylations

  chlorotris(triphenylphosphine)rhodium(I), 124

  4-dimethylaminopyridine, 170

 3-sulfanyl, oxidations, sodium periodate, 450

 sulfi nylations, 4-dimethylaminopyridine, 170

 sulfonate ester synthesis, p-toluenesulfonyl chloride, 482

 synthesis, lithium aluminum hydride, 212

 tertiary, fragmentations, cerium(IV) ammonium nitrate, 80

 tosylations, p-toluenesulfonyl chloride, 480, 485

 transesterifi cations, N-chlorosuccinimide, 101

 transient protection, chlorotrimethylsilane, 108–109

 trifl ate synthesis, trifl uoromethanesulfonic anhydride, 

507–508, 511–512, 518

 tritylations, 4-dimethylaminopyridine, 170

Alcoholysis, silanes, triethylsilane, 489, 491

Aldazines, oxidations, (diacetoxyiodo)benzene, 139

Aldehydes

 1,2-additions, 9-borabicyclo[3.3.1]nonane dimer, 21

 additions

  allylsilanes, trimethyl trifl uoromethanesulfonate, 531

  nitroalkanes, lithium aluminum hydride, 217

  trifl uoromethanesulfonic anhydride, 509

  vinylsamarium, samarium(II) iodide, 384

 aldol condensations, tetrabutylammonium fl uoride, 460

 aldol reactions, silyl enol ethers, scandium 

trifl uoromethanesulfonate, 388–389

 allylations, scandium trifl uoromethanesulfonate, 390

 α-amino methyl ester synthesis, ozone, 296

 β-amino methyl ester synthesis, ozone, 296–297

 aromatic, potassium hexamethyldisilazide, 329

 asymmetric direct α-iodinations, N-iodosuccinimide, 191

 base-mediated olefi nations, potassium hexamethyldisilazide, 

329

 carbon–hydrogen bond insertions, diazomethane, 148

 condensations, 1,2-phenylenediamines, potassium 

monoperoxysulfate, 341

 conjugate additions, cuprates, chlorotrimethylsilane, 

110–111

Alcohols (Continued)



SUBJECT INDEX  569

 cleavage, potassium monoperoxysulfate, 339

 coupling

  samarium(II) iodide, 380

  triethylsilane, 494

 cross-coupling, tetrakis(triphenylphosphine)palladium(0), 

467–468

 cyclic, diastereoselective epoxidations, m-chloroperbenzoic 

acid, 88

 [3+2] cycloadditions

  bis(dibenzylideneacetone)palladium(0), 3–4

  ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 373

 [4+2] cycloadditions, chlorotris(triphenylphosphine)

rhodium(I), 126

 cyclopropanations

  (diacetoxyiodo)benzene, 142

  diazomethane, 149–150

 diastereoselective dihydroxylations, osmium tetroxide, 265–266

 α-diazo ketone additions, diazomethane, 148

 dihydroxylations, osmium tetroxide, 264–268, 271–273

 cis-dihydroxylations, potassium monoperoxysulfate, 345

 [3+2] dipolar cycloadditions, diazomethane, 149

 1,1-disubstituted, cyclizations, potassium 

hexamethyldisilazide, 319

 double diastereoselective dihydroxylations, osmium tetroxide, 

266–267

 epoxidations

  m-chloroperbenzoic acid, 87–89, 91, 92–93

  (diacetoxyiodo)benzene, 141

  dimethyldioxirane, 177

  ozone, 291–292

  potassium monoperoxysulfate, 334–335, 345–348

 haloamidations, N-chlorosuccinimide, 104

 Heck reactions, iodotrimethylsilane, 197

 heterocycle synthesis

  N-iodosuccinimide, 191–192

  sodium azide, 400

 hydroacylations, chlorotris(triphenylphosphine)rhodium(I), 

124–125

 hydroaluminations, diisobutylaluminum hydride, 166

 hydroborations

  9-borabicyclo[3.3.1]nonane dimer, 17–19

  chlorotris(triphenylphosphine)rhodium(I), 126

  pinacolborane, 306–307, 309–310

 hydrogenations, chlorotris(triphenylphosphine)rhodium(I), 

121–123

 hydrosilylations

  chlorotris(triphenylphosphine)rhodium(I), 123–124

  triethylsilane, 489, 491

 insertions, trimethylsilyldiazomethane, 548–549

 intramolecular insertions, bis(dibenzylideneacetone)

palladium(0), 3–4

 isomerizations, potassium tert-butoxide, 356–357

 ligand exchanges, (diacetoxyiodo)benzene, 140

 metalated, cross-coupling, tetrakis(triphenylphosphine)

palladium(0), 467–468

 oxidations

  cerium(IV) ammonium nitrate, 80

  m-chloroperbenzoic acid, 87

Aldol reactions

 boron trifl uoride etherate, 28–29

 iodotrimethylsilane, 200

 scandium trifl uoromethanesulfonate, 388–389

Aldol silyl ethers, synthesis, tetrabutylammonium fl uoride, 460

Aldonolactones, tosylations, p-toluenesulfonyl chloride, 481

Aldoximes

 amide conversions, chlorotris(triphenylphosphine)rhodium(I), 

131

 disubstituted oxazoline synthesis, manganese dioxide, 

253–254

 isothiocyanate synthesis, potassium monoperoxysulfate, 

340–341

Aldoximines, chlorinations, potassium monoperoxysulfate, 336

Aldrin, radical additions, p-toluenesulfonyl chloride, 484

Aliphatic aldehydes, oxidations, potassium monoperoxysulfate, 

337

Aliphatic nitriles, α-deprotonations, potassium 

hexamethyldisilazide, 324

Aliphatic nitro compounds, reductions, lithium aluminum 

hydride, 212

Alkali halides, oxidations, sodium periodate, 451, 452

Alkali metal halides, oxidations, sodium periodate, 451

Alkaloids, synthesis, manganese dioxide, 255

Alkanes

 alkylations, scandium trifl uoromethanesulfonate, 395

 carbon–hydrogen bond oxyfunctionalizations, 

dimethyldioxirane, 179–180

 coupling, trifl uoromethanesulfonic anhydride, 514

 epoxidations, potassium monoperoxysulfate, 334–335, 

338–340, 345–348

 halocarbonylations, oxalyl chloride, 284

 hydrogen transfers, chlorotris(triphenylphosphine)rhodium(I), 

122–123

Alkanesulfi nic acids, synthesis, dimethyldioxirane, 179

Alkanethiols, oxidations, alkanesulfi nic acid synthesis, 

dimethyldioxirane, 179

Alkenes

 activated, reductions, zinc–acetic acid, 555

 acyclic, epoxidations, m-chloroperbenzoic acid, 88–89, 

92–93

 allylic brominations, N-bromosuccinimide, 43, 46–47

 allyl-substituted, epoxidations, potassium monoperoxysulfate, 

348

 aminohydroxylations, osmium tetroxide, 269, 273–275

 asymmetric dihydroxylations, osmium tetroxide, 267–268, 

273

 azidoiodinations, potassium monoperoxysulfate, 343

 aziridinations, (diacetoxyiodo)benzene, 141–142

 bromoetherifi cations, N-bromosuccinimide, 45–46

 bromohydrations, N-bromosuccinimide, 45

 bromolactonizations, N-bromosuccinimide, 46

 catecholborane additions, chlorotris(triphenylphosphine)

rhodium(I), 126

 chiral auxiliary-based epoxidations, m-chloroperbenzoic 

acid, 92

 chlorinations

  N-chlorosuccinimide, 103–104

  oxalyl chloride, 284
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Alkenyl iodonium salts, alkenylboronic acid/alkenylzirconane 

additions, (diacetoxyiodo)benzene, 140

Alkenyl naphthoquinones, oxidations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 157

(Z)-Alkenyl silanes, synthesis, samarium(II) iodide, 382

Alkenyl trimethylsilanes, synthesis, iodotrimethylsilane, 197

Alkenyl zirconanes, additions, (diacetoxyiodo)benzene, 140

Alkoxide–haloform reactions, potassium tert-butoxide, 355

Alkoxides, iminodithiazole additions, sodium hydride, 440

Alkoxybenzyl ethers, benzylic oxidations, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 154

3-Alkoxy-2,5-diphenylfurans, oxidative cleavage, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 160

α-Alkoxy ketones, reductive cleavage, samarium(II) iodide, 378

β-Alkoxy ketones, rearrangements, iodotrimethylsilane, 198

β-Alkoxy lactones, direct brominations, N-bromosuccinimide, 

44

α-Alkoxymethylations, ketones, iodotrimethylsilane, 197

4-Alkoxy pyrimidines, synthesis, trifl uoromethanesulfonic 

anhydride, 513

4-Alkoxy quinazoline-2-carbonitriles, synthesis, sodium 

hydride, 440

N-Alkyl aldimines, oxaziridine synthesis, potassium 

monoperoxysulfate, 336

N-Alkyl-(E)-1-alkenesulfonamides, synthesis, potassium 

tert-butoxide, 362

Alkyl (Z)-3-alkenoates, stereoselective synthesis, potassium 

hexamethyldisilazide, 314

Alkyl arylacetates, additions, trifl uoromethanesulfonic 

anhydride, 510

Alkyl arylethers, deprotection, sodium hexamethyldisilazide, 

431

1-Alkyl-1-aryloxiranes, synthesis, potassium tert-butoxide, 366

Alkylations

 acyl amino acids, sodium hydride, 438–439

 alanine ester imines, 2-fl uoroalkyl halides, potassium 

tert-butoxide, 361

 aldehydes, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 372

 amino acids, sodium hydride, 438–439

 α-aryl ketones, sodium hexamethyldisilazide, 430–431

 9-borabicyclo[3.3.1]nonane dimer, 20–21

 Friedel–Crafts-type, scandium trifl uoromethanesulfonate, 

390–391, 393–394

 α-halo esters, potassium tert-butoxide, 354

 α-halo ketones, potassium tert-butoxide, 354

 α-halo nitriles, potassium tert-butoxide, 354

 heteroatom-stabilized carbanions, lithium diisopropylamide, 

228

 isobutene/isobutylene, trifl uoromethanesulfonic acid, 504

 lithium naphthalenide, 242–243

 2-(N-methylanilino)-2-phenylsulfanylacetonitrile, potassium 

tert-butoxide, 361–362

 nitrile derivatives, potassium hexamethyldisilazide, 318

 nitrogen acids, sodium hydride, 438–439

 peptides, sodium hydride, 438–439

 potassium tert-butoxide, 353–354, 361–362

 pyridines, alkanes, scandium trifl uoromethanesulfonate, 395

 quinolines, alkanes, scandium trifl uoromethanesulfonate, 395

  chlorotris(triphenylphosphine)rhodium(I), 127

  dimethyldioxirane, 177

  α-hydroxyketone synthesis, potassium monoperoxysulfate, 

339

  sodium periodate, 451

 oxidative cleavage, osmium tetroxide, 270

 oxyaminations, osmium tetroxide, 267

 ozonations, tertiary amine synthesis, ozone, 297

 ozonolysis, ozone, 290–292

 radical additions, samarium(II) iodide, 381

 reductions

  sodium borohydride, 414

  zinc–acetic acid, 555

 reductive coupling, triethylsilane, 494

 regioselective epoxidations, m-chloroperbenzoic acid, 87–88

 trans-selective functionalizations, (diacetoxyiodo)benzene, 

140

 silylations, iodotrimethylsilane, 197

 synthesis

  chlorotris(triphenylphosphine)rhodium(I), 122–123

  Julia olefi nations

   potassium hexamethyldisilazide, 321–322

   sodium hexamethyldisilazide, 433–434

  reductive eliminations, samarium(II) iodide, 382–383

 terminal

  cyclopropanations, diazomethane, 150

  hydroaluminations, diisobutylaluminum hydride, 166

  hydrosilylations

   chlorotris(triphenylphosphine)rhodium(I), 124

   triethylsilane, 489

 trifl uoropyruvate allylations, polysubstituted homoallylic 

alcohol synthesis, 4-dimethylaminopyridine, 173

 unactivated, additions, sodium borohydride, 415

 α,β-unsaturated, heterocycle synthesis, sodium azide, 400

 see also Electron-defi cient alkenes

Alkenic compounds, iodinations, N-iodosuccinimide, 188

2-Alkenoates, deconjugative isomerizations, potassium 

hexamethyldisilazide, 314

Alkenols

 lactonizations

  osmium tetroxide, 278

  potassium monoperoxysulfate, 339

(E)-Alkenones, synthesis, sodium borohydride, 411–412

N-(1-Alkenyl) acrylamides, synthesis, potassium tert-butoxide, 

364

Alkenylations, carbonyl compounds, 

trimethylsilyldiazomethane, 547

Alkenyl boronic acids

 additions, (diacetoxyiodo)benzene, 140

 alkyl chloride synthesis, N-chlorosuccinimide, 102

 conversions, alkenyl iodides, N-iodosuccinimide, 189–190

Alkenylborons, additions, (diacetoxyiodo)benzene, 140

Alkenyl carboxylic acids, iodoalkene conversions, 

N-iodosuccinimide, 190

ω-Alkenyl glycosides, bromoalcohol synthesis, 

N-bromosuccinimide, 49

Alkenyl iodides, synthesis, alkenyl boronic acid conversions, 

N-iodosuccinimide, 189–190

Alkenes (Continued)
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 deprotonations

  potassium hexamethyldisilazide, 319

  sodium hexamethyldisilazide, 431–432

 [3+2] dipolar cycloadditions, diazomethane, 149

 heterocycle synthesis, sodium azide, 400

 hydroaluminations, diisobutylaluminum hydride, 166

 hydroborations

  9-borabicyclo[3.3.1]nonane dimer, 18–19

  pinacolborane, 306–307, 309

 hydrophosphorylations, chlorotris(triphenylphosphine)

rhodium(I), 128

 hydrosilylations

  chlorotris(triphenylphosphine)rhodium(I), 123

  triethylsilane, 489, 491

 hydrostannylations, chlorotris(triphenylphosphine)rhodium(I), 

124

 internal, synthesis, n-butyllithium, 59

 iodinations, N-iodosuccinimide, 189–190

 isomerizations, potassium tert-butoxide, 356–357

 oxidative additions, iodotrimethylsilane, 197

 ozonation, ozone, 292

 protection, chlorotrimethylsilane, 109

 radical additions, samarium(II) iodide, 381

 reductions, sodium borohydride, 414

 reductive coupling, triethylsilane, 494

 reductive cyclizations, silole synthesis, lithium naphthalenide, 

243–244

 silylations, iodotrimethylsilane, 197

 terminal

  alumination-addition reactions, diisobutylaluminum 

hydride, 167

  cyclohexanone additions, potassium tert-butoxide, 358

  deprotonations

   potassium hexamethyldisilazide, 319

   sodium hexamethyldisilazide, 431–432

  hydroborations, pinacolborane, 306–307

  hydrosilylations, triethylsilane, 489, 491

  protection, chlorotrimethylsilane, 109

  synthesis, n-butyllithium, 59

 triazoline synthesis, sodium azide, 400

 α,β-unsaturated, heterocycle synthesis, sodium azide, 400

Alkynic aldehydes, coupling, samarium(II) iodide, 380

Alkynic derivatives, brominations, N-bromosuccinimide, 

45, 47

α,β-Alkynoic-γ-hydroxy esters, reductions, sodium 

borohydride, 411

4-Alkynyl amides, cyclizations, lithium aluminum hydride, 

216–217

1-Alkynyl benziodoxoles, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

β-Alkynyl-enol phosphates, synthesis, sodium hydride, 444

Alkynyl esters, 5-substituted pyrazol-3(2H)-one oxidations, 

(diacetoxyiodo)benzene, 139

Alkynyliodonium trifl ates, synthesis, trifl uoromethanesulfonic 

acid, 503

Alkynyl ketones, [2+2] annulations, 4-dimethylaminopyridine, 

173

β-Alkynyloxy anions, deprotonations, lithium naphthalenide, 

241

 thiols, sodium hydride, 442

 α,β-unsaturated ketones, potassium tert-butoxide, 354

 via protected cyanohydrins, sodium hexamethyldisilazide, 

428–429

 see also Enantioselective alkylations

N-Alkylations

 9-borabicyclo[3.3.1]nonane dimer, 24

 sodium hexamethyldisilazide, 429–430

ortho-Alkylations, carbon–hydrogen bonds, 

chlorotris(triphenylphosphine)rhodium(I), 129–130

Alkyl azides, reductions, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 373–374

Alkyl chlorides

 synthesis

  N-chlorosuccinimide, 99–100, 102

  oxalyl chloride–dimethylformamide, 289

Alkylcyanohydrazines, azo-bis nitrile synthesis, potassium 

monoperoxysulfate, 341

tert-Alkyl fl uorides, substitutions, boron trifl uoride etherate, 36

Alkyl halides

 coupling, arylsilanes, tetrabutylammonium fl uoride, 461

 halogen exchanges, iodotrimethylsilane, 196

 reductive cyclizations, lithium naphthalenide, 243

Alkylhydrazones, oxidations, (diacetoxyiodo)benzene, 139

Alkylhydroperoxide, epoxidations, potassium 

hexamethyldisilazide, 320

α-Alkylidene lactams, synthesis, trimethylsilyldiazomethane, 

549

N-Alkylimidazoles, synthesis, N,N′-carbonyl diimidazole, 77

Alkyl metals, vinyl halide cross-coupling, 

tetrakis(triphenylphosphine)palladium(0), 468

O-Alkyl oximes, synthesis, manganese dioxide, 257

Alkyl-substituted diynes, synthesis, tetrabutylammonium 

fl uoride, 463

ortho-Alkyl-substituted nitrogen containing aromatics, 

synthesis, n-butyllithium, 59

Alkyl sulfi des, chlorinations, N-chlorosuccinimide, 98

Alkyl trifl ates

 cyclizations, trifl uoromethanesulfonic anhydride, 518

 synthesis, trifl uoromethanesulfonic anhydride, 507, 512, 518

1-Alkynes, hydrative dimerizations, 

chlorotris(triphenylphosphine)rhodium(I), 131

Alkynes

 additions, heterocycle synthesis, N-iodosuccinimide, 

191–192

 chlorinations, N-chlorosuccinimide, 104

 cleavage, carboxylic acid synthesis, potassium 

monoperoxysulfate, 339

 Corey–Fuchs synthesis, n-butyllithium, 65

 cyclizations

  chlorotris(triphenylphosphine)rhodium(I), 126, 130–131

  lithium naphthalenide, 243–244

  sodium azide, 400

 [3+2] cycloadditions, N-tosylazomethine ylides, scandium 

trifl uoromethanesulfonate, 395

 [4+2] cycloadditions, chlorotris(triphenylphosphine)

rhodium(I), 126

 cyclotrimerizations, chlorotris(triphenylphosphine)

rhodium(I), 126
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Allyl protecting groups, cleavage, tetrakis(triphenylphosphine)

palladium(0), 471–472

Allylsilanes

 additions, aldehydes, trimethyl trifl uoromethanesulfonate, 531

 condensations, acetals, iodotrimethylsilane, 197

Allyl-substituted alkenes, diastereoselective epoxidations, 

potassium monoperoxysulfate, 348

π-Allyltricarbonyliron lactone complexes, reductive 

eliminations, lithium naphthalenide, 244

N-Allyl-α,β-unsaturated amides, cyclizations, sodium hydride, 

440

Allyl vinyl ethers, synthesis, potassium tert-butoxide, 365

Alumination-addition reactions, terminal alkynes, 

diisobutylaluminum hydride, 167

Aluminum chloride, see also Boron trifl uoride etherate, 27–42

Ambruticin S, synthesis, sodium hexamethyldisilazide, 435

Amidations

 carbon dioxide catalysis, N,N′-carbonyl diimidazole, 78

 4-dimethylaminopyridine, 172

Amide ligand precursors, deprotonations, potassium 

hexamethyldisilazide, 331

1° Amides, Hoffmann rearrangements, (diacetoxyiodo)benzene, 

140

Amides

 Bischler–Napieralski cyclizations, trifl uoromethanesulfonic 

anhydride, 519

 brominations, N-bromosuccinimide, 49

 cyclizations, trifl uoromethanesulfonic anhydride, 518–519

 formylations, 1-ethyl-3-(3′-dimethylaminopropyl)

carbodiimide hydrochloride, 185

 imino trifl ate synthesis, trifl uoromethanesulfonic anhydride, 

513, 518–519

 iodomethoxylations, N-iodosuccinimide, 192

 lateral lithiations, lithium diisopropylamide, 229

 methylations, diazomethane, 146–147

 primary

  dehydrations, trifl uoromethanesulfonic anhydride, 514

  Hoffmann rearrangements, (diacetoxyiodo)benzene, 140

 protection, cerium(IV) ammonium nitrate, 81

 radical brominations, N-bromosuccinimide, 49

 reductions

  diisobutylaluminum hydride, 164

  lithium aluminum hydride, 212, 218–219

 secondary

  imino trifl ate synthesis, trifl uoromethanesulfonic 

anhydride, 513

  tetrazole synthesis, trifl uoromethanesulfonic anhydride, 

511

 synthesis

  aldoxime conversions, chlorotris(triphenylphosphine)

rhodium(I), 131

  allylic alcohol conversions, manganese dioxide, 250

  amide Beckmann rearrangements, trifl uoromethanesulfonic 

acid, 499

  amine oxidations, manganese dioxide, 252

  azide reductions, iodotrimethylsilane, 201

  N,N′-carbonyl diimidazole, 73, 78

  ketimine oxidations, m-chloroperbenzoic acid, 95

  manganese dioxide, 254

Alkynyl(phenyl)iodonium trifl ates, synthesis, 

trifl uoromethanesulfonic anhydride, 517

Alkynyl sulfi des, [2+2] cycloadditions, alkynyl sulfi des, 

scandium trifl uoromethanesulfonate, 392

All-carbon cationic cycloadditions, trimethyl 

trifl uoromethanesulfonate, 533

Allenes

 epoxidations, dimethyldioxirane, 177

 hydroborations, pinacolborane, 307

 hydrosilylations, triethylsilane, 491

 oligomerizations, chlorotris(triphenylphosphine)rhodium(I), 

126

 reductive coupling, triethylsilane, 494

Allenic esters, asymmetric reductive aldol reactions, 

pinacolborane, 312

Allylations

 bis(dibenzylideneacetone)palladium(0), 2–3, 4

 scandium trifl uoromethanesulfonate, 390

 see also Asymmetric allylations

Allylborations, 9-borabicyclo[3.3.1]nonane dimer, 21

Allyl chlorides, aminations, potassium hexamethyldisilazide, 

316–317

Allyl ethers, cleavage, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 158

Allylic alcohols

 amide synthesis, manganese dioxide, 250

 diastereoselective epoxidations, m-chloroperbenzoic acid, 93

 epoxidations, potassium monoperoxysulfate, 347

 α,β-ethylenic ester synthesis, manganese dioxide, 250

 isomerizations, tetra-n-propylammonium perruthenate, 478

 oxidations

  manganese dioxide, 249–250

  tetra-n-propylammonium perruthenate, 476–477

 ozonolysis, ozone, 300–301

 rearrangement-oxidations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 161

 synthesis

  diisobutylaluminum hydride, 165

  lithium naphthalenide, 244

Allylic alkylations, α-aryl ketones, sodium 

hexamethyldisilazide, 430–431

Allylic brominations, alkenes, N-bromosuccinimide, 43, 46–47

Allylic carbamate methyl esters, epoxidations, 

m-chloroperbenzoic acid, 92

Allylic compounds

 lithiations, n-butyllithium, 55

 reductions, lithium aluminum hydride, 218

Allylic ethers, hydroborations, chlorotris(triphenylphosphine)

rhodium(I), 126

Allylic halides, Suzuki–Miyaura cross coupling, pinacolborane, 

308

Allylic iodides, oxidations, m-chloroperbenzoic acid, 91

Allylic peroxides, 1,2,4-trioxone synthesis, 

N-bromosuccinimide, 49

Allylic silyl ethers, rearrangements, iodotrimethylsilane, 198

Allyloxycarbonyl protecting groups, cleavage, 

tetrakis(triphenylphosphine)palladium(0), 471–472

Allyloxymethylenetriphenylphosphonium chlorides, allyl vinyl 

ether synthesis, potassium tert-butoxide, 365
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 protected, cyclizations, sodium hydride, 441–442

 protection, zinc–acetic acid, 554

 radical brominations, N-bromosuccinimide, 49

 reductions, diisobutylaluminum hydride, 164

 secondary

  chlorinations, N-chlorosuccinimide, 99

  N-chloroamine synthesis, N-chlorosuccinimide, 99

  N-nitrosations, potassium monoperoxysulfate, 340

  oxidations

   m-chloroperbenzoic acid, 90

   hydroxylamine synthesis

    dimethyldioxirane, 178

    potassium monoperoxysulfate, 340

  tertiary amine synthesis, ozone, 297

 silylations, chlorotris(triphenylphosphine)rhodium(I), 124

 synthesis

  n-butyllithium, 59

  lithium aluminum hydride, 212

  ozone, 297

  potassium hexamethyldisilazide, 316–317

 tertiary

  iminium ion generation, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 373

  synthesis

   n-butyllithium, 59

   ozone, 297

 tosylations, p-toluenesulfonyl chloride, 483, 486

 trifl amide synthesis, trifl uoromethanesulfonic anhydride, 508, 

512

tert-Amines, oxidations, osmium tetroxide, 280

Amino acid derivatives, deprotonations, potassium 

hexamethyldisilazide, 319

Amino acids

 alkylations, sodium hydride, 438–439

 1,2-amino alcohol synthesis, lithium aluminum hydride, 215

 backbone cleavage, potassium monoperoxysulfate, 

348–349

 ester synthesis

  n-butyllithium, 66

  manganese dioxide, 255

 formylations, 1-ethyl-3-(3′-dimethylaminopropyl)

carbodiimide hydrochloride, 185

 oxidation–Wittig reactions, manganese dioxide, 255

 N-protected esters, 1-ethyl-3-(3′-dimethylaminopropyl)

carbodiimide hydrochloride, 185

 protection, 9-borabicyclo[3.3.1]nonane dimer, 23–24

 stereoselective reductions, lithium aluminum hydride, 215

 synthesis, triethylsilane, 492–493, 494

 transient protection, chlorotrimethylsilane, 109

α-Amino acids, α-amino ketone synthesis, 

4-dimethylaminopyridine, 171

β-Amino acids

 synthesis

  sodium periodate, 453

  p-toluenesulfonyl chloride, 487

1,2-Amino alcohols, synthesis, lithium aluminum hydride, 215

Aminocinnolines, synthesis, potassium hexamethyldisilazide, 

316

β-Amino esters, synthesis, n-butyllithium, 66

  nitrile hydrations, manganese dioxide, 252

  nitrile hydrolysis, potassium monoperoxysulfate, 341

  p-toluenesulfonyl chloride, 486

 tertiary, additions, trifl uoromethanesulfonic anhydride, 510, 

513–514

 trifl uoromethanesulfonic anhydride, 510–511, 518–519

 α,β-unsaturated, iodomethoxylations, N-iodosuccinimide, 

192

Amidines, synthesis, samarium(II) iodide, 385

Amidomethylations, Tscherniac-type, trifl uoromethanesulfonic 

acid, 499–500

Aminals

 additions, trifl uoromethanesulfonic anhydride, 516

 generation, boron trifl uoride etherate, 38

Aminations

 allyl chlorides, potassium hexamethyldisilazide, 316–317

 aromatic compounds, trifl uoromethanesulfonic acid, 500

 carbon–hydrogen bonds, (diacetoxyiodo)benzene, 142

 reductive, sodium cyanoborohydride, 419, 422–423

Amine-catalyzed epoxidations, potassium monoperoxysulfate, 

339

Amines

 acylations, 4-dimethylaminopyridine, 170

 additions

  trifl uoromethanesulfonic acid, 502

  trifl uoromethanesulfonic anhydride, 508, 512

 amidine synthesis, samarium(II) iodide, 385

 aromatic bromide cross-coupling, potassium 

hexamethyldisilazide, 331

 aryl, N-alkylations, sodium hexamethyldisilazide, 429–430

 aziridine synthesis, sodium hydride, 441–442

 benzylic, asymmetric deprotonations, n-butyllithium, 61

 brominations, N-bromosuccinimide, 49

 conjugate additions, sodium hydride, 442

 cross-coupling, potassium hexamethyldisilazide, 331

 deprotection, N-iodosuccinimide, 190–191

 enantioenriched epoxide synthesis, potassium 

monoperoxysulfate, 339

 Mannich reactions, scandium trifl uoromethanesulfonate, 389

 N-nitrosations, potassium monoperoxysulfate, 340

 oxidations

  m-chloroperbenzoic acid, 90

  (diacetoxyiodo)benzene, 137–139

  manganese dioxide, 252

  osmium tetroxide, 270–271

  potassium monoperoxysulfate, 340

  ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 373

 primary

  alkyl chloride synthesis, N-chlorosuccinimide, 102

  hydroxylamine synthesis, potassium monoperoxysulfate, 

340

  nitro compound conversions, dimethyldioxirane, 178

  oxidations

   m-chloroperbenzoic acid, 90

   potassium monoperoxysulfate, 340

  synthesis

   dimethyldioxirane, 178

   sodium hexamethyldisilazide, 429
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p-Anisyl groups, amide protection, cerium(IV) ammonium 

nitrate, 81

p-Anisylmethyl groups, amide protection, cerium(IV) 

ammonium nitrate, 81

[2+2] Annulations, alkynyl ketones/N-tosylimines, 

4-dimethylaminopyridine, 173

Annulations

 diamine derivatives, N-chlorosuccinimide, 105

 see also Cyclizations; Cycloadditions

Anthracene derivatives, oxidations, 

chlorotris(triphenylphosphine)rhodium(I), 127

Anthraquinones, synthesis, chlorotris(triphenylphosphine)

rhodium(I), 127

Anti-Markownikow additions, vinylpyrazine, 

trifl uoromethanesulfonic acid, 503

Antimony triaryl compounds, oxidations, (diacetoxyiodo)

benzene, 143

Apoptolidin total synthesis, manganese dioxide, 255

Arenes

 additions

  lithium diisopropylamide, 236

  trifl uoromethanesulfonic acid, 502–503

 aminations, trifl uoromethanesulfonic acid, 500

 brominations

  N-bromosuccinimide, 43–44, 45, 47–48

  trimethyl trifl uoromethanesulfonate, 538

 carbon–hydrogen bond borylations, pinacolborane, 311

 chlorinations, N-chlorosuccinimide, 99, 101, 104–105

 dehydrogenative borylations, pinacolborane, 308

 diaryl sulfoxide synthesis, trifl uoromethanesulfonic acid, 503

 α-diazo ketone additions, diazomethane, 148

 electrophilic hydroxylations, trifl uoromethanesulfonic acid, 

500

 epoxidations, potassium monoperoxysulfate, 334–335, 

338–340, 345–348

 Friedel–Crafts alkylations, scandium 

trifl uoromethanesulfonate, 390–391

 halogenations, N-iodosuccinimide, 191

 para-halogenations, potassium monoperoxysulfate, 343

 halogenations, sodium periodate, 452

 hydrogenations, chlorotris(triphenylphosphine)rhodium(I), 

127–128

 hydroxyalkylations, trifl uoromethanesulfonic acid, 503

 iodinations

  N-chlorosuccinimide, 105

  sodium periodate, 452

 metalations, lithium diisopropylamide, 228–230

 nitrations, ozone, 299–300

 oxidations

  cerium(IV) ammonium nitrate, 80

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 154

 ozonation, ozone, 292–293

 perfl uoroalkylations, bis(dibenzylideneacetone)palladium(0), 

9–10

 phenylaminations, trifl uoromethanesulfonic acid, 500

 reductions, zinc–acetic acid, 556

 silylations, triethylsilane, 494

 Tscherniac amidomethylations, trifl uoromethanesulfonic acid, 

499–500

Aminohalogenations, electron-defi cient olefi ns, 

N-chlorosuccinimide, 104

N-Amino heterocycles, oxidations, (diacetoxyiodo)benzene, 139

Aminohydroxylations, alkenes, osmium tetroxide, 269, 273–275

Aminoiridium complexes, deprotonations, potassium 

hexamethyldisilazide, 326

α-Amino ketones

 synthesis

  cerium(IV) ammonium nitrate, 84

  4-dimethylaminopyridine, 171

  lithium diisopropylamide, 232–233

  p-toluenesulfonyl chloride, 483

β-Amino ketones, synthesis, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

Aminomethylations, sodium hexamethyldisilazide, 429

2-Aminomethylazetidines, ring expansions, boron trifl uoride 

etherate, 37

α-Amino methyl esters, synthesis, ozone, 296

β-Amino methyl esters, synthesis, ozone, 296

α-Amino phosphonates, three-component synthesis, 

samarium(II) iodide, 386

N-Amino phthalimidates, oxidations, (diacetoxyiodo)benzene, 

139

2-Amino-3-picoline, see also Chlorotris(triphenylphosphine)

rhodium(I), 121–133

3-Amino-3-pyrazoline sulfate, protection, p-toluenesulfonyl 

chloride, 483

Amino sugars

 oxidations, potassium monoperoxysulfate, 340

 synthesis

  cerium(IV) ammonium nitrate, 83

  2-iodoxybenzoic acid, 208

Ammonium cerium(IV) nitrate see Cerium(IV) ammonium 

nitrate

Anhydrides

 alcohol synthesis, lithium aluminum hydride, 212

 Curtius reactions, sodium azide, 399

 synthesis, p-toluenesulfonyl chloride, 486

Anhydrous tetrabutylammonium fl uoride, 460

Anilides, radical cyclizations, 2-iodoxybenzoic acid, 208

Anilines

 aromatic bromide cross-coupling, bis(dibenzylideneacetone)

palladium(0), 11

 oxidations, potassium monoperoxysulfate, 335, 340

 styrene hydroaminations, potassium tert-butoxide, 360

 synthesis, nitrobenzene reductions, sodium borohydride, 414

 trifl uoroacetylations, 4-dimethylaminopyridine, 172

α-Anilino-α,α-diphenylacetic acid, decarboxylations, 

p-toluenesulfonyl chloride, 482–483

Anionic Fries rearrangements, lithium diisopropylamide, 

236–237

Anionic polymerizations, potassium hexamethyldisilazide, 

326–327

Anionic rearrangements, n-butyllithium, 58–59

Anionic ring-opening polymerizations, sulfonamides, potassium 

hexamethyldisilazide, 326–327

Anions, stabilized, allylations, bis(dibenzylideneacetone)

palladium(0), 2–3, 4

Anion trapping, chlorotrimethylsilane, 112–113
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Arylcarbonyl activated cyclopropanes, ring opening, trimethyl 

trifl uoromethanesulfonate, 531

Arylcarbonyl compounds, reductions, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 371

Aryl chlorides, Suzuki–Miyaura cross coupling, pinacolborane, 

308

Aryl-conjugated ethylenes, oxime synthesis, sodium 

borohydride, 415

Aryl cyclopropanes, 1,3-dibromide synthesis, cerium(IV) 

ammonium nitrate, 84

Aryl cyclopropyl ketones, [3+2]cycloadditions, ruthenium(II), 

tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 373

6-Aryl-functionalized fulvenes, enantioselective synthesis, 

n-butyllithium, 65–66

4-Arylfuran-3-ols, synthesis, potassium tert-butoxide, 

362–363

Aryl halides, Suzuki–Miyaura cross coupling, pinacolborane, 

308

Aryl iodides, dehalogenations, zinc–acetic acid, 556

Aryl isocyanates, synthesis, oxalyl chloride, 285

Aryl ketones

 3-iodofuran derivative synthesis, N-iodosuccinimide, 191

 Meerwein–Ponndorf–Verley reductions, ruthenium(II), 

tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 371

 synthesis

  benzylic methylene oxidations, m-chloroperbenzoic acid, 

95–96

  trifl uoromethanesulfonic anhydride, 510

α-Aryl ketones, allylic alkylations, sodium 

hexamethyldisilazide, 430–431

3-Arylpropan-1-ols, chroman derivative synthesis, 

(diacetoxyiodo)benzene, 141

α-Arylpropargyl alcohols, indenone synthesis, 

chlorotris(triphenylphosphine)rhodium(I), 130–131

1-Arylpropenes, oxidations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 157

Arylpropyllithiums, synthesis, n-butyllithium, 57

Arylselenyl acetates, Pummerer α-functionalizations, boron 

trifl uoride etherate, 36

Arylsilanes, alkyl halide coupling, tetrabutylammonium 

fl uoride, 461

Aryl substituents, reductions, zinc–acetic acid, 555–556

Aryl-substituted diynes, synthesis, tetrabutylammonium 

fl uoride, 463

Aryl-substituted piperidines, synthesis, trifl uoromethanesulfonic 

acid, 502

Arylsulfonyl halides, reductive dimerizations, 

iodotrimethylsilane, 197

(Arylsulfonyl)hydrazones, Shapiro reaction, n-butyllithium, 59

Aryl trifl ates

 isotopic labeling, n-butyllithium, 64

 synthesis, trifl uoromethanesulfonic anhydride, 507–508

(E)-2-Arylvinyl bromides, synthesis, 4-dimethylaminopyridine, 

171

Aryl–vinyl coupling, tetrabutylammonium fl uoride, 462

(+)-Astrophylline, asymmetric total synthesis, n-butyllithium, 

60

Asymmetric allylations, chiral bidentate phosphine ligands, 

bis(dibenzylideneacetone)palladium(0), 3, 4–5

Arenynes, synthesis, tetrakis(triphenylphosphine)palladium(0), 

468

Arndt–Eistert homologations, trimethylsilyldiazomethane, 544

Arndt–Eistert synthesis, diazomethane, 147

Aromatic aldehydes

 base-mediated olefi nations, potassium hexamethyldisilazide, 

329

 nitrile synthesis, manganese dioxide, 258

 olefi nations, potassium hexamethyldisilazide, 329

Aromatic amines, oxidations, (diacetoxyiodo)benzene, 137–139

Aromatic bromides

 cross-coupling

  amines, potassium hexamethyldisilazide, 331

  anilines, bis(dibenzylideneacetone)palladium(0), 11

Aromatic brominations

 N-bromosuccinimide, 47–48

 trimethyl trifl uoromethanesulfonate, 538

Aromatic carboxylic acids, decarboxylations, (diacetoxyiodo)

benzene, 141

Aromatic cation salts, synthesis, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 153

Aromatic compounds, see also Arenes; Aryl...; Benz...; Phen...

Aromatic halides, aromatic nitrile conversions, 

tetrakis(triphenylphosphine)palladium(0), 469

Aromatic halogenations, sodium periodate, 452

Aromatic heterocycles, epoxidations, dimethyldioxirane, 177

Aromatic methyl ketones, halogenations, potassium 

monoperoxysulfate, 343

Aromatic nitriles

 synthesis

  sodium hexamethyldisilazide, 431

  tetrakis(triphenylphosphine)palladium(0), 469

Aromatic rings, nitrations, ozone, 299–300

Aromatic sulfonyl chlorides, desulfonations, 

chlorotris(triphenylphosphine)rhodium(I), 127

Aromatic α,β-unsaturated carboxylic acids, 

halodecarboxylations, potassium monoperoxysulfate, 

343

Aromatizations

 N-bromosuccinimide, 44

 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 152, 155–156

 enolates, bis(dibenzylideneacetone)palladium(0), 6

 manganese dioxide, 252

Aryl aldehydes, oxidations, potassium monoperoxysulfate, 337

N-Aryl aldimines, rearrangements, m-chloroperbenzoic 

acid, 95

Aryl alkynes, hydrosilylations, triethylsilane, 491

Aryl amines, N-alkylations, sodium hexamethyldisilazide, 

429–430

Arylated oximes, synthesis, trifl uoromethanesulfonic acid, 499

α-Arylations

 carbonyl compounds

  potassium hexamethyldisilazide, 317–318

  sodium hexamethyldisilazide, 430

 nitriles, sodium hexamethyldisilazide, 430

N-Aryl benzamides, ortho-carbon–hydrogen bond aminations, 

bis(dibenzylideneacetone)palladium(0), 10

Aryl benzothiophenes, regioselective synthesis, boron trifl uoride 

etherate, 35
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 synthesis

  sodium hydride, 441–442, 443

  p-toluenesulfonyl chloride, 487

  trimethylsilyldiazomethane, 547–548

Azo-bis nitriles, synthesis, potassium monoperoxysulfate, 341

Azo compounds, aromatic amine oxidations, (diacetoxyiodo)

benzene, 137–139

Azoles, synthesis, trimethylsilyldiazomethane, 544–546

Azulenes, methyl oxidations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 157

Baeyer–Villiger oxidations

 m-chloroperbenzoic acid, 89, 93–94

 potassium monoperoxysulfate, 334, 337

(–)Balanol intermediates, synthesis, n-butyllithium, 60

Barbier reactions, samarium(II) iodide, 379–380

Barium manganate, see also Manganese dioxide, 248–261

Base-mediated (formal) cycloadditions, pyrrole synthesis, 

potassium hexamethyldisilazide, 328–329

Base-mediated olefi nations, potassium hexamethyldisilazide, 

329

Base-mediated rearrangements, carbon skeletons, potassium 

hexamethyldisilazide, 327–328

Base-promoted eliminations, aziridines, lithium 

diisopropylamide, 235–236

Bases

 carbonyl compound α-deprotonations, potassium 

hexamethyldisilazide, 322–325

 lithium aluminum hydride, 214

 palladium-catalyzed carbon–nitrogen bond formation, 

potassium hexamethyldisilazide, 331

 potassium hexamethyldisilazide, 322–325

 tetrabutylammonium fl uoride, 459–460

9-BBN-H see 9-Borabicyclo[3.3.1]nonane dimer

Beckmann fragmentations, oximes, p-toluenesulfonyl chloride, 

483

Beckmann rearrangements

 oximes, trifl uoromethanesulfonic acid, 499

 tosyl oximes, p-toluenesulfonyl chloride, 483

Benzaldehyde, hydroacylations, chlorotris(triphenylphosphine)

rhodium(I), 128–129

Benzene, additions, olefi nic amines, trifl uoromethanesulfonic 

acid, 502

Benzimidazoles, synthesis, potassium monoperoxysulfate, 341

Benzo-1,3,2-dioxaborole, see also Pinacolborane, 306–312

Benzofurans, synthesis, N-iodosuccinimide, 191–192

4,5-Benzo-fused-2-substituted imidazole synthesis, manganese 

dioxide, 260

4,5-Benzo-fused-2-substituted oxazole synthesis, manganese 

dioxide, 260

4,5-Benzo-fused-2-substituted thiazole synthesis, manganese 

dioxide, 260

Benzophenones

 synthesis

  n-butyllithium, 60

  trifl uoromethanesulfonic acid, 501–502

Benzopyranones, Schmidt reactions, sodium azide, 403

1-(Benzothiazol-2-ylsulfanyl)alkanols, thiirane conversions, 

sodium hydride, 440

Asymmetric catalysis, scandium trifl uoromethanesulfonate, 

392–393

Asymmetric deprotonations, benzylic amines, n-butyllithium, 61

Asymmetric Diels–Alder reactions, trifl uoromethanesulfonic 

acid, 503

Asymmetric dihydroxylations, alkenes, osmium tetroxide, 

267–268, 273

Asymmetric direct α-iodinations, aldehydes, N-iodosuccinimide, 

191

Asymmetric monooxidations, disulfi des, potassium 

monoperoxysulfate, 349

Asymmetric 1,4-reductions, coumarins, pinacolborane, 311–312

Asymmetric reductive aldol reactions, allenic esters, ketones, 

pinacolborane, 312

Asymmetric synthesis

 carbonates, N,N′-carbonyl diimidazole, 76–77

 tetramic acid derivatives, N,N′-carbonyl diimidazole, 75–76

Asymmetric total synthesis, (+)-astrophylline, n-butyllithium, 

60

Azabiaryls, synthesis, n-butyllithium, 64

Aza-Diels–Alder reactions, scandium trifl uoromethanesulfonate, 

391

Aza-Henry reactions, ruthenium(II), tris(2,2′-bipyridine-κN1, 

κN1′)-, (OC-6-11)-, 373

Aza-heterocyles, ring contraction, zinc–acetic acid, 555

Aza-Michael additions, propargyl alcohols/α,β-unsaturated 

nitroalkenes, potassium tert-butoxide, 360

2-Azetidinones, stereospecifi c synthesis, oxalyl chloride, 286

Azides

 reductions

  iodotrimethylsilane, 201

  ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 373–374

  samarium(II) iodide, 385

  sodium borohydride, 411

  triethylsilane, 492

 synthesis

  cerium(IV) ammonium nitrate, 83

  sodium azide, 398–399

β-Azido carbonyl compounds, conjugate additions, sodium 

azide, 403

Azidoiodinations, alkenes, potassium monoperoxysulfate, 343

α-Azido ketones, synthesis, cerium(IV) ammonium nitrate, 83

Azidotrimethylsilane, see also Sodium azide, 398–405

Aziridinations, alkenes, (diacetoxyiodo)benzene, 141–142

Aziridine-2-carboxylates, 2-azetidinone synthesis, oxalyl 

chloride, 286

Aziridines

 α-aminoketone synthesis, cerium(IV) ammonium nitrate, 84

 deprotection, ozone, 295

 eliminations, lithium diisopropylamide, 235–236

 polymerizations, potassium hexamethyldisilazide, 

326–327

 reductive ring opening, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

 ring formation, lithium aluminum hydride, 213–214, 216

 ring opening

  potassium monoperoxysulfate, 344

  sodium azide, 402
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[2.2.1]-Bicyclic amines, chiral lithium amide synthesis, 

n-butyllithium, 66

Bicyclic ketones, additions, trifl uoromethanesulfonic anhydride, 

508–509

Bicyclic lactones, synthesis, 4-dimethylaminopyridine, 173

Bicyclo[5.3.0]decanes, synthesis, trimethylsilyldiazomethane, 

547

Biginelli reactions, iodotrimethylsilane, 200

Bile acid esters, carbon–hydrogen bond functionalizations, 

dimethyldioxirane, 179

Binaphthyl compounds, Stevens rearrangements, n-butyllithium, 

60–61

Binor S, oxyfunctionalizations, dimethyldioxirane, 180

Bioactive steroids, synthesis, dimethyldioxirane, 179

Bisbenzyl ethers, oxidations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 157

Bis(bicyclo[2.2.1]hepta-2,5-diene)rhodium perchlorate, see also 

Chlorotris(triphenylphosphine)rhodium(I), 121–133

Bischler–Napieralski cyclizations, amides, 

trifl uoromethanesulfonic anhydride, 519

Bis(dibenzylideneacetone)palladium(0), 2–16

[4,4′-Bis(1,1-dimethylethyl)-2,2′-bipyridine]-bis[3,5-difl uoro-2-

[5-(trifl uoromethyl)-2-pyridinyl-κN]phenyl]-iridium(III)

hexafl uorophosphate, see also Ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–375

[1,4-Bis(diphenylphosphino)butane](norboradiene)

rhodium tetrafl uoroborate catecholborane, see also 

Chlorotris(triphenylphosphine)rhodium(I), 121–133

Bis-enones, cycloadditions, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 373

Bis-hydrazides, 1,3,4-oxadiazole synthesis, 

trifl uoromethanesulfonic anhydride, 514

Bisimidazolylferrocenylmethane, synthesis, N,N′-carbonyl 

diimidazole, 76

3,7-Bis(methylene)-1,5-diazacyclooctane derivative, 

transannulations, lithium aluminum hydride, 217

Bis(methyl ester) synthesis, maleic anhydride conversions, 

trimethylsilyldiazomethane, 550

Bismuthonium ylides, generation, sodium hexamethyldisilazide, 

435

Bismuth triaryl compounds, oxidations, (diacetoxyiodo)

benzene, 143

[Bis(2-phenylpyridine)(4,4′-tert-butyl-2,2′-bipyridine)

iridium(III)]hexafl uorophosphate, see also 

Ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 370–375

Bis(pinacolato)diboron, see also Pinacolborane, 306–312

C,O-Bis silylations, trimethyl trifl uoromethanesulfonate, 529

α,α′-Bis(substituted benzylidene)cycloalkanones, synthesis, 

iodotrimethylsilane, 200

gem-Bistrifl ates, synthesis, trifl uoromethanesulfonic anhydride, 

508–509

1,1-Bis(trimethylsiloxy)ketene acetals, 3-hydroxymaleic 

anhydride synthesis, trimethyl trifl uoromethanesulfonate, 

537–538

Bis(trimethylsilyl)enol ethers, dicarbonyl compound 

cycloadditions, trimethyl trifl uoromethanesulfonate, 

532–533

BOC protecting groups, cleavage, chlorotrimethylsilane, 110

Benzothiophene, regiospecifi c substitutions, sodium azide, 403

Benzotriazol-1-yloxytris(dimethylamino)phosphonium 

hexafl uorophosphate, see also 1-Ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 

184–186

O-Benzoyl hydroxylamines, ortho-carbon–hydrogen 

bond aminations, N-aryl benzamides, 

bis(dibenzylideneacetone)palladium(0), 10

Benzylamine, see also Chlorotris(triphenylphosphine)

rhodium(I), 121–133

Benzyl ethers

 deprotection

  lithium naphthalenide, 244

  ozone, 293–294

Benzyl glucopyranose synthesis, potassium 

hexamethyldisilazide, 326

Benzyl glucopyranoside synthesis, potassium 

hexamethyldisilazide, 326

Benzylic alcohols

 oxidations

  manganese dioxide, 251

  potassium monoperoxysulfate, 338

Benzylic amines, asymmetric deprotonations, n-butyllithium, 61

Benzylic brominations, aromatic compounds, 

N-bromosuccinimide, 43–44, 45, 47

Benzylic compounds

 charge transfer osmoylations, osmium tetroxide, 270

 α-heteroatom lithiations, n-butyllithium, 61

 lithiations, n-butyllithium, 55

 reductions, lithium aluminum hydride, 218

Benzylic functionalizations, p-tolylsulfonamides, 

n-butyllithium, 61–62

Benzylic methoxyamines, rearrangements, lithium aluminum 

hydride, 217–218

Benzylic methylenes, aryl ketone synthesis, m-chloroperbenzoic 

acid, 95–96

Benzylic oxidations

 cerium(IV) ammonium nitrate, 80

 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 154, 156–157

Benzylic silanes, oxidative cleavage, trimethyl 

trifl uoromethanesulfonate, 540

Benzylidene acetals, regioselective cleavage, 

N-bromosuccinimide, 44

N-Benzylideneaniline, Diels–Alder reactions, scandium 

trifl uoromethanesulfonate, 391

(E)-3-Benzylidene-3H-furan-2-one synthesis, 

chlorotris(triphenylphosphine)rhodium(I), 131

2-Benzylidene-1-methylpyrrolidine synthesis, 4-alkynylamide 

cyclizations, lithium aluminum hydride, 216–217

Benzylpyridine synthesis, dihydropyridine derivative 

aromatizations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 156–157

Berson–Willcott rearrangements, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 156

Bestmann–Ohira reagents, in situ tandem oxidation processes, 

manganese dioxide, 259

Biaryl aldehydes, enecarbamate synthesis, n-butyllithium, 61

Biaryl compounds, synthesis, tetrakis(triphenylphosphine)

palladium(0), 467
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Bromodieneoate intermediates, synthesis, manganese dioxide, 255

β-Bromo enones, synthesis, oxalyl chloride–

dimethylformamide, 288–289

α-Bromo esters, aldehyde coupling, tetrakis(triphenylphosphine)

palladium(0), 469

Bromoetherifi cations, alkenes, N-bromosuccinimide, 45–46

Bromohydrations

 alkenes, N-bromosuccinimide, 45

 olefi ns, N-bromosuccinimide, 50

Bromohydrins, epoxidations, potassium hexamethyldisilazide, 

326

Bromoisoxazoline, reductive fragmentations, 

iodotrimethylsilane, 198

α-Bromo ketones

 aldehyde coupling, tetrakis(triphenylphosphine)palladium(0), 

469

 dehydrobrominations, tetrakis(triphenylphosphine)

palladium(0), 470

α-Bromo-β-lactams, synthesis, N-bromosuccinimide, 47

Bromolactonizations

 olefi ns, N-bromosuccinimide, 50

 unsaturated acids, N-bromosuccinimide, 46

Bromomalonate, heterocycle additions, ruthenium(II), 

tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 372

Bromomethylenecyclobutanes, ring enlargements, potassium 

tert-butoxide, 358

1-Bromo-2,5-pyrrolidinedione see N-Bromosuccinimide

N-Bromosuccinimide, 43–53

 new reaction conditions, 50

N-Bromosuccinimide–dimethylformamide, see also 

N-Bromosuccinimide, 43–53

N-Bromosuccinimide–dimethyl sulfi de, see also 

N-Bromosuccinimide, 43–53

N-Bromosuccinimide–hydrogen fl uoride, see also 

N-Bromosuccinimide, 43–53

N-Bromosuccinimide–sodium azide

 see also N-Bromosuccinimide, 43–53

 see also Sodium azide, 398–405

1-Bromo-2,4,6-tri-tert-butylbenzene, Suzuki–Miyaura cross-

coupling, bis(dibenzylideneacetone)palladium(0), 10–11

1-Bromoundecane, chlorinations, chlorotrimethylsilane, 113

Brønsted acids, chlorotrimethylsilane, 114

Brook rearrangements, n-butyllithium, 59

Brown dichloromethyl methyl ether (DCME) process, 

9-borabicyclo[3.3.1]nonane dimer, 21

Bufl avine, intermediate synthesis, n-butyllithium, 61

t-Butoxide, see also n-Butyllithium, 54–69

p-t-Butylcalix[4]arene, tetraethylations, sodium hydride, 438

4-t-Butylcyclohexanone, stereoselective reductions, lithium 

aluminum hydride, 214

n-Butyllithium, 54–69

Butyllithium–boron trifl uoride etherate, see also Boron 

trifl uoride etherate, 27–42

s-Butyllithium and t-butyllithium, see also n-Butyllithium, 

54–69

n-Butyllithium–lithium dimethylaminoethanol, see also 

n-Butyllithium, 54–69

n-Butyllithium–potassium t-butoxide, see also Potassium 

tert-butoxide, 353–368

π-Bonded functional groups, reductions, sodium 

cyanoborohydride, 420–421, 425

σ-Bonded functional groups

 reductions, sodium cyanoborohydride, 421–422, 425–426

 reductive cleavage, sodium cyanoborohydride, 425–426

9-Borabicyclo[3.3.1]nonane dimer, 17–26

Borane–dimethyl sulfi de, see also 9-Borabicyclo[3.3.1]nonane 

dimer, 17–26

Borane–tetrahydrofuran, see also 9-Borabicyclo[3.3.1]nonane 

dimer, 17–26

Boron–carbon bonds, oxidations, potassium monoperoxysulfate, 

342

Boron enolates, generation, pinacolborane, 307–308

Boron trifl uoride, see also Boron trifl uoride etherate, 27–42

Boron trifl uoride diethyl etherate see Boron trifl uoride etherate

Boron trifl uoride etherate, 27–42

Boron trifl uoride ethyl etherate see Boron trifl uoride etherate

Boron trifl uoride ethyl ether complex see Boron trifl uoride 

etherate

α-Branched aldehydes, hindered enantioenriched Michael 

adducts, 4-dimethylaminopyridine, 173

(+)-Brasilenyne synthesis, n-butyllithium, 65

Bridged dipyrrinone synthesis, N,N′-carbonyl diimidazole, 75

Brominations

 acetals, N-bromosuccinimide, 48–49

 alkenes, N-bromosuccinimide, 43, 46–47

 β-alkoxylactones, N-bromosuccinimide, 44

 alkynic derivatives, N-bromosuccinimide, 47

 amides, N-bromosuccinimide, 49

 amines, N-bromosuccinimide, 49

 arenes, trimethyl trifl uoromethanesulfonate, 538

 benzylic, N-bromosuccinimide, 43–44, 45, 47

 boron trifl uoride etherate, 32

 carbohydrates, N-bromosuccinimide, 49

 cyclopropanes, N-bromosuccinimide, 47

 heterocycles, N-bromosuccinimide, 48

 ketones, trifl uoromethanesulfonic anhydride, 512

 lactams, iodotrimethylsilane, 196

 olefi ns, N-bromosuccinimide, 49

 purine derivatives, N-bromosuccinimide, 48

 pyridines, N-bromosuccinimide, 48

 radical, N-bromosuccinimide, 49

 vinylic derivatives, N-bromosuccinimide, 47

α-Brominations, carbonyl derivatives, N-bromosuccinimide, 

44–45, 47

Bromine radicals, generation, cerium(IV) ammonium 

nitrate, 84

α-Bromoacetophenone, reductions, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 371

Bromoalcohol synthesis, ω-alkenyl glycosides, 

N-bromosuccinimide, 49

1-Bromo-2-alkylcyclopropene synthesis, sodium hydride, 444

1-Bromoalkyne synthesis, sodium hexamethyldisilazide, 

430–431

α-Bromo carboxylic acid derivatives, debrominations, trimethyl 

trifl uoromethanesulfonate, 538

1-Bromocyclopentene synthesis, potassium tert-butoxide, 358

Bromodecarboxylations, α,β-unsaturated carboxylic acids, 

N-bromosuccinimide, 47
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Carbon dioxide-catalyzed amidations, N,N′-carbonyl 

diimidazole, 78

Carbon–halogen bonds

 cleavage, iodotrimethylsilane, 201

 formation, cerium(IV) ammonium nitrate, 84

 reductions, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 371–372

Carbon–heteroatom bonds

 cleavage, zinc–acetic acid, 555

 formation, tetrakis(triphenylphosphine)palladium(0), 

469–470

 oxidations, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 373

 ozonolysis, ozone, 297–299

Carbon–hydrogen bonds

 ortho-alkylations, chlorotris(triphenylphosphine)rhodium(I), 

129–130

 aminations, (diacetoxyiodo)benzene, 142

 arene borylations, pinacolborane, 311

 bile acid ester functionalizations, dimethyldioxirane, 179

 functionalizations

  bis(dibenzylideneacetone)palladium(0), 9–11

  dimethyldioxirane, 179–181

 insertions

  aldehydes, diazomethane, 148

  dioxiranes, potassium monoperoxysulfate, 339–340

 metalations, synergistic effects, potassium 

hexamethyldisilazide, 331

 oxidations

  (diacetoxyiodo)benzene, 142–143

  osmium tetroxide, 279–280

  ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 372–373

 steroid functionalizations, dimethyldioxirane, 179

ortho-Carbon–hydrogen bond aminations, N-aryl benzamides/

O-benzoyl hydroxylamines, bis(dibenzylideneacetone)

palladium(0), 10

Carbon nanotubes, osmoylations, osmium tetroxide, 280

Carbon–nitrogen bonds

 formation

  cerium(IV) ammonium nitrate, 83

  potassium hexamethyldisilazide, 331

  tetrabutylammonium fl uoride, 463–464

 reductions, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 370–371

Carbon=nitrogen double bonds, reductions, sodium 

borohydride, 408

Carbon–oxygen bonds

 formation

  cerium(IV) ammonium nitrate, 84

  chlorotris(triphenylphosphine)rhodium(I), 131

 reductions, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 371

Carbon–phosphorus bonds, reductions, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

Carbon–silicon bonds

 cleavage

  N-iodosuccinimide, 192

  trimethyl trifl uoromethanesulfonate, 540

Caerulomycin C, synthesis, lithium diisopropylamide, 236

Cage ketones, oxidations, cerium(IV) ammonium nitrate, 81

Calcium hydride, see also Sodium hydride, 438–446

(Camphorsulfonyl) oxaziridines, enantioselective oxidations, 

sodium hexamethyldisilazide, 432

Camps reagent, glycal epoxidations, m-chloroperbenzoic acid, 93

20-(S)-Camptothecin, stereoselective esterifi cations, 

4-dimethylaminopyridine, 171

CAN see Cerium(IV) ammonium nitrate

Carbamate-protected primary amines, synthesis, 

trifl uoromethanesulfonic acid, 499

Carbamates

 cleavage, iodotrimethylsilane, 195, 199

 heterocyclizations, 2-iodoxybenzoic acid, 208

 synthesis, N,N′-carbonyl diimidazole, 77

O-Carbamoyl migrations, stilbenes, n-butyllithium, 60

Carbanions

 generation, potassium tert-butoxide, 357

 silylations, iodotrimethylsilane, 196

Carbene ligand precursors, deprotonations, potassium 

hexamethyldisilazide, 331

Carbene mechanisms, lithium diisopropylamide, 233

Carbenoid rearrangements, n-butyllithium, 59

Carbenoids, generation, sodium hexamethyldisilazide, 429

Carbohydrate derivatives

 deprotonations, sodium hydride, 438

 glycosidations, N,N′-carbonyl diimidazole, 74

Carbohydrate glycals, glycosylations, trifl uoromethanesulfonic 

anhydride, 515–516

Carbohydrates

 glycosidic bond–brominations, N-bromosuccinimide, 49

 stereocontrolled functionalizations, potassium 

hexamethyldisilazide, 326

Carbolithiations, n-butyllithium, 61

Carbon acids, sodium hydride, 439–440, 443–444

Carbonates, synthesis, N,N′-carbonyl diimidazole, 73–74, 76–77

Carbon–boron bonds, oxidations, potassium monoperoxysulfate, 

342

Carbon–carbon bonds

 carbonylative formation, tetrakis(triphenylphosphine)

palladium(0), 469

 cerium(IV) ammonium nitrate, 82–83

 cleavage, (diacetoxyiodo)benzene, 137

 formation

  9-borabicyclo[3.3.1]nonane dimer, 20–23

  tetrabutylammonium fl uoride, 461–463

  tetrakis(triphenylphosphine)palladium(0), 467–469

 tosylations, p-toluenesulfonyl chloride, 484

Carbon=carbon double bonds

 additions, N-bromosuccinimide, 45–46

 bromoetherifi cations, N-bromosuccinimide, 45–46

 bromohydrations, N-bromosuccinimide, 45

 bromolactonizations, N-bromosuccinimide, 46

 epoxidations, dimethyldioxirane, 177

 reductions, lithium aluminum hydride, 213

Carbon≡carbon triple bonds, reductions, lithium aluminum 

hydride, 213

Carbon-centered radicals, generation, cerium(IV) ammonium 

nitrate, 82–83
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  2-iodoxybenzoic acid, 209–210

  lithium diisopropylamide, 225–226

  potassium monoperoxysulfate, 340

 unsaturated, synthesis, 2-iodoxybenzoic acid, 209–210

 α,β-unsaturated

  monoorganocopper compound conjugate additions, 

iodotrimethylsilane, 201–202

  silyl enol ether Michael additions, scandium 

trifl uoromethanesulfonate, 389

  synthesis

   2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 153–154

   2-iodoxybenzoic acid, 209–210

   lithium diisopropylamide, 225–226

 see also Individual classes of carbonyl compounds
Carbonyl-conjugated alkynes, diiodinations, N-iodosuccinimide, 

190

Carbonyl derivatives

 α-brominations, N-bromosuccinimide, 44–45, 47

 α-chlorinations, N-chlorosuccinimide, 98, 100, 102–103

 enantioselective alkylations, lithium diisopropylamide, 

226–227

 Tishchenko reductions, samarium(II) iodide, 385–386

N,N′-Carbonyl diimidazole, 72–79

 see also 1-Ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 184–186

Carbonyl groups

 chlorinations, oxalyl chloride, 284–285

 intermolecular hetero-Diels–Alder reactions, trimethyl 

trifl uoromethanesulfonate, 533

Carboranes, iodinations, N-iodosuccinimide, 189

Carboxonium ions, superelectric solvation, 

trifl uoromethanesulfonic acid, 501

Carboxylate anions, deprotonations, lithium naphthalenide, 241

Carboxyl groups, protein modifi cations, 1-ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 185

Carboxylic acid anhydrides

 synthesis

  oxalyl chloride, 283

  oxalyl chloride–dimethylformamide, 288

Carboxylic acid chlorides

 synthesis

  oxalyl chloride, 283, 285

  oxalyl chloride–dimethylformamide, 288

Carboxylic acid derivatives

 reductions, sodium borohydride, 407–408, 410–411, 413

 synthesis, trimethylsilyldiazomethane, 543

Carboxylic acids

 activation, N,N′-carbonyl diimidazole, 72

 additions, trifl uoromethanesulfonic anhydride, 510

 alcohol synthesis, lithium aluminum hydride, 212

 aldehyde synthesis, N,N′-carbonyl diimidazole, 73

 amide synthesis, N,N′-carbonyl diimidazole, 73, 78

 bromodecarboxylations, N-bromosuccinimide, 47

 chemoselective reductions, samarium(II) iodide, 385

 direct esterifi cations, 4-dimethylaminopyridine, 

170, 171

 esterifi cations

  N,N′-carbonyl diimidazole, 72–73

  diazomethane, 145–146

Carbon skeletons

 base-mediated rearrangements, potassium 

hexamethyldisilazide, 327–328

 oxidations, 2-iodoxybenzoic acid, 208–209

Carbon–sulfur bonds

 cleavage

  tetrabutylammonium fl uoride, 458–459

  see also Desilylations

 formation

  cerium(IV) ammonium nitrate, 84

  tetrabutylammonium fl uoride, 463–464

 reductions, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 370–371

Carbonylations

 bis(dibenzylideneacetone)palladium(0), 4

 9-borabicyclo[3.3.1]nonane dimer, 21

 tetrakis(triphenylphosphine)palladium(0), 469

Carbonyl compounds

 acetalizations, N-bromosuccinimide, 49

 activations, trimethyl trifl uoromethanesulfonate, 524–527, 

529–533

 additions

  chloromethyl methyl sulfone, potassium tert-butoxide, 359

  trifl uoromethanesulfonic anhydride, 508–509, 512–513

 alkenylations, trimethylsilyldiazomethane, 547

 allylations, scandium trifl uoromethanesulfonate, 390

 α-arylations

  potassium hexamethyldisilazide, 317–318

  sodium hexamethyldisilazide, 430

 condensations, sodium hydride, 439

 conjugate additions, monoorganocopper compounds, 

iodotrimethylsilane, 201–202

 coupling, organosilanes, tetrabutylammonium fl uoride, 463

 cycloadditions, trifl uoromethanesulfonic anhydride, 519

 dehydrogenations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 153–154, 156

 deprotection, potassium monoperoxysulfate, 343–344

 α-deprotonations, potassium hexamethyldisilazide, 322–325

 dialkyl ether synthesis, triethylsilane, 493

 α-heterosubstituted, reductions, samarium(II) iodide, 

378–379

 hydroborations, chlorotris(triphenylphosphine)rhodium(I), 126

 hydrosilylations, triethylsilane, 489, 491

 α-iodinations, N-iodosuccinimide, 191

 methylenations

  chlorotris(triphenylphosphine)rhodium(I), 130

  trimethylsilyldiazomethane, 547

 nucleophilic additions, iodotrimethylsilane, 196

 organosilane coupling, tetrabutylammonium fl uoride, 463

 oxidations, cerium(IV) ammonium nitrate, 81

 reductions, zinc–acetic acid, 555

 Reformatsky reactions, chlorotris(triphenylphosphine)

rhodium(I), 131

 silylations

  scandium trifl uoromethanesulfonate, 389

  trimethyl trifl uoromethanesulfonate, 524, 527–529

 synthesis

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 153–154

  iodotrimethylsilane, 202
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Chemoselective reductions, carboxylic acids, samarium(II) 

iodide, 385

Chiral acrylates, pericyclizations, trimethylsilyldiazomethane, 

550

Chiral N-acylpyridinium ions, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

Chiral auxilliary-based epoxidations, substituted alkenes, 

m-chloroperbenzoic acid, 92

Chiral bidentate phosphine ligands, asymmetric allylations, 

bis(dibenzylideneacetone)palladium(0), 3, 4–5

Chiral catalysts, scandium trifl uoromethanesulfonate, 392–393

Chiral enolates, synthesis, lithium diisopropylamide, 226–227

Chiral iminium salts, enantioenriched epoxide synthesis, 

potassium monoperoxysulfate, 339

Chiral ligands, additions, lithium aluminum hydride, 215

Chiral lithium amides, synthesis, n-butyllithium, 66

Chiral oxovanadium complex-catalyzed oxidative coupling, 

2-naphthols, trimethyl trifl uoromethanesulfonate, 540

Chiral phosphines, synthesis, lithium naphthalenide, 243

Chiral pyrrolidines, synthesis, sodium cyanoborohydride, 422

Chiral sulfonyl compounds, α-lithiations, n-butyllithium, 56

Chiral trisubstituted tetrahydrofurans, synthesis, 

iodotrimethylsilane, 198

Chlorinations

 acetylenic organometallics, N-chlorosuccinimide, 99

 alcohols

  N-chlorosuccinimide, 100, 104

  chlorotrimethylsilane, 113–114

  p-toluenesulfonyl chloride, 481

 aldoximines, potassium monoperoxysulfate, 336

 alkenes

  N-chlorosuccinimide, 103–104

  oxalyl chloride, 284

 alkynes, N-chlorosuccinimide, 104

 amines, N-chlorosuccinimide, 99

 aromatic compounds, N-chlorosuccinimide, 99, 101, 

104–105

 carbonyl groups, oxalyl chloride, 284–285

 chlorotrimethylsilane, 113–114

 dialkylphosphites, N-chlorosuccinimide, 102

 dichlorovinyl ethers, m-chloroperbenzoic acid, 94–95

 electrophilic, chlorotrimethylsilane, 114

 epoxides, N-chlorosuccinimide, 104

 β-keto esters, N-chlorosuccinimide, 100

 3β-methoxy-21-hydroxy-5α-pregnan-20-one, 

p-toluenesulfonyl chloride, 481

 nitroalkyl compounds, N-chlorosuccinimide, 104

 nitronate anions, N-chlorosuccinimide, 99

 oxazoline esters, chlorotrimethylsilane, 113

 secondary amines, N-chlorosuccinimide, 99

 sulfi des, N-chlorosuccinimide, 98–99, 100

 sulfoxides, N-chlorosuccinimide, 99

 thiols, N-chlorosuccinimide, 101

 vinylic organometallics, N-chlorosuccinimide, 99

α-Chlorinations

 N-chlorosuccinimide, 98, 100, 102–103

 p-toluenesulfonyl chloride, 481–482, 486

δ-Chloro aldimines, ring closures, lithium aluminum 

hydride, 217

  4-dimethylaminopyridine, 170, 171

  p-toluenesulfonyl chloride, 482

 heteroatom methylations, diazomethane, 145

 homologations, trifl uoromethanesulfonic anhydride, 513

 ketone synthesis, N,N′-carbonyl diimidazole, 73

 O-methylations, trimethylsilyldiazomethane, 543

 oxidative hydrolysis, cerium(IV) ammonium nitrate, 81

 protection

  chlorotrimethylsilane, 109

  potassium monoperoxysulfate, 341

  zinc–acetic acid, 554

 reductions

  lithium aluminum hydride, 212

  samarium(II) iodide, 385

 synthesis

  cerium(IV) ammonium nitrate, 84

  potassium monoperoxysulfate, 339, 344–345

 tertiary alkyl chloride synthesis, N-chlorosuccinimide, 

99–100

 α,β-unsaturated

  bromodecarboxylations, N-bromosuccinimide, 47

  halodecarboxylations, potassium monoperoxysulfate, 343

Carboxylic anilines, oxidations, potassium monoperoxysulfate, 

340

Carboxylic derivatives, synthesis, potassium tert-butoxide, 365

2-Carboxyvinyl trifl ates, synthesis, trifl uoromethanesulfonic 

anhydride, 510

Catecholborane

 alkene additions, chlorotris(triphenylphosphine)rhodium(I), 

126

 see also Pinacolborane, 306–312

Catechols, quinone formation, cerium(IV) ammonium nitrate, 

81

Cationic iodonium macrocycles, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

Central tetrahydropyran ring of phorboxazole, synthesis, 

n-butyllithium, 64–65

Centropolyindans, oxyfunctionalizations, dimethyldioxirane, 

180

Cephalosporin derivatives, methoxylations, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 161

Cephalostatin derivatives, oxyfunctionalizations, 

dimethyldioxirane, 179–180

Ceric ammonium nitrate see Cerium(IV) ammonium nitrate

Cerium(III) acetate–boron trifl uoride etherate, see also Boron 

trifl uoride etherate, 27–42

Cerium(IV) ammonium nitrate, 80–86

Cerium(IV) ammonium nitrate–sodium bromate, see also 

Cerium(IV) ammonium nitrate, 80–86

Cerium(III) chloride, see also Sodium borohydride, 406–418

Chain homologated ketones, synthesis, 

trimethylsilyldiazomethane, 543

Chalcogens, reductive metalations, lithium naphthalenide, 241

Chalcone-derived tosyl aziridines, reductive ring opening, 

ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 370–371

Charge transfer osmoylations, benzene derivatives, osmium 

tetroxide, 270

Chelation, dihydroxylations, osmium tetroxide, 267–268
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 allyl protecting groups, tetrakis(triphenylphosphine)

palladium(0), 471–472

 amino acid backbones, potassium monoperoxysulfate, 

348–349

 arylcarbonyl activated cyclopropanes, trimethyl 

trifl uoromethanesulfonate, 531

 benzyl ethers, ozone, 293–294

 benzylic silanes, trimethyl trifl uoromethanesulfonate, 540

 BOC protecting groups, chlorotrimethylsilane, 110

 σ-bonded functional groups, sodium cyanoborohydride, 

425–426

 carbamates, iodotrimethylsilane, 195, 199

 carbon–carbon bonds, (diacetoxyiodo)benzene, 137

 carbon–heteroatom bonds, zinc–acetic acid, 555

 carbon–oxygen bonds, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 371

 carbon–silicon bonds

  N-iodosuccinimide, 192

  trimethyl trifl uoromethanesulfonate, 540

 carbon–sulfur bonds

  tetrabutylammonium fl uoride, 458–459

  see also Desilylations

 cyclic acetals, m-chloroperbenzoic acid, 94

 cyclic dithioketals, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 158–159

 cyclic ketones, potassium monoperoxysulfate, 337

 cyclopropyl ketones, iodotrimethylsilane, 196

 1,3-dienes, ozone, 291

 1,2-diols, manganese dioxide, 252

 1,3-dithianes, potassium monoperoxysulfate, 344

 1,3-dithiolanes, potassium monoperoxysulfate, 344

 enamines, ozone, 291

 epoxides

  boron trifl uoride etherate, 30–31

  chlorotrimethylsilane, 110, 111–112

  iodotrimethylsilane, 194

  lithium aluminum hydride, 213–214

  sodium azide, 402

  trimethyl trifl uoromethanesulfonate, 535

 2,3-epoxy alcohols, sodium cyanoborohydride, 426

 esters, iodotrimethylsilane, 195, 199

 ethers

  boron trifl uoride etherate, 32

  iodotrimethylsilane, 194, 198

  sodium cyanoborohydride, 425–426

  triethylsilane, 493

 germanium acids, sodium hydride, 439

 haloethyl derived protecting groups, samarium(II) iodide, 385

 heteroaryl carbon–halogen bonds, iodotrimethylsilane, 201

 heteroatom–heteroatom bonds, zinc–acetic acid, 554–555

 ketene dithioacetals, ozone, 291

 ketones, potassium tert-butoxide, 357

 lactones, iodotrimethylsilane, 195, 199

 2-naphthylmethyl ethers, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 158

 nitronate anions, ozone, 294

 organometallic compounds, cerium(IV) ammonium nitrate, 

81–82

 oxetanes, lithium aluminum hydride, 217

Chloroalkaneamides, cycloalkylations, potassium tert-butoxide, 

362

Chloroalkanes, synthesis, oxalyl chloride, 284

N-Chloroamines, synthesis, N-chlorosuccinimide, 99

β-Chloroamino esters, synthesis, chlorotrimethylsilane, 113

para-Chlorobenzaldehyde, acetal synthesis, 

N-bromosuccinimide, 48

Chlorocarbonyl groups, additions, alkanes/cycloalkanes, oxalyl 

chloride, 284

β-Chloro enones

 synthesis

  oxalyl chloride, 284–285

  oxalyl chloride–dimethylformamide, 288–289

Chloroiminium salts, synthesis, oxalyl chloride, 285

α-Chloro methyl esters, synthesis, dichlorovinyl ether 

chlorinations, m-chloroperbenzoic acid, 95

Chloromethyl methyl sulfone, additions, carbonyl compounds, 

potassium tert-butoxide, 359

2-Chloromethylpyridines, synthesis, p-toluenesulfonyl chloride, 

487

Chloromethyltrienoic esters, synthesis, manganese dioxide, 255

gem-Chloronitro compounds, synthesis, N-chlorosuccinimide, 

99

m-Chloroperbenzoic acid, 87–97

m-Chloroperbenzoic acid-2,2,6,6-tetramethylpiperidine 

hydrochloride, see also m-Chloroperbenzoic acid, 87–97

5-Chloro-1-phenyltetrazole, synthesis, N-chlorosuccinimide, 

102

1-Chloro-2,5-pyrrolidinedione see N-Chlorosuccinimide

β-Chlorostyrenes, synthesis, N-chlorosuccinimide, 101

N-Chlorosuccinimide, 98–107

Chlorotrimethylsilane, 108–120

Chlorotris(triphenylphosphine)rhodium(I), 121–133

 see also Tetrakis(triphenylphosphine)palladium(0), 467–475

5β-Cholane/5α-cholestane steroids, dihydroxylations, 

dimethyldioxirane, 179

Chroman derivatives, alcohol/sulfonamide oxidations, 

(diacetoxyiodo)benzene, 141

Citric acid, alkene dihydroxylations, osmium tetroxide, 268

Claisen condensations

 N,N′-carbonyl diimidazole, 78

 sodium hydride, 439

Claisen rearrangements, diisobutylaluminum hydride, 168

Cleavage

 acetals

  diisobutylaluminum hydride, 165

  iodotrimethylsilane, 195, 199–200

  potassium hexamethyldisilazide, 320

  potassium monoperoxysulfate, 344

 alcohols, sodium cyanoborohydride, 425–426

 alkenes

  aldehyde synthesis, potassium monoperoxysulfate, 339

  carboxylic acid synthesis, potassium monoperoxysulfate, 

339

 alkynes, carboxylic acid synthesis, potassium 

monoperoxysulfate, 339

 allyl ethers, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 158

 allyloxycarbonyl protecting groups, 

tetrakis(triphenylphosphine)palladium(0), 471–472
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[C–N–N] azole synthons, trimethylsilyldiazomethane, 

544–546

Cobalt boride, see also Sodium borohydride, 406–418

Colvin rearrangements, trimethylsilyldiazomethane, 547

Complexations, chiral ligands, lithium aluminum hydride, 215

Condensations

 acetals

  allylsilanes, iodotrimethylsilane, 197

  silyl enol ethers, iodotrimethylsilane, 197

 aldehydes with 1,2-phenylenediamines, potassium 

monoperoxysulfate, 341

 aldol-type, potassium tert-butoxide, 354

 boron trifl uoride etherate, 28–30

 carbonyls, sodium hydride, 439

 Claisen-type, acylimidazoles, N,N′-carbonyl diimidazole, 78

 Darzens-type, potassium tert-butoxide, 354–355

 iminium trifl ates, trifl uoromethanesulfonic anhydride, 

518–519

 1,2-phenylenediamines, aldehydes, potassium 

monoperoxysulfate, 341

 potassium tert-butoxide, 354–355, 362–363

 silyl enol ethers, acetals, iodotrimethylsilane, 197

 Stobbe-type, potassium tert-butoxide, 355

Conjugate additions

 aldehydes, chlorotrimethylsilane, 110–111

 amines, sodium hydride, 442

 cuprates, aldehydes/ketones, chlorotrimethylsilane, 110–111

 cyclic enones, azide ions, sodium azide, 403

 enones

  azide ions, sodium azide, 403

  chlorotrimethylsilane, 112

  trifl uoromethanesulfonic anhydride, 519

 iodotrimethylsilane, 196, 201–202

 ketones, chlorotrimethylsilane, 110–111

 α,β-unsaturated carbonyl compounds, iodotrimethylsilane, 

201–202

 α,β-unsaturated ketones

  n-butyllithium, 64

  iodotrimethylsilane, 196

Conjugated carbonyl compounds, epoxidations, 

dimethyldioxirane, 177

Conjugated double bonds, epoxidations, potassium 

monoperoxysulfate, 335

Conjugated enones, halogenations, potassium 

monoperoxysulfate, 343

Conjugate reductions

 sodium borohydride, 406, 410, 413

 sodium cyanoborohydride, 425

Conjugation, lactose/human serum albumin, sodium 

cyanoborohydride, 423

Conversions

 9-borabicyclo[3.3.1]nonane dimer, 19–20

 vinyl phosphates to iodides, iodotrimethylsilane, 195

Co-oxidants

 alkene dihydroxylations, osmium tetroxide, 

271–272

 tetra-n-propylammonium perruthenate, 477

Cope eliminations, hydroxylamine synthesis, 

m-chloroperbenzoic acid, 95

 oxidative

  alkenes, osmium tetroxide, 270

  3-alkoxy-2,5-diphenylfurans, 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone, 160

  benzylic silanes, trimethyl trifl uoromethanesulfonate, 540

  2,3-dihydropyridones, sodium periodate, 453

  1,2-diols

   manganese dioxide, 252

   sodium periodate, 447, 449–450

   tetra-n-propylammonium perruthenate, 477

  α-hydroxyketones, potassium monoperoxysulfate, 337

  α-nitroketones, potassium monoperoxysulfate, 337

  olefi ns, osmium tetroxide, 277–279

  organometallic compounds, cerium(IV) ammonium nitrate, 

81–82

  polymer-bound sulfoximines, m-chloroperbenzoic 

acid, 91

  2,3,5-triphenylfuran, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 160

 p-phenylbenzyl ethers, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 158

 phosphate esters, iodotrimethylsilane, 195

 phosphonate esters, iodotrimethylsilane, 195

 phosphorus(III) esters, iodotrimethylsilane, 200

 phthalides, iodotrimethylsilane, 201

 polymer-bound sulfoximines, m-chloroperbenzoic acid, 91

 prenyl ethers, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

158

 reductive

  acetals, diisobutylaluminum hydride, 165

  alcohols, sodium cyanoborohydride, 425–426

  α-alkoxy ketones, samarium(II) iodide, 378

  σ-bonded functional groups, sodium cyanoborohydride, 

425–426

  cyclic amidines, diisobutylaluminum hydride, 165

  cyclic aminals, diisobutylaluminum hydride, 165

  2,3-epoxy alcohols, sodium cyanoborohydride, 426

  ethers, sodium cyanoborohydride, 425–426

  heteroaryl carbon–halogen bonds, iodotrimethylsilane, 201

  α-hydroxy ketones, samarium(II) iodide, 378

  nitrogen–oxygen bonds, samarium(II) iodide, 385

  oxazolidines, 9-borabicyclo[3.3.1]nonane dimer, 24

  2-oxazolidinone chiral auxiliaries, sodium borohydride, 

411

  phthalides, iodotrimethylsilane, 201

  sulfonamides, iodotrimethylsilane, 201

  vinylic epoxides, sodium cyanoborohydride, 426

 silicon acids, sodium hydride, 439

 sulfonamides, iodotrimethylsilane, 201

 thiazolidinethione groups, 4-dimethylaminopyridine, 174

 N-tosyl protecting groups, samarium(II) iodide, 385

 α,β-unsaturated ketones, ozone, 291

 vinyl ethers, ozone, 291

 vinylic epoxides, sodium cyanoborohydride, 426

 vinyl sulfi des, ozone, 291

 zirconacyclopentadiene, N-chlorosuccinimide, 105

 see also Ozonolysis; Ring opening

Cleaved phosphorus(III) esters, Michaelis Arbuzov 

rearrangements, iodotrimethylsilane, 200
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 tetrabutylammonium fl uoride, 461–463

 see also Cross-coupling; Suzuki–Miyaura coupling

m-CPBA see m-Chloroperbenzoic acid

Cross-conjugated 2-cyclopenten-1-ones, synthesis, trimethyl 

trifl uoromethanesulfonate, 532

Cross-coupling

 alkyl metals/vinyl halides, tetrakis(triphenylphosphine)

palladium(0), 468

 amines/aromatic bromides, potassium hexamethyldisilazide, 

331

 anilines/ aromatic bromides, bis(dibenzylideneacetone)

palladium(0), 11

 aromatic bromides

  amines, potassium hexamethyldisilazide, 331

  anilines, bis(dibenzylideneacetone)palladium(0), 11

 bis(dibenzylideneacetone)palladium(0), 3, 5–6, 10–11, 13–15

 metalated alkenes, tetrakis(triphenylphosphine)palladium(0), 

467–468

 organometallic compounds/unsaturated electrophiles, 

tetrakis(triphenylphosphine)palladium(0), 467–469

 oxidative, bis(dibenzylideneacetone)palladium(0), 13–15

 Stille-type, N-bromosuccinimide, 50

 Suzuki–Miyaura type, pinacolborane, 308

 Suzuki-type, 2-pyridyl nucleophiles, n-butyllithium, 64

 tetrabutylammonium fl uoride, 461–463

 tetrakis(triphenylphosphine)palladium(0), 467–469

 vinyl halides/alkyl metals, tetrakis(triphenylphosphine)

palladium(0), 468

Crossed aldol condensations, 9-borabicyclo[3.3.1]nonane dimer, 

22

Crossed condensations, ethyl acetate/dimethyl phthalate, sodium 

hydride, 439

Cross-linking, proteins, ruthenium(II), tris(2,2′-bipyridine-κN1, 

κN1′)-, (OC-6-11)-, 372–373

C-3 substituted 1,4-benzodiazepin-2-ones, deprotonations, 

potassium hexamethyldisilazide, 323–324

C1 synthons, oxalyl chloride, 286

C2 synthons, oxalyl chloride, 285–286

N-Cumyl directed metalation groups, directed ortho metalations, 

n-butyllithium, 62

Cuprates, conjugate additions, aldehydes/ketones, 

chlorotrimethylsilane, 110–111

Curtius reactions, sodium azide, 399

(E)-4-Cyano-5-arylpent-4-enenitriles, one-pot synthesis, 

potassium tert-butoxide, 359

2-Cyano-3-ethoxy-2-en-1-ols, olefi nations, trimethyl 

trifl uoromethanesulfonate, 537

Cyanoguanidines, synthesis, 1-ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 185

α-Cyano-α,β-unsaturated aldehydes, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

Cyclic acetals

 cleavage, m-chloroperbenzoic acid, 94

 protection, 4-dimethylaminopyridine, 174

Cyclic alkenes, diastereoselective epoxidations, 

m-chloroperbenzoic acid, 88

Cyclic allylic alcohols, ozonolysis, ozone, 300–301

Cyclic amidines, reductive cleavage, diisobutylaluminum 

hydride, 165

Cope rearrangements

 β-(hydroxymethyl)allylsilanes, trifl uoromethanesulfonic 

anhydride, 512

 2-oxonia, trifl uoromethanesulfonic acid, 504

 oxyanionic, potassium hexamethyldisilazide, 316

Copper complexes, reductions, lithium naphthalenide, 242

Copper(I) iodide–triethylphosphine–lithium naphthalenide, see 
also Lithium naphthalenide, 241–246

Corey–Fuchs reactions, triphenylphosphonium dibromomethane 

reagent, n-butyllithium, 65

Corey synthesis, epibatidine, N-bromosuccinimide, 49

Coumarin-3-ones, synthesis, (diacetoxyiodo)benzene, 137

Coumarins, asymmetric 1,4-reductions, pinacolborane, 311–312

Coupling

 acid chlorides, organometallic compounds, 

tetrakis(triphenylphosphine)palladium(0), 468

 N-acyl lactams, aldehydes/ketones, samarium(II) iodide, 384

 alcohols/glycals, N-iodosuccinimide, 188–189

 aldehydes, tetrakis(triphenylphosphine)palladium(0), 469

 alkanes, trifl uoromethanesulfonic anhydride, 514

 alkenes

  samarium(II) iodide, 380

  triethylsilane, 494

 alkyl halides, arylsilanes, tetrabutylammonium fl uoride, 461

 alkynes, triethylsilane, 494

 allenes, triethylsilane, 494

 arylsilanes/alkyl halides, tetrabutylammonium fl uoride, 461

 9-borabicyclo[3.3.1]nonane dimer, 20–23

 α-bromo esters/aldehydes, tetrakis(triphenylphosphine)

palladium(0), 469

 α-bromo ketones/aldehydes, tetrakis(triphenylphosphine)

palladium(0), 469

 carbonyl compounds/organosilanes, tetrabutylammonium 

fl uoride, 463

 1,2-dicarbonyl compound synthesis, samarium(II) 

iodide, 384

 dienes, triethylsilane, 494

 fullerenes, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 155

 glycals/alcohols, N-iodosuccinimide, 188–189

 imines, triethylsilane, 494

 ketones/alkenes, samarium(II) iodide, 380

 multicomponent, bis(dibenzylideneacetone)palladium(0), 6–7

 2-naphthols, trimethyl trifl uoromethanesulfonate, 540

 nitrones, chlorotrimethylsilane, 115

 organosilanes/carbonyl compounds, tetrabutylammonium 

fl uoride, 463

 organozinc compounds, terminal acetylenes, 

iodotrimethylsilane, 202

 peptides, 1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 184–185

 phenols, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

154–155, 157

 porphyrins, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

157–158

 reductive, triethylsilane, 493–494

 silanols, tetrabutylammonium fl uoride, 462

 styrenes, tetrabutylammonium fl uoride, 462

 terminal acetylenes/organozinc compounds, 

iodotrimethylsilane, 202
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 homoallylic alcohols, trifl uoromethanesulfonic anhydride, 

512

 α-lactam synthesis, sodium hydride, 441

 phenols, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

154–155, 157

 propynyloxyethyl derivatives, sodium hexamethyldisilazide, 

432

 protected amines, sodium hydride, 441–442

 2-(2′-pyridylamino)imidazole[1,2-a]pyridines, 

(diacetoxyiodo)benzene, 138

 radical

  2-iodoxybenzoic acid, 208

  sodium cyanoborohydride, 425

 substituted benzophenones, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 157–158

 triazenes, triazole synthesis, tetra-n-propylammonium 

perruthenate, 478

 triethylsilane, 493–494

 trifl uoroacetyl-subtituted hydrazones, sodium periodate, 454

 unsaturated ketones, sodium hydride, 442

 urea methyl esters, lithium aluminum hydride, 216–217

 see also Annulations; Cycloadditions

[2+2] Cycloadditions, alkynyl sulfi des/imines, scandium 

trifl uoromethanesulfonate, 392

[3+2] Cycloadditions

 alkenes, bis(dibenzylideneacetone)palladium(0), 3–4

 alkenes/aryl cyclopropyl ketones, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 373

 alkynes/N-tosylazomethine ylides, scandium 

trifl uoromethanesulfonate, 395

[4+2] Cycloadditions

 alkenes, chlorotris(triphenylphosphine)rhodium(I), 126

 alkynes, chlorotris(triphenylphosphine)rhodium(I), 126

 substituted pentacenes, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 159

 see also Diels–Alder reactions

[4+3] Cycloadditions, 1,4-dicarbonyl compounds/

bis(trimethylsilyl)enol ethers, trimethyl 

trifl uoromethanesulfonate, 532

[5+3] Cycloadditions, 1,5-dicarbonyl compounds/

bis(trimethylsilyl)enol ethers, trimethyl 

trifl uoromethanesulfonate, 532–533

Cycloadditions

 all-carbon cationic, trimethyl trifl uoromethanesulfonate, 533

 boron trifl uoride etherate, 37–38

 carbonyl compounds, trifl uoromethanesulfonic anhydride, 

519

 diazomethane, 149–150

 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 159

 4-dimethylaminopyridine, 173

 pyrrole synthesis, potassium hexamethyldisilazide, 328–329

 ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 

373

 see also Annulations; Cyclizations; Diels–Alder reactions

Cycloalkanes, halocarbonylations, oxalyl chloride, 284

Cycloalkanols, rearrangements, (diacetoxyiodo)benzene, 140

Cycloalkylations

 chloroalkaneamides, potassium tert-butoxide, 362

 cyclic saturated ketones, potassium tert-butoxide, 354

Cyclic aminals, reductive cleavage, diisobutylaluminum 

hydride, 165

Cyclic amines, lactam reductions, 9-borabicyclo[3.3.1]nonane 

dimer, 24

Cyclic bis(trimethylsiloxy)-1,3-dienes, acylations, trimethyl 

trifl uoromethanesulfonate, 537

Cyclic carbonates

 synthesis

  N,N′-carbonyl diimidazole, 77

  substituted epoxide additions, 4-dimethylaminopyridine, 

174

Cyclic dithiane alcohols, one-carbon ring expanded 1,2-diketone 

synthesis, N-chlorosuccinimide, 102

Cyclic dithioketals, cleavage, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 158–159

Cyclic enones, conjugate additions, azide ions, sodium azide, 

403

Cyclic ethers, regioselective synthesis, boron trifl uoride etherate, 

36

Cyclic ketones

 Baeyer–Villiger oxidations, potassium monoperoxysulfate, 

334, 337

 cleavage, potassium monoperoxysulfate, 337

 α-iodinations, N-iodosuccinimide, 191

Cyclic saturated alcohols, oxidations, manganese dioxide, 

251–252

Cyclic saturated ketones, cycloalkylations, potassium tert-
butoxide, 354

Cyclic sulfonium ions, formation, iodotrimethylsilane, 198

Cyclic trialkylboranes, synthesis, lithium aluminum hydride, 

217

Cyclic ureas, synthesis, 2-iodoxybenzoic acid, 208

5-exo-Cyclizations, hydroperoxyacetals, 301–302

Cyclizations

 alkyl trifl ates, trifl uoromethanesulfonic anhydride, 518

 alkynes, chlorotris(triphenylphosphine)rhodium(I), 126, 

130–131

 N-allyl-α,β-unsaturated amides, sodium hydride, 440

 amides, trifl uoromethanesulfonic anhydride, 518–519

 anilides, 2-iodoxybenzoic acid, 208

 aryl ketones, 3-iodofuran derivative synthesis, 

N-iodosuccinimide, 191

 2-aryloxylbenzonitriles, trifl uoromethanesulfonic acid, 504

 aziridine synthesis

  lithium aluminum hydride, 213–214, 216

  sodium hydride, 441–442

 bis(dibenzylideneacetone)palladium(0), 12–13

 boron trifl uoride etherate, 29

 diamine derivatives, N-chlorosuccinimide, 105

 Dieckmann-type, potassium tert-butoxide, 355

 1,5-dienes, osmium tetroxide, 269, 273

 dimethyl substituted homoallylic alcohols, 

trifl uoromethanesulfonic anhydride, 512

 dipeptide lactams, β-lactam synthesis, N-iodosuccinimide, 

188

 1,6-diynes, chlorotris(triphenylphosphine)rhodium(I), 130

 1,6-enynes, chlorotris(triphenylphosphine)rhodium(I), 130

 α-haloamides, sodium hydride, 441

 hex-5-ynyl iodides, diisobutylaluminum hydride, 168
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Cyclopropyllithiums, synthesis, n-butyllithium, 57

Cyclotrimerizations, alkynes, chlorotris(triphenylphosphine)

rhodium(I), 126

Dakin–West reaction, 4-dimethylaminopyridine, 171

Danishefsky’s diene see 

2-trans-1-Methoxy-3-trimethylsiloxy-1,3-butadiene

Darzens reactions

 potassium tert-butoxide, 354–355, 362

 potassium hexamethyldisilazide, 319

DCME see Brown dichloromethyl methyl ether process

DDO see Dimethyldioxirane

DDQ see 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

Dealkylations

 esters, iodotrimethylsilane, 195, 199

 ethers, iodotrimethylsilane, 194, 198

 see also Cleavage

7-Deazapurines, synthesis, sodium hydride, 444

Debenzyloxycarbonylations, methionine-containing peptides, 

boron trifl uoride etherate, 33

Debrominations, 1,1,2-tribromocyclopropanes, sodium hydride, 

444

trans-Decalin, synthesis, potassium hexamethyldisilazide, 315

Decanesulfonic acid, synthesis, potassium monoperoxysulfate, 

337

1-Decanethiol, oxidations, potassium monoperoxysulfate, 337

Decarbonylations, aldehydes, chlorotris(triphenylphosphine)

rhodium(I), 125

Decarboxylations

 α-anilino-α,α-diphenylacetic acid, p-toluenesulfonyl chloride, 

482–483

 aromatic carboxylic acids, (diacetoxyiodo)benzene, 141

 N-bromosuccinimide, 47

 α-heteroatom-functionalized carboxylic acids, 

(diacetoxyiodo)benzene, 141

 β-keto esters, 4-dimethylaminopyridine, 171

Decompositions

 (arylsulfonyl)hydrazones, n-butyllithium, 59

 propargyloxycarbonyl azides, chlorotrimethylsilane, 114

 unsaturated ketones, boron trifl uoride etherate, 33

Deconjugative isomerizations, 2-alkenoates, potassium 

hexamethyldisilazide, 314

Deep cavity cavitands, directed ortho metalations, 

n-butyllithium, 63

Dehalogenations

 aryl iodides, zinc–acetic acid, 556

 dihalides, lithium naphthalenide, 241–242

Dehydrations

 N,N′-carbonyl diimidazole, 74

 chlorotrimethylsilane, 113

 nitro/nitroso compounds, iodotrimethylsilane, 198

 oximes

  iodotrimethylsilane, 198

  p-toluenesulfonyl chloride, 486–487

 primary amides, trifl uoromethanesulfonic anhydride, 514

 serine, oxalyl chloride, 286

 ureas, p-toluenesulfonyl chloride, 484

Dehydrobrominations, α-bromo ketones, 

tetrakis(triphenylphosphine)palladium(0), 470

Cyclodehydrogenations, phenols, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 154–155

Cyclodextrins

 silyl ether deprotection, N-bromosuccinimide, 50

 tosylations, p-toluenesulfonyl chloride, 481

β-Cyclodextrins, porphyrin additions, sodium 

cyanoborohydride, 422

1,4-Cyclohexadienes, hydrogenations, 

chlorotris(triphenylphosphine)rhodium(I), 127

Cyclohexanone, terminal alkyne additions, potassium tert-
butoxide, 358

1-Cyclohexyl-3-(2-morpholinoethyl)carbodiimide, see also 

1-Ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 184–186

(1,5-Cyclooctadiene)[1,4-bis(diphenylphosphino)

butane]iridium(I)tetrafl uoroborate, see also 

Chlorotris(triphenylphosphine)rhodium(I), 121–133

(1,5-Cyclooctadiene)(tricyclohexylphosphine)(pyridine)

iridium(I) hexafl uorophosphate octacarbonyldicobalt, see 
also Chlorotris(triphenylphosphine)rhodium(I), 121–133

Cyclooctadienones, synthesis, 2-iodoxybenzoic acid, 209

Cyclooctanol, oxidations, 2-iodoxybenzoic acid, 209

Cyclooctene oxides, rearrangements, cyclopentanoid terpene 

synthesis, lithium diisopropylamide, 234

Cyclopentadienes, Diels–Alder cycloadditions, p-tolyl vinyl 

sulfoxide, trimethyl trifl uoromethanesulfonate, 538

Cyclopentanoid terpenes, synthesis, lithium diisopropylamide, 

234

Cyclopentenes

 monosaccharide synthesis, chlorotris(triphenylphosphine)

rhodium(I), 129

 stereoselective synthesis, potassium hexamethyldisilazide, 

316

 synthesis, 1,1-disubstituted alkene cyclizations, potassium 

hexamethyldisilazide, 319

2-Cyclopentenones

 synthesis

  trimethylsilyldiazomethane, 548–549

  trimethyl trifl uoromethanesulfonate, 532

Cyclopentenones

 synthesis

  diazomethane, 148

  trimethylsilyldiazomethane, 548–549

  trimethyl trifl uoromethanesulfonate, 532

 vinyl cuprate 1,4-additions, 2-iodoxybenzoic acid, 210

Cyclopropanations

 alkenes

  (diacetoxyiodo)benzene, 142

  diazomethane, 149–150

 5-methylnorborn-5-en-2-one, trifl uoromethanesulfonic 

anhydride, 509

 trimethylsilyldiazomethane, 547–548

Cyclopropanes

 brominations, N-bromosuccinimide, 47

 ring opening, chlorotrimethylsilane, 112

Cyclopropenes, synthesis, sodium hexamethyldisilazide, 431

1-Cyclopropylallenes, difunctional additions, 

N-chlorosuccinimide, 104

Cyclopropyl ketones, cleavage, iodotrimethylsilane, 196
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 2-(trimethylsilyl)ethyl esters, sodium hydride, 444

 trimethyl trifl uoromethanesulfonate, 536

 see also Cleavage; Protection

Deprotonations

 active methylene compounds, sodium hydride, 439, 443

 acyldiazomethanes, sodium hydride, 443

 alcohols, sodium hydride, 438

 alkynes

  potassium hexamethyldisilazide, 319

  sodium hexamethyldisilazide, 431–432

 β-alkynyloxy anions, lithium naphthalenide, 241

 amide ligand precursors, potassium hexamethyldisilazide, 331

 amino acid derivatives, potassium hexamethyldisilazide, 319

 aminoiridium complexes, potassium hexamethyldisilazide, 

326

 asymmetric, benzylic amines, n-butyllithium, 61

 benzylic amines, n-butyllithium, 61

 n-butyllithium, 66

 carbene ligand precursors, potassium hexamethyldisilazide, 

331

 carbohydrate derivatives, sodium hydride, 438

 carboxylate anions, lithium naphthalenide, 241

 epoxides, lithium diisopropylamide, 233–234

 heteroatom–hydrogen bonds, potassium hexamethyldisilazide, 

325–326

 imidazolium salts, potassium hexamethyldisilazide, 317

 oxazolidin-2-ones, potassium hexamethyldisilazide, 325

 oxazolines, potassium hexamethyldisilazide, 318–319

 propargylic derivatives, potassium hexamethyldisilazide, 319

 pyrazolium salts, potassium hexamethyldisilazide, 317

 sulfonamides, potassium hexamethyldisilazide, 326–327

 terminal alkynes, sodium hexamethyldisilazide, 431–432

 tosylhydrazones, sodium hexamethyldisilazide, 432–433

 trimethylsilyldiazomethane, sodium hexamethyldisilazide, 

432

α-Deprotonations

 carbonyl compounds, potassium hexamethyldisilazide, 

322–325

 epoxides, lithium diisopropylamide, 233–234

β-Deprotonations, epoxides, lithium diisopropylamide, 233–234

Derivatizations

 9-borabicyclo[3.3.1]nonane dimer, 19

 myxothiazol A, diisobutylaluminum hydride, 168

Desilylations, tetrabutylammonium fl uoride, 458–459

Destannylations, β-stannylsilylenol ethers, m-chloroperbenzoic 

acid, 92

Desulfonations, aromatic sulfonyl chlorides, 

chlorotris(triphenylphosphine)rhodium(I), 127

Desymmetrizations, 1,2-diols/acetal fi ssion, potassium 

hexamethyldisilazide, 320

Diacetone glucose, sulfi nylations, 4-dimethylaminopyridine, 

173

(Diacetoxyiodo)benzene, 136–144

N,N′-Diacylhydrazines, synthesis, potassium 

monoperoxysulfate, 341

Dialkenyl ketones, cross-conjugated 2-cyclopenten-1-one 

synthesis, trimethyl trifl uoromethanesulfonate, 532

α,α-Dialkylations, α,β-unsaturated ketones, potassium tert-
butoxide, 354

Dehydrogenations

 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 152–156

 manganese dioxide, 252

Dehydrogenative borylations, pinacolborane, 308

4-Demethoxydaunomycin, enantioselective formal synthesis, 

n-butyllithium, 64

Demethylation, acid-sensitive aryl methyl esters, 

4-dimethylaminopyridine, 174

Demethylative oxidations, intramolecular quinhydrone 

synthesis, cerium(IV) ammonium nitrate, 81

Deoxygenations

 aldehydes, sodium cyanoborohydride, 420, 424

 ketones, sodium cyanoborohydride, 420, 424

 nitro compounds, iodotrimethylsilane, 198

 samarium(II) iodide, 379

 sulfoxides

  iodotrimethylsilane, 197

  sodium borohydride, 414

2′-Deoxyribofuranyl purines, synthesis, sodium periodate, 

452–453

Dephosphonylations, β-functionalized phosphonates, lithium 

aluminum hydride, 216

Deprotection

 alcohols

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 158–159

  potassium monoperoxysulfate, 343–344

 alkyl aryl ethers, sodium hexamethyldisilazide, 431

 allyloxycarbonyl protecting groups, 

tetrakis(triphenylphosphine)palladium(0), 471–472

 allyl protecting groups, tetrakis(triphenylphosphine)

palladium(0), 471–472

 amines, N-iodosuccinimide, 190–191

 aziridines, ozone, 295

 benzyl ethers

  lithium naphthalenide, 244

  ozone, 293–294

 BOC group cleavage, chlorotrimethylsilane, 110

 carbonyl compounds, potassium monoperoxysulfate, 343–344

 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 158–159

 esters, potassium monoperoxysulfate, 344

 ethers, N-iodosuccinimide, 190–191

 haloethyl derived group cleavage, samarium(II) iodide, 385

 lithium aluminum hydride, 216

 lithium naphthalenide, 244

 phenylsilyl ethers, lithium naphthalenide, 244

 potassium monoperoxysulfate, 343–344

 propargyl ethers, osmium tetroxide, 272

 2-silyl-1,3-dithianes, N-bromosuccinimide, 49

 silyl ethers

  N-bromosuccinimide, 50

  sodium periodate, 454

 silyl groups, tetrabutylammonium fl uoride, 458, 464

 sodium hydride, 444

 substituted phenylpropargyl ethers, lithium naphthalenide, 

244

 N-sulfonylaziridines, lithium naphthalenide, 244

 tosyl groups, osmium tetroxide, 272–273

 N-tosyl groups, samarium(II) iodide, 385

 trifl amides, trifl uoromethanesulfonic anhydride, 508
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Dicarboxylic acids, selective monomethylations, diazomethane, 

146

Dichloroazetidines, aziridine synthesis, sodium hydride, 443

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone, 152–163

2,6-Dichloro-1,3-hexadiene, synthesis, N-chlorosuccinimide, 

104

α,α-Dichloro-β-hydroxy esters, reductive eliminations, 

samarium(II) iodide, 382

Dichlorovinyl ethers, chlorinations, m-chloroperbenzoic acid, 

94–95

1,3-Dicyclohexylcarbodiimide, see also 1-Ethyl-3-

(3′-dimethylaminopropyl)carbodiimide hydrochloride, 

184–186

(±)-Dicytopterene, synthesis, potassium hexamethyldisilazide, 

315–316

2,4-Didehydroadamantan-10-one, oxyfunctionalizations, 

dimethyldioxirane, 181

Dieckmann condensations, esters/thioesters, sodium hydride, 439

Dieckmann cyclizations, potassium tert-butoxide, 355

Diels–Alder reactions

 asymmetric, trifl uoromethanesulfonic acid, 503

 aza, scandium trifl uoromethanesulfonate, 391

 N-benzylideneaniline/2-trans-1-methoxy-3-trimethylsiloxy-

1,3-butadiene, scandium trifl uoromethanesulfonate, 391

 9-borabicyclo[3.3.1]nonane dimer, 22

 boron trifl uoride etherate, 33

 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 159

 4-dimethylaminopyridine, 173

 hetero

  trifl uoromethanesulfonic acid, 503

  trimethyl trifl uoromethanesulfonate, 533

 isoprene/methyl vinyl ketone, scandium 

trifl uoromethanesulfonate, 391

 2-trans-1-methoxy-3-trimethylsiloxy-1,3-

butadiene/NZbenzylideneaniline, scandium 

trifl uoromethanesulfonate, 391

 ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 

373

 three-component coupling, scandium 

trifl uoromethanesulfonate, 391

 p-tolyl vinyl sulfoxide, furans/cyclopentadienes, trimethyl 

trifl uoromethanesulfonate, 538

 trifl uoromethanesulfonic acid, 498, 503

1,3-Dienes

 1,4-hydroborations, pinacolborane, 310–311

 ozonolysis, ozone, 291

 synthesis, tetrakis(triphenylphosphine)palladium(0), 467, 472

1,5-Dienes, oxidative cyclizations, osmium tetroxide, 269, 273

Dienes

 hydrogenations, chlorotris(triphenylphosphine)rhodium(I), 

128

 reductive coupling, triethylsilane, 494

E/Z-Dienes, synthesis, sodium hexamethyldisilazide, 435

Dienolates, selective synthesis, potassium hexamethyldisilazide, 

314

Dienyl trifl ates, synthesis, trifl uoromethanesulfonic anhydride, 

509

α,α-Difl uorotrimethylsilyl enol ethers, synthesis, 

chlorotrimethylsilane, 111

Dialkylchlorophosphates, synthesis, N-chlorosuccinimide, 102

Dialkyl ethers, synthesis, triethylsilane, 493

1,2-Dialkylidenecycloalkanes, synthesis, 

chlorotris(triphenylphosphine)rhodium(I), 130

Dialkylphosphites, chlorinations, N-chlorosuccinimide, 102

Diaminations, terminal olefi ns, bis(dibenzylideneacetone)

palladium(0), 12

Diamine derivatives, heterocyclizations, N-chlorosuccinimide, 

105

Dianions, generation, lithium naphthalenide, 241, 243

α,α-Diaryl alcohols, selective reductions, iodotrimethylsilane, 

201

6,6-Diaryl-functionalized fulvenes, enantioselective synthesis, 

n-butyllithium, 65–66

Diaryloxymethanes, synthesis, sodium hydride, 440

Diaryl sulfoxides, synthesis, trifl uoromethanesulfonic acid, 503

Diastereoselective dihydroxylations, alkenes, osmium tetroxide, 

265–266

Diastereoselective epoxidations

 allylic alcohols, m-chloroperbenzoic acid, 93

 allyl-substituted alkenes, potassium monoperoxysulfate, 348

 cyclic alkenes, m-chloroperbenzoic acid, 88

Diastereoselective reductions, sodium borohydride, 409–410, 

412

Diastereoselective synthesis, glycosyl sulfoxides, 

m-chloroperbenzoic acid, 92

Diazo compounds, synthesis, amine oxidations, manganese 

dioxide, 252

α-Diazo ketones

 oxidations, dimethyldioxirane, 179

 protonations, diazomethane, 147–148

 Wolff rearrangements, diazomethane, 147

Diazomethane, 145–151

Diazonium fl uoroborates, reductions, 

chlorotris(triphenylphosphine)rhodium(I), 127

2-Diazopropane, see also Diazomethane, 145–151

1-Diazo-2-propene, see also Diazomethane, 145–151

DIB see (Diacetoxyiodo)benzene

DIBAH see Diisobutylaluminum hydride

DIBAL see Diisobutylaluminum hydride

DIBAL-H see Diisobutylaluminum hydride

1,3-Dibromides of arylcyclopropanes, synthesis, cerium(IV) 

ammonium nitrate, 84

α,α-Dibromoesters, ynolate anion conversions, lithium 

naphthalenide, 244

1,2-Dicarbonyl compounds, synthesis, samarium(II) 

iodide, 384

1,3-Dicarbonyl compounds, synthesis, aldehyde carbon–

hydrogen bond insertions, diazomethane, 148

1,4-Dicarbonyl compounds, [4+3] cycloadditions, trimethyl 

trifl uoromethanesulfonate, 532

1,5-Dicarbonyl compounds, [5+3] cycloadditions, trimethyl 

trifl uoromethanesulfonate, 532–533

Dicarbonyl compounds, additions, trifl uoromethanesulfonic 

anhydride, 509–510

1,3-Dicarbonyl dianions, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

β-Dicarbonyl systems, intramolecular cyclopropanations, 

(diacetoxyiodo)benzene, 137
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Dimethyl substituted homoallylic alcohols, cyclizations, 

trifl uoromethanesulfonic anhydride, 512

Dimethyl sulfoxide–oxalyl chloride, see also Oxalyl chloride, 

283–287

1,2-Diols

 desymmetrizations, potassium hexamethyldisilazide, 320

 1,2-diketone conversions, N-bromosuccinimide, 50

 monomethylations, diazomethane, 146

 oxidative cleavage

  manganese dioxide, 252

  sodium periodate, 447, 449–450

  tetra-n-propylammonium perruthenate, 477

1,3-Diols

 oxetane synthesis, p-toluenesulfonyl chloride, 482

 synthesis, triethylsilane, 493

Diols

 epoxidations, p-toluenesulfonyl chloride, 482

 in situ protection, osmium tetroxide, 268–269

 tosylations, p-toluenesulfonyl chloride, 485–486

1,3-Diones, acylations, 4-dimethylaminopyridine, 172

1,2-Dioxanes, synthesis, hydroperoxyacetals, ozone, 301–302

1,4-Dioxenes, epoxidations, m-chloroperbenzoic acid, 93

Dioxiranes

 carbon–hydrogen bond insertions, potassium 

monoperoxysulfate, 339–340

 oxyfunctionalizations, dimethyldioxirane, 180–181

 synthesis, potassium monoperoxysulfate, 334, 338, 345–346

Dipalladium-tris(dibenzylideneacetone), see also 

Bis(dibenzylideneacetone)palladium(0), 2–16

Dipalladium-tris(dibenzylideneacetone)-chloroform complex, 

see also Bis(dibenzylideneacetone)palladium(0), 2–16

Dipeptide lactams, β-lactam synthesis, N-iodosuccinimide, 188

Diphenylacetic acid, olefi n additions, N-bromosuccinimide, 49

Diphenyldiazomethane, see also Diazomethane, 145–151

Diphenylmethyl esters, carboxylic acid protection, potassium 

monoperoxysulfate, 341

Diphenyl phosphorazidate, see also 1-Ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 

184–186

Diphenylsilane–tetrakis(triphenylphosphine)palladium(0)–

zinc chloride, see also Tetrakis(triphenylphosphine)

palladium(0), 467–475

[3+2] Dipolar cycloadditions

 alkenes, diazomethane, 149

 alkynes, diazomethane, 149

Dipyrrinones, synthesis, N,N′-carbonyl diimidazole, 75

Direct brominations, β-alkoxylactones, N-bromosuccinimide, 44

Direct carbon–carbon bond formation, 

tetrakis(triphenylphosphine)palladium(0), 467–469

Direct carbon–hydrogen bond functionalizations, 

dimethyldioxirane, 179–181

Direct chlorinations, β-keto esters, N-chlorosuccinimide, 100

Directed metalation groups (DMG), n-butyllithium, 62, 63

Directed ortho metalations (DoM), n-butyllithium, 62–63

Direct esterifi cations, 4-dimethylaminopyridine, 170, 171

Direct functionalizations, 2,3-disubstituted indoles/N–Ts 

aziridines, scandium trifl uoromethanesulfonate, 394

Direct α-iodinations, aldehydes, N-iodosuccinimide, 191

Direct oxidations, alcohols, N-chlorosuccinimide, 100

Dihalides, dehalogenations, lithium naphthalenide, 241–242

Dihalocarbenes, generation, potassium tert-butoxide, 355

gem-Dihalocyclopropanes, metal–halogen interchanges, 

n-butyllithium, 57

Dihdroquinoline compounds, dehydrogenations, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 155

1,2-Dihydro-β-carbolines, synthesis, scandium 

trifl uoromethanesulfonate, 393

Dihydropyrazines, synthesis, manganese dioxide, 257

Dihydropyridine derivatives, benzylpyridine synthesis, 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 156–157

2,3-Dihydropyridones, β-amino acid synthesis, sodium 

periodate, 453

Dihydroselenopyrans, oxidations, sodium periodate, 450

N,N′-Dihydroxyimidazolidines, oligopyridine-based nitronyl-

nitroxide biradical formation, sodium periodate, 452

N,N-Dihydroxyiminium carbenium ions, formation, 

trifl uoromethanesulfonic acid, 499

α,α′-Dihydroxy ketones, synthesis, methyl secondary alkyl 

ketone oxidations, m-chloroperbenzoic acid, 89

α,β-Dihydroxyketones, α-diketone synthesis, N,N′-carbonyl 

diimidazole, 75

Dihydroxylations

 alkenes, osmium tetroxide, 264–268, 271–273

 5β-cholane/5α-cholestane steroids, dimethyldioxirane, 179

 hydrogen bonding control, osmium tetroxide, 268

 reoxidants, osmium tetroxide, 269

cis-Dihydroxylations, alkenes, potassium monoperoxysulfate, 

345

Diiodinations, carbonyl-conjugated alkynes, N-iodosuccinimide, 

190

Diisobutylaluminum hydride, 164–169

1,2-Diketones, synthesis, 1,2-diol conversions, 

N-bromosuccinimide, 50

1,4-Diketones, synthesis, enedione reductions, 

iodotrimethylsilane, 197

α-Diketones, synthesis, N,N′-carbonyl diimidazole, 75

β-Diketones

 carboxylic acid synthesis, cerium(IV) ammonium nitrate, 84

 Tsuji–Trost reactions, 4-dimethylaminopyridine, 174

Dimerizations, 1-alkynes, chlorotris(triphenylphosphine)

rhodium(I), 131

3,5-Dimethoxybenzoin carbonates, alcohol protection, N,N′-
carbonyl diimidazole, 77

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide see 1-Ethyl-3-

(3′-dimethylaminopropyl)carbodiimide hydrochloride

4-Dimethylaminopyridine, 170–175

1,5-Dimethyl-3,7-diazabicyclo[3.3.0]octane, synthesis, lithium 

aluminum hydride, 217

Dimethyldioxirane, 176–182

 see also Potassium monoperoxysulfate, 334–352

Dimethyl malonate derivatives, ring-closure, potassium tert-
butoxide, 359

1,3-Dimethyl-3-(methylthio)oxindole, reductions, lithium 

aluminum hydride, 218

1,5-Dimethyl-6-oxoverdazyl radicals, generation, sodium 

periodate, 453

Dimethyl phthalate, crossed condensations, ethyl acetate, 

sodium hydride, 439
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 tetrakis(triphenylphosphine)palladium(0), 472

 vicinal heteroatoms, zinc–acetic acid, 554

β-Eliminations, potassium tert-butoxide, 355–356, 363

E2 Eliminations, potassium tert-butoxide, 364–365

Enamido ketones, 1,2,3,4-β-tetrahydrocarboline synthesis, 

trimethyl trifl uoromethanesulfonate, 538

Enamines

 lithiations, n-butyllithium, 66

 ozonolysis, ozone, 291

 reductions, sodium cyanoborohydride, 420, 423–424

β-Enamino acid derivatives, synthesis, N,N′-carbonyl 

diimidazole, 74

β-Enamino phosphonates, dephosphonylations, lithium 

aluminum hydride, 216

Enantioenriched epoxides, synthesis, potassium 

monoperoxysulfate, 339

Enantioselective alkylations

 aldehydes, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 372

 carbonyl derivatives, lithium diisopropylamide, 226–227

Enantioselective α-chlorinations, β-keto esters/phosphonates, 

N-chlorosuccinimide, 100

Enantioselective diaminations, terminal olefi ns, 

bis(dibenzylideneacetone)palladium(0), 12

Enantioselective epoxidations, terminal olefi ns, potassium 

monoperoxysulfate, 338–339

Enantioselective formal synthesis, 4-demethoxydaunomycin, 

n-butyllithium, 64

Enantioselective Friedel–Crafts reactions, scandium 

trifl uoromethanesulfonate, 393–394

Enantioselective oxidations, 2-substituted-2-hydroxy-1-tetralone 

synthesis, sodium hexamethyldisilazide, 432

Enantioselective reductions, sodium borohydride, 410, 412–413, 

414–415

Enantioselective synthesis

 4-demethoxydaunomycin, n-butyllithium, 64

 ferrocenyls, n-butyllithium, 65–66

 tetrahydroisoquinolin-1-ones, n-butyllithium, 61–62

Enecarbamates, synthesis, n-butyllithium, 61

Enediones

 reductions, 1,4-diketone synthesis, iodotrimethylsilane, 197

 synthesis, m-chloroperbenzoic acid, 92

Enolate anions, generation, n-butyllithium, 56–57

Enolate equivalents, synthesis, n-butyllithium, 56–57

Enolates

 arylations, bis(dibenzylideneacetone)palladium(0), 6

 Ireland–Claisen rearrangements, lithium diisopropylamide, 

227

 Mannich reactions, lithium diisopropylamide, 232–233

 metalations, lithium diisopropylamide, 232

 rearrangements, lithium diisopropylamide, 227–228

 Stevens rearrangements, lithium diisopropylamide, 228

 synthesis

  n-butyllithium, 66

  lithium diisopropylamide, 224–225, 230–232

  potassium hexamethyldisilazide, 313–314

  sodium hexamethyldisilazide, 428

  sodium hydride, 439–440

 Wittig rearrangements, lithium diisopropylamide, 227

1,1-Disubstituted alkenes, cyclopentene synthesis, potassium 

hexamethyldisilazide, 319

Disubstituted furans, synthesis, trimethylsilyldiazomethane, 550

2,3-Disubstituted indoles, N–Ts aziridine functionalizations, 

scandium trifl uoromethanesulfonate, 394

Disubstituted oxazolines, synthesis, manganese dioxide, 

253–254

4,7-Disubstituted saccharins, synthesis, n-butyllithium, 62–63

Disulfi des, asymmetric monooxidations, potassium 

monoperoxysulfate, 349

1,2-Dithianes, lithiations, n-butyllithium, 55

1,3-Dithianes, cleavage, potassium monoperoxysulfate, 344

Dithioketals, hydrolysis, trifl uoromethanesulfonic anhydride, 

519

1,3-Dithiolanes, cleavage, potassium monoperoxysulfate, 344

Di-p-tolylcarbodiimide, see also 1-Ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 

184–186

Divinyl ketones

 Nazarov rearrangements, boron trifl uoride etherate, 37

 rearrangements, boron trifl uoride etherate, 37

Dixanthones, synthesis, trifl uoromethanesulfonic acid, 504

1,6-Diynes, cyclizations, chlorotris(triphenylphosphine)

rhodium(I), 130

DMAP see 4-Dimethylaminopyridine

DMG see Directed metalation groups

1-Dodecene, epoxidations, potassium monoperoxysulfate, 

334–335

DoM see Directed ortho metalations

Double diastereoselective dihydroxylations, alkenes, osmium 

tetroxide, 266–267

E2 eliminations, potassium tert-butoxide, 364–365

EDC see 1-Ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride

EDCI see 1-Ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride

Electron-defi cient alkenes, cyclopropanations, diazomethane, 

150

Electron-defi cient olefi ns, aminohalogenations, 

N-chlorosuccinimide, 104

Electron-defi cient species, additions, diazomethane, 150

Electron-rich alkenes, oxidations, cerium(IV) ammonium 

nitrate, 83

Electron-rich aromatic compounds

 para-halogenations, potassium monoperoxysulfate, 343

 iodinations/oxidations, N-chlorosuccinimide, 105

Electron-rich heterocycles, Friedel–Crafts alkylations, α,β-

unsaturated 2-acyl N-methylimidazoles, scandium 

trifl uoromethanesulfonate, 393–394

Electrophilic chlorinations, chlorotrimethylsilane, 114

Electrophilic trifl uoromethylations, trifl uoromethanesulfonic 

anhydride, 517–518

Eleven-membered carbocycles, synthesis, 

trifl uoromethanesulfonic anhydride, 512

Eliminations

 aziridines, lithium diisopropylamide, 235–236

 n-butyllithium, 59, 64–65

 potassium tert-butoxide, 355–356, 363
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 olefi ns

  m-chloroperbenzoic acid, 95

  sodium periodate, 451

 polycyclic aromatic hydrocarbons, dimethyldioxirane, 177

 stilbenes, potassium monoperoxysulfate, 346

 substituted alkenes, m-chloroperbenzoic acid, 92

 sulfonimines, m-chloroperbenzoic acid, 90

 terminal olefi ns, potassium monoperoxysulfate, 338–339

 p-toluenesulfonyl chloride, 482

 unsaturated hydrocarbons, dimethyldioxirane, 177

 vicinal diols, p-toluenesulfonyl chloride, 482

Epoxides

 chlorinations, N-chlorosuccinimide, 104

 cleavage

  boron trifl uoride etherate, 30–31

  chlorotrimethylsilane, 110, 111–112

  diisobutylaluminum hydride, 165–166

  4-dimethylaminopyridine, 174

  iodotrimethylsilane, 194

  lithium aluminum hydride, 213–214

  potassium monoperoxysulfate, 344

  samarium(II) iodide, 384

  sodium azide, 402

  trimethyl trifl uoromethanesulfonate, 535

 deprotonations, lithium diisopropylamide, 233–234

 rearrangements

  boron trifl uoride etherate, 31, 36–37

  lithium diisopropylamide, 233–235

 reductions

  lithium aluminum hydride, 212

  sodium borohydride, 408, 411, 413–414

 regioselective ring opening, 4-dimethylaminopyridine, 174

 synthesis, ozone, 291–292

2,3-Epoxy alcohols, reductive cleavage, sodium 

cyanoborohydride, 426

α,β-Epoxy amides, epoxide opening, samarium(II) iodide, 384

Epoxybenzotriazoles, reductive eliminations, lithium 

naphthalenide, 244

α,β-Epoxy esters, epoxide opening, samarium(II) iodide, 

378–379, 384

α,β-Epoxy ketones

 β-hydroxy carbonyl synthesis, samarium(II) iodide, 378–379

 reductions, lithium naphthalenide, 242–243

α,β-Epoxy mesylates, reductive eliminations, allylic alcohol 

synthesis, lithium naphthalenide, 244

Esterifi cations

 acid functional groups, diazomethane, 145–146

 alcohols

  4-dimethylaminopyridine, 170

  p-toluenesulfonyl chloride, 482

 20-(S)-camptothecin, 4-dimethylaminopyridine, 171

 carboxylic acids

  diazomethane, 145–146

  4-dimethylaminopyridine, 170, 171

  p-toluenesulfonyl chloride, 482

 hydroxytropolones, diazomethane, 146

 phenols

  diazomethane, 146

  4-dimethylaminopyridine, 171

Enol ethers

 condensations, acetals, iodotrimethylsilane, 197

 synthesis

  ketone silylations, iodotrimethylsilane, 196

  trimethyl trifl uoromethanesulfonate, 524

Enolizations

 ketones, sodium hydride, 443

 lactams, sodium hydride, 443

Enols, O-methylations, trimethylsilyldiazomethane, 543

Enol silyl ethers

 aldol silyl ether formation, tetrabutylammonium fl uoride, 460

 oxidations, m-chloroperbenzoic acid, 89

Enones

 conjugate additions, chlorotrimethylsilane, 112

 intermolecular conjugate additions, trifl uoromethanesulfonic 

anhydride, 519

1,6-Enynes, cyclizations, chlorotris(triphenylphosphine)

rhodium(I), 130

Enynes

 silylvinylallene synthesis, chlorotrimethylsilane, 110

 synthesis, tetrakis(triphenylphosphine)palladium(0), 468

Epibatidine, Corey synthesis, N-bromosuccinimide, 49

Episulfone synthesis, episulfi de oxidations, potassium 

monoperoxysulfate, 342

Epoxidations

 acetates, m-chloroperbenzoic acid, 92–93

 acyclic alkenes, m-chloroperbenzoic acid, 88–89, 92–93

 alcohols

  m-chloroperbenzoic acid, 93

  diisobutylaluminum hydride, 167

  potassium monoperoxysulfate, 347

 alkanes, potassium monoperoxysulfate, 334–335, 338–340, 

345–348

 alkenes

  m-chloroperbenzoic acid, 87–89, 91, 92

  (diacetoxyiodo)benzene, 141

  dimethyldioxirane, 177

  ozone, 291–292

  potassium monoperoxysulfate, 334–335, 345–348

 alkenols, potassium monoperoxysulfate, 339

 alkylhydroperoxide, potassium hexamethyldisilazide, 320

 allenes, dimethyldioxirane, 177

 allylic alcohols

  m-chloroperbenzoic acid, 93

  potassium monoperoxysulfate, 347

 allylic carbamate methyl esters, m-chloroperbenzoic acid, 92

 allyl-substituted alkenes, potassium monoperoxysulfate, 348

 amine-catalyzed, potassium monoperoxysulfate, 339

 arenes, potassium monoperoxysulfate, 334–335, 338–340, 

345–348

 aromatic heterocycles, dimethyldioxirane, 177

 bromohydrins, potassium hexamethyldisilazide, 326

 carbon=carbon double bonds, dimethyldioxirane, 177

 cyclic alkenes, m-chloroperbenzoic acid, 88

 1,4-dioxene, m-chloroperbenzoic acid, 93

 glycals, m-chloroperbenzoic acid, 93

 hindered trisubstituted allylic alcohols, potassium 

monoperoxysulfate, 347

 homoallylic alcohols, m-chloroperbenzoic acid, 92–93
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N-Ethyl-5-phenylisoxazolium-3′-sulfonate, see also 1-Ethyl-3-

(3′-dimethylaminopropyl)carbodiimide hydrochloride, 

184–186

Eudesma-4-en-3-ones, dehydrogenations, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 156

Eunicellin diterpenes, synthesis, n-butyllithium, 66

Ferrocenyl(alkyl)imidazoles, synthesis, N,N′-carbonyl 

diimidazole, 76

Ferrocenyls, enantioselective synthesis, n-butyllithium, 65–66

Ferroelectric liquid crystals, synthesis, n-butyllithium, 64

Fission, acetals, potassium hexamethyldisilazide, 320

Fluoride-promoted coupling, tetrabutylammonium fl uoride, 

461–463

Fluorinated pyridines, synthesis, n-butyllithium, 66

Fluorinations

 boron trifl uoride etherate, 39

 N-iodosuccinimide, 189

 tetrabutylammonium fl uoride, 460–461

Fluoroalkene derivatives, synthesis, sodium 

hexamethyldisilazide, 435

2-Fluoroalkyl halides, alkylations, alanine ester imines, 

potassium tert-butoxide, 361

2-(1-Fluoroethyl)sulfonyl-1,3-benzothiazoles, fl uoroalkene 

derivative synthesis, sodium hexamethyldisilazide, 435

Fluoroketones, Baeyer–Villiger oxidations, m-chloroperbenzoic 

acid, 93–94

Formaldehyde dithioacetals, synthesis, 

chlorotris(triphenylphosphine)rhodium(I), 131

Formamides, isocyanide synthesis, p-toluenesulfonyl chloride, 

484

Formylations

 amides, 1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 185

 oxalyl chloride–dimethylformamide, 289

N-Formylimidazole, synthesis, oxalyl chloride, 286

Four-component coupling, Michael-type, scandium 

trifl uoromethanesulfonate, 389

Fragmentations

 (diacetoxyiodo)benzene, 137, 140

 lactols, (diacetoxyiodo)benzene, 137

 norcaranones, trifl uoromethanesulfonic anhydride, 509

 oximes, p-toluenesulfonyl chloride, 483

 potassium tert-butoxide, 356

 tertiary alcohols, cerium(IV) ammonium nitrate, 80

Friedel–Crafts acylations

 scandium trifl uoromethanesulfonate, 390

 trifl uoromethanesulfonic acid, 501–502

Friedel–Crafts alkylations, scandium trifl uoromethanesulfonate, 

390–391, 393–394

Friedel–Crafts reactions

 boron trifl uoride etherate, 35

 scandium trifl uoromethanesulfonate, 393–394

 trifl uoromethanesulfonic anhydride, 511

Fries rearrangements

 acyloxybenzene, scandium trifl uoromethanesulfonate, 390

 anionic, lithium diisopropylamide, 236–237

 naphthalene derivatives, scandium trifl uoromethanesulfonate, 

390

 phosphonic acids, diazomethane, 146

 vinylogous carboxylic acids, diazomethane, 146

Esters

 additions, trifl uoromethanesulfonic anhydride, 510

 alcohol synthesis, lithium aluminum hydride, 212

 aldehyde synthesis, diisobutylaluminum hydride, 165

 aromatic nitrile synthesis, sodium hexamethyldisilazide, 

431

 cleavage, iodotrimethylsilane, 195, 199

 condensations, potassium tert-butoxide, 362

 conjugate reductions, sodium borohydride, 406

 dealkylations, iodotrimethylsilane, 195

 deprotection, potassium monoperoxysulfate, 344

 Dieckmann condensations, sodium hydride, 439

 lateral lithiations, lithium diisopropylamide, 229

 N-protected amino acids, 1-ethyl-3-(3′-dimethylaminopropyl)

carbodiimide hydrochloride, 185

 reductions

  diisobutylaluminum hydride, 165

  lithium aluminum hydride, 212

  sodium borohydride, 406

  triethylsilane, 493

 synthesis

  N,N′-carbonyl diimidazole, 72–73

  diisobutylaluminum hydride, 166–167

  manganese dioxide, 255

  p-toluenesulfonyl chloride, 482, 486

 transaminations, sodium hydride, 438

 α,β-unsaturated

  conjugate reductions, sodium borohydride, 406

  hydrosilylations, chlorotris(triphenylphosphine)rhodium(I), 

124

  reductions, diisobutylaluminum hydride, 165

Etherifi cations, reductive, triethylsilane, 492–493

Ethers

 cleavage

  boron trifl uoride etherate, 32

  iodotrimethylsilane, 194, 198

  triethylsilane, 493

 dealkylations, iodotrimethylsilane, 194, 198

 deprotection, N-iodosuccinimide, 190–191

 oxidations

  cerium(IV) ammonium nitrate, 81

  dimethyldioxirane, 177–178

 reductive cleavage, sodium cyanoborohydride, 

425–426

 Williamson synthesis, sodium hydride, 438

Ethyl acetate, crossed condensations, dimethyl phthalate, 

sodium hydride, 439

Ethyl bromodifl uoroacetate, Reformatsky-type reactions, 

chlorotris(triphenylphosphine)rhodium(I), 131

1-Ethyl-3-(3′-dimethylaminopropyl)carbodiimide 
hydrochloride, 184–186

 see also N,N′-Carbonyl diimidazole, 72–79

Ethylene, hydroaluminations, lithium aluminum hydride, 213

α,β-Ethylenic esters, synthesis, allylic alcohol conversions, 

manganese dioxide, 250

syn-1,3-Ethylidene acetals, synthesis, triethylsilane, 493

Esterifi cations (Continued)
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C-Glycosides, stereoselective synthesis, n-butyllithium, 60

Glycosylations

 N-iodosuccinimide, 189

 trifl uoromethanesulfonic anhydride, 514–516

Glycosyl donors, activations, N-iodosuccinimide, 188–189

Glycosyl sulfoxides, diastereoselective synthesis, 

m-chloroperbenzoic acid, 92

Grignard reagents

 β-amino methyl ester synthesis, ozone, 296–297

 self-coupled alkane synthesis, trifl uoromethanesulfonic 

anhydride, 514

Grob fragmentations

 ozone, 301

 potassium tert-butoxide, 356

Halides

 carbonylations, tetrakis(triphenylphosphine)palladium(0), 469

 oxidations

  potassium monoperoxysulfate, 343

  sodium periodate, 452

 reductions

  samarium(II) iodide, 378

  sodium borohydride, 408, 411, 413–414

 reductive metalations, lithium naphthalenide, 241

 synthesis, N,N′-carbonyl diimidazole, 74

 see also Individual halides...
Haloacetals, intramolecular cyclizations, potassium 

hexamethyldisilazide, 315

Haloamidations, olefi ns, N-chlorosuccinimide, 104

α-Haloamides, α-lactam synthesis, sodium hydride, 441

β-Haloamino carboxylic acid derivatives, synthesis, 

chlorotrimethylsilane, 113

Halocarbons, organocuprate additions, lithium naphthalenide, 

242

Halocarbonylations, oxalyl chloride, 284

Halodecarboxylations, potassium monoperoxysulfate, 343

β-Halo enones, synthesis, oxalyl chloride–dimethylformamide, 

288–289

α-Halo esters, alkylations, potassium tert-butoxide, 354

Haloethyl-derived protecting groups, cleavage, samarium(II) 

iodide, 385

Halogenations

 alcohols, oxalyl chloride–dimethylformamide, 289

 aromatic compounds

  N-iodosuccinimide, 191

  potassium monoperoxysulfate, 343

  sodium periodate, 452

 lactams, iodotrimethylsilane, 196

 methyl ketones, potassium monoperoxysulfate, 343

 oxidative, cerium(IV) ammonium nitrate, 82

para-Halogenations, electron-rich aromatic compounds, 

potassium monoperoxysulfate, 343

Halogen–carbon bonds

 cleavage, iodotrimethylsilane, 201

 formation, cerium(IV) ammonium nitrate, 84

 reductions, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 371–372

Halogen dance reaction, lithium diisopropylamide, 236

Halogen exchanges, alkyl halides, iodotrimethylsilane, 196

Fullerenes

 coupling, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 155

 reductive additions, sodium cyanoborohydride, 423

Fulvenes, enantioselective synthesis, n-butyllithium, 65–66

Functional groups

 conversions, 9-borabicyclo[3.3.1]nonane dimer, 19–20

 oxidations

  cerium(IV) ammonium nitrate, 80

  m-chloroperbenzoic acid, 87

 reductions

  lithium aluminum hydride, 212–213

  sodium cyanoborohydride, 419

 in situ tandem oxidation conversions, manganese dioxide, 

258–259

Functionalizations

 carbohydrates, potassium hexamethyldisilazide, 326

 indole derivatives, scandium trifl uoromethanesulfonate, 393–394

 olefi ns, sodium borohydride, 415

 p-tolylsulfonamides, n-butyllithium, 61–62

α-Functionalizations, arylselenyl acetates, boron trifl uoride 

etherate, 36

β-Functionalizations, α,β-unsaturated lactones, trimethyl 

trifl uoromethanesulfonate, 532

ortho-Functionalizations, p-tolylsulfonamides, n-butyllithium, 

61–62

Functionalized cyclopentenes, stereoselective synthesis, 

potassium hexamethyldisilazide, 316

β-Functionalized optically active secondary alcohols, synthesis, 

sodium borohydride, 415

β-Functionalized phosphonates, dephosphonylations, lithium 

aluminum hydride, 216

Furanoid glycols, synthesis, n-butyllithium, 65

Furans

 Diels–Alder cycloadditions, trimethyl 

trifl uoromethanesulfonate, 538

 oxidations, m-chloroperbenzoic acid, 89

 synthesis, trimethylsilyldiazomethane, 550

trans-Fused cyclohexenes, synthesis, lithium naphthalenide, 

242–243

Galactose, reductive aminations, sodium cyanoborohydride, 422

Germanium acids, cleavage, sodium hydride, 439

Germanium–hydrogen bonds, cleavage, sodium hydride, 439

Glucopyranoses/glucopyranosides, synthesis, potassium 

hexamethyldisilazide, 326

Glutamic acid, phenylalkylphosphonamidate derivative 

synthesis, potassium hexamethyldisilazide, 325

Glycals

 coupling, alcohols, N-iodosuccinimide, 188–189

 epoxidations, m-chloroperbenzoic acid, 93

 stereoselective iodinations, cerium(IV) ammonium nitrate, 84

Glycolic acid thioacetals, dianion generation, potassium 

hexamethyldisilazide, 314

Glycols, synthesis, n-butyllithium, 65

Glycopeptides, synthesis, cerium(IV) ammonium nitrate, 83

Glycosidations

 N-bromosuccinimide, 49

 N,N′-carbonyl diimidazole, 74

 potassium hexamethyldisilazide, 326
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 ozonation, ozone, 293

 reductive eliminations, zinc–acetic acid, 554

Heteroatom-stabilized carbanions, alkylations, lithium 

diisopropylamide, 228

Heteroatom-stabilized dicarbonium salts, synthesis, 

trifl uoromethanesulfonic anhydride, 510

Heterocycles

 aminal synthesis, boron trifl uoride etherate, 38

 N-amino, oxidations, (diacetoxyiodo)benzene, 139

 brominations, N-bromosuccinimide, 48

 bromomalonate additions, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 372

 ketal synthesis, boron trifl uoride etherate, 38

 ozonolysis, ozone, 297–299

 ring contraction, zinc–acetic acid, 555

 synthesis

  n-butyllithium, 61

  diazomethane, 150

  N-iodosuccinimide, 191–192

  2-iodoxybenzoic acid, 208

  lithium aluminum hydride, 216

  manganese dioxide, 259–260

  potassium tert-butoxide, 360–361, 362–363

  potassium hexamethyldisilazide, 325

  sodium azide, 400

  p-toluenesulfonyl chloride, 487

N-Heterocycles, oxidations, m-chloroperbenzoic acid, 90

Heterocyclic alcohols, oxidations, manganese dioxide, 251

N-Heterocyclic carbene ligands, synthesis, potassium 

hexamethyldisilazide, 317

Heterocyclizations

 anilides, 2-iodoxybenzoic acid, 208

 carbamates, 2-iodoxybenzoic acid, 208

 diamine derivatives, N-chlorosuccinimide, 105

Hetero [4+2] cycloadditions, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 373

Hetero-Diels–Alder reactions

 trifl uoromethanesulfonic acid, 503

 trimethyl trifl uoromethanesulfonate, 533

α-Heterosubstituted carbonyl compounds, reductions, 

samarium(II) iodide, 378–379

Hex-5-ynyl iodides, iodine transfer cyclizations, 

diisobutylaluminum hydride, 168

Highly functionalized C-glycosides, stereoselective synthesis, 

n-butyllithium, 60

Highly sensitive alcohols, oxidations, tetra-n-propylammonium 

perruthenate, 477

Hindered alkenes, ozonolysis, ozone, 291–292

Hindered benzophenones, synthesis, n-butyllithium, 60

Hindered enantioenriched Michael adducts, α-branched 

aldehydes/nitroalkanes, 4-dimethylaminopyridine, 173

Hindered trisubstituted allylic alcohols, epoxidations, potassium 

monoperoxysulfate, 347

Hoffmann rearrangements, 1° amides, (diacetoxyiodo)benzene, 

140

Homoallylic alcohols

 cyclizations, trifl uoromethanesulfonic anhydride, 512

 oxidations, sodium periodate, 454

 stereoselective epoxidations, m-chloroperbenzoic acid, 92–93

Halogen–lithium exchanges, n-butyllithium, 63–64

2-Halo-3-hydroxy esters, reductive eliminations, samarium(II) 

iodide, 382

Halohydroxylations, methylenecyclopropane derivatives, 

N-chlorosuccinimide, 103

α-Halo ketones

 alkylations, potassium tert-butoxide, 354

 enantioselective reductions, sodium borohydride, 415

 reductions, diisobutylaluminum hydride, 164

Halolactonizations, olefi ns, N-bromosuccinimide, 50

α-Halo nitriles, alkylations, potassium tert-butoxide, 354

gem-Halo-nitro compounds, synthesis, potassium 

monoperoxysulfate, 343

β-Halostyrenes, synthesis, N-chlorosuccinimide, 101

α-Halo sulfones, Ramberg–Bäcklund rearrangements, potassium 

tert-butoxide, 357–358

Hantzsch 1,4-dihydropyridines, synthesis, iodotrimethylsilane, 

200

Heck reactions

 bis(dibenzylideneacetone)palladium(0), 6, 13–14

 iodotrimethylsilane, 197

Hemiacetals

 alcohol/ether reductive cleavage, sodium cyanoborohydride, 

425

 Baeyer–Villiger oxidations, m-chloroperbenzoic acid, 94

 Kursanov–Parnes dehydrative reductions, triethylsilane, 492

Hemiacyliminals, alcohol/ether reductive cleavage, sodium 

cyanoborohydride, 425–426

α-Heteroalkyl samarium, synthesis, samarium(II) iodide, 

383–384

Heteroaromatic compounds

 lithiations, n-butyllithium, 55–56

 metalations, lithium diisopropylamide, 230

Heteroaryl carbon–halogen bonds, reductive cleavage, 

iodotrimethylsilane, 201

Heteroarylsulfones

 Julia olefi nations

  potassium hexamethyldisilazide, 321–322

  sodium hexamethyldisilazide, 433–434

Heteroatom–carbon bonds

 cleavage, zinc–acetic acid, 555

 formation, tetrakis(triphenylphosphine)palladium(0), 

469–470

 oxidations, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 373

 ozonolysis, ozone, 297–299

α-Heteroatom-functionalized carboxylic acids, 

decarboxylations, (diacetoxyiodo)benzene, 141

Heteroatom–heteroatom bonds, cleavage, zinc–acetic acid, 

554–555

Heteroatom–hydrogen bonds, deprotonations, potassium 

hexamethyldisilazide, 325–326

α-Heteroatom lithiations, benzylic compounds, n-butyllithium, 

61

Heteroatoms

 methylations, diazomethane, 145

 oxidations

  (diacetoxyiodo)benzene, 143

  tetra-n-propylammonium perruthenate, 477
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 simple alkenes, 9-borabicyclo[3.3.1]nonane dimer, 17

 substituted alkenes, 9-borabicyclo[3.3.1]nonane dimer, 18

Hydrocarbons

 dehydrogenations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 152–153, 155–156

 oxidations, potassium monoperoxysulfate, 340

Hydrochlorinations, chlorotrimethylsilane, 114

Hydroformylations, chlorotris(triphenylphosphine)rhodium(I), 

125, 129

Hydrogenations

 chlorotris(triphenylphosphine)rhodium(I), 121–123, 127–128

 triethylsilane, 490–491, 492–493

Hydrogen bonding control, dihydroxylations, osmium tetroxide, 

268

Hydrogen–carbon bonds

 ortho-alkylations, chlorotris(triphenylphosphine)rhodium(I), 

129–130

 aminations, (diacetoxyiodo)benzene, 142

 arene borylations, pinacolborane, 311

 bile acid ester functionalizations, dimethyldioxirane, 179

 functionalizations

  bis(dibenzylideneacetone)palladium(0), 9–11

  dimethyldioxirane, 179–181

 insertions

  aldehydes, diazomethane, 148

  dioxiranes, potassium monoperoxysulfate, 339–340

 metalations, synergistic effects, potassium 

hexamethyldisilazide, 331

 oxidations

  (diacetoxyiodo)benzene, 142–143

  osmium tetroxide, 279–280

  ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 372–373

 steroid functionalizations, dimethyldioxirane, 179

Hydrogen–germanium bonds, cleavage, sodium hydride, 439

Hydrogen–heteroatom bonds, deprotonations, potassium 

hexamethyldisilazide, 325–326

Hydrogen ion surrogates, chlorotrimethylsilane, 114

Hydrogen–nitrogen bonds, deprotonations, n-butyllithium, 66

Hydrogen–silicon bonds

 cleavage, sodium hydride, 439

 oxidations, osmium tetroxide, 279–280

Hydrogen transfers

 alkanes, chlorotris(triphenylphosphine)rhodium(I), 

122–123

 ketones, chlorotris(triphenylphosphine)rhodium(I), 128

Hydrolysis

 boron trifl uoride etherate, 32

 carboxylic acids, cerium(IV) ammonium nitrate, 81

 dithioketals, trifl uoromethanesulfonic anhydride, 519

 nitriles, amide synthesis, potassium monoperoxysulfate, 341

Hydroperoxyacetals, 5-exo-cyclizations, ozone, 301–302

Hydrophosphorylations, alkynes, chlorotris(triphenylphosphine)

rhodium(I), 128

Hydroquinones, oxidations, cerium(IV) ammonium nitrate, 81

Hydrosilylations

 alkenes

  chlorotris(triphenylphosphine)rhodium(I), 123–124

  triethylsilane, 489

Homoallylic sulfi des, synthesis, trimethylsilyldiazomethane, 

549–550

Homo-Cope rearrangements, β-(hydroxymethyl)allylsilanes, 

trifl uoromethanesulfonic anhydride, 512

Homocoupling, 9-borabicyclo[3.3.1]nonane dimer, 21–22

Homoenolate equivalents, synthesis, samarium(II) iodide, 

384–385

Homogeneous systems, recycling, osmium tetroxide, 277

Homologated carboxylic acid derivatives, synthesis, 

trimethylsilyldiazomethane, 543, 546

Homologations

 Arndt–Eistert-type, trimethylsilyldiazomethane, 544

 carboxylic acids, trifl uoromethanesulfonic anhydride, 513

 see also Rearrangements

Homopropargylic alcohols, oxidations, sodium periodate, 454

Horner–Wadsworth–Emmons (HWE) reactions, enecarbamate 

synthesis, n-butyllithium, 61

Human serum albumin, lactose conjugation, sodium 

cyanoborohydride, 423

Hunsdiecker reactions

 N-bromosuccinimide, 47

 N-chlorosuccinimide, 101

 potassium monoperoxysulfate, 343

HWE see Horner–Wadsworth–Emmons reactions

Hydrations, nitriles, manganese dioxide, 252

Hydrative dimerizations, 1-alkynes, 

chlorotris(triphenylphosphine)rhodium(I), 131

Hydrazine, oxidations, (diacetoxyiodo)benzene, 138

Hydrazodicarbonyl groups, oxidations, (diacetoxyiodo)benzene, 

138

Hydrazoic acid, see also Sodium azide, 398–405

Hydrazones

 cross-coupling, aldehydes/ketones, samarium(II) iodide, 

381–382

 oxidations, (diacetoxyiodo)benzene, 139

 reductions, lithium aluminum hydride, 219

Hydridations, isopinocampheylchloroborane, lithium aluminum 

hydride, 217

Hydride abstractions, adamantanes, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 161

Hydride reductions, oximes, lithium aluminum hydride, 214

Hydride transfers, lithium aluminum hydride, 212–213

Hydroacylations, chlorotris(triphenylphosphine)rhodium(I), 

124–125, 128–129

Hydroaluminations

 diisobutylaluminum hydride, 166

 lithium aluminum hydride, 213

Hydroaminations, styrenes, potassium tert-butoxide, 360

1,4-Hydroborations, 1,3-dienes, pinacolborane, 310–311

Hydroborations

 alkenes

  9-borabicyclo[3.3.1]nonane dimer, 17–19

  chlorotris(triphenylphosphine)rhodium(I), 126

 alkynes, 9-borabicyclo[3.3.1]nonane dimer, 18–19

 allylic ethers, chlorotris(triphenylphosphine)rhodium(I), 126

 carbonyl compounds, chlorotris(triphenylphosphine)

rhodium(I), 126

 pinacolborane, 306–307, 309–312

 primary alcohols, chlorotris(triphenylphosphine)rhodium(I), 129
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17α-Hydroxy steroids, ketone oxidations, (diacetoxyiodo)

benzene, 136

Hydroxytropolones, esterifi cations, diazomethane, 146

Hypervalent iodine chemistry, trimethyl 

trifl uoromethanesulfonate, 536–537

IBD see (Diacetoxyiodo)benzene

IBX see 2-Iodoxybenzoic acid

Imidazole-N-carboxylic esters, synthesis, N,N′-carbonyl 

diimidazole, 76

Imidazoles

 protection, p-toluenesulfonyl chloride, 484

 synthesis

  N,N′-carbonyl diimidazole, 75

  manganese dioxide, 260

Imidazolidinone analogs, synthesis, 4-dimethylaminopyridine, 

172

Imidazolium salts, deprotonations, N-heterocyclic carbene 

ligand synthesis, potassium hexamethyldisilazide, 317

Imidazol[1,2-a]pyridine ring systems, synthesis, N,N′-carbonyl 

diimidazole, 75

1-[(E) 3-(1-Imidazolyl)-2-alkenoyl] imidazoles, synthesis, N,N′-
carbonyl diimidazole, 75

1,2-Imidazolylpropylamines, synthesis, N,N′-carbonyl 

diimidazole, 77–78

Imido–osmium(VIII) complexes, alkene aminohydroxylation/

diamination, osmium tetroxide, 274–275

Imines

 allylations, scandium trifl uoromethanesulfonate, 390

 [2+2] cycloadditions, alkynyl sulfi des, scandium 

trifl uoromethanesulfonate, 392

 Mannich reactions, scandium trifl uoromethanesulfonate, 

389

 oxidations

  m-chloroperbenzoic acid, 95

  dimethyldioxirane, 178

 reductions

  boron trifl uoride etherate, 38

  diisobutylaluminum hydride, 165

  sodium cyanoborohydride, 419–420, 423

  triethylsilane, 492

 reductive coupling, triethylsilane, 494

 reductive cross-coupling, aldehydes/ketones, samarium(II) 

iodide, 381–382

 N-silylenamine synthesis, iodotrimethylsilane, 198

 synthesis

  manganese dioxide, 252

  p-toluenesulfonyl chloride, 487

Iminium ions

 generation, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 373

 reductions, lithium aluminum hydride, 212

Iminium trifl ates, synthesis, trifl uoromethanesulfonic anhydride, 

513–514, 518–519

3-Iminobenziodoxoles, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

Iminodithiazoles, alkoxide additions, sodium hydride, 440

Imino groups, intermolecular hetero-Diels–Alder reactions, 

trimethyl trifl uoromethanesulfonate, 533

 alkynes

  chlorotris(triphenylphosphine)rhodium(I), 123

  triethylsilane, 489

 carbonyl compounds, triethylsilane, 489, 491

 vinylcyclopropanes, chlorotris(triphenylphosphine)

rhodium(I), 128

Hydrostannylations, chlorotris(triphenylphosphine)rhodium(I), 

124

Hydroxamic acids, rearrangements, p-toluenesulfonyl chloride, 

483

Hydroxyalkylations, arenes, trifl uoromethanesulfonic acid, 503

β-Hydroxy amino acid derivatives, iodinations, 

iodotrimethylsilane, 202–203

1-Hydroxy-1,2-benziodoxol-3(1H)-one-1-oxide see 

2-Iodoxybenzoic acid

1-Hydroxybenzotriazole, see also 1-Ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 

184–186

α-Hydroxy carbonyl compounds, protonations, 

trifl uoromethanesulfonic acid, 499

β-Hydroxy carbonyl compounds, synthesis, samarium(II) 

iodide, 378–379

α-Hydroxy dimethyl acetals, ketone oxidations, (diacetoxyiodo)

benzene, 136–137

α-Hydroxy enones, synthesis, m-chloroperbenzoic acid, 89

β-Hydroxy epoxides, rearrangements, lithium diisopropylamide, 

235

β-Hydroxy esters, synthesis, samarium(II) iodide, 379

cis-3-Hydroxyfl avone, ketone oxidations, (diacetoxyiodo)

benzene, 136

β-Hydroxy imidazolyl sulfone derivatives, synthesis, sodium 

hexamethyldisilazide, 433–434

α-Hydroxy ketones

 oxidative cleavage, potassium monoperoxysulfate, 337

 reductive cleavage, samarium(II) iodide, 378

 in situ tandem oxidation processes, manganese dioxide, 256

 synthesis

  cerium(IV) ammonium nitrate, 84

  dimethyldioxirane, 177

  potassium monoperoxysulfate, 339

β-Hydroxy ketones, syn-1,3-ethylidene acetal synthesis, 

triethylsilane, 493

Hydroxylamines

 nitrile synthesis, potassium monoperoxysulfate, 337

 oxidations, manganese dioxide, 253–254

 synthesis

  oxidation–Cope eliminations, m-chloroperbenzoic acid, 95

  potassium monoperoxysulfate, 340

  secondary amine oxidations, dimethyldioxirane, 178

 transient oxygen protection, chlorotrimethylsilane, 109

Hydroxyls, tosylations, p-toluenesulfonyl chloride, 

480–481

3-Hydroxymaleic anhydrides, synthesis, trimethyl 

trifl uoromethanesulfonate, 537–538

β-(Hydroxymethyl)allylsilanes, eleven-membered carbocycle 

synthesis, trifl uoromethanesulfonic anhydride, 512

α-Hydroxy phosphonates, synthesis, sodium 

hexamethyldisilazide, 432

Hydrosilylations (Continued)
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Intramolecular redox reactions, scandium 

trifl uoromethanesulfonate, 393

Iodinations

 aldehydes, N-iodosuccinimide, 191

 alkenic compounds, N-iodosuccinimide, 188

 arenes, sodium periodate, 452

 carbonyl compounds, N-iodosuccinimide, 191

 carboranes, N-iodosuccinimide, 189

 cerium(IV) ammonium nitrate, 84

 electron-rich aromatics, N-chlorosuccinimide, 105

 glycals, cerium(IV) ammonium nitrate, 84

 β-hydroxy amino acid derivatives, iodotrimethylsilane, 

202–203

 lactams, iodotrimethylsilane, 196

 organometallic complexes, iodotrimethylsilane, 202

 thiols, N-iodosuccinimide, 189

 vinylaluminum intermediates, N-iodosuccinimide, 188

 vinyl silanes, N-iodosuccinimide, 189–190

 vinyl stannanes, N-iodosuccinimide, 189–190

α-Iodinations, carbonyl compounds, N-iodosuccinimide, 191

Iodine–cerium(IV) ammonium nitrate, see also Cerium(IV) 

ammonium nitrate, 80–86

Iodine transfer cyclizations, hex-5-ynyl iodides, 

diisobutylaluminum hydride, 168

Iodoalkenes, synthesis, N-iodosuccinimide, 190

Iodoalkynes, synthesis, N-iodosuccinimide, 190

Iodobenzene diacetate see (Diacetoxyiodo)benzene

ω-Iodocarboxylic acids, synthesis, iodotrimethylsilane, 195

Iodo enol lactones, synthesis, N-iodosuccinimide, 190

Iodofl uorinated compounds, synthesis, N-iodosuccinimide, 189

3-Iodofuran derivatives, synthesis, N-iodosuccinimide, 191

Iodohydrins, synthesis, sodium periodate, 451

Iodomethoxylations, α,β-unsaturated amides, 

N-iodosuccinimide, 192

Iodonium macrocycles, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

Iodonium ylides, intramolecular cyclopropanations, 

(diacetoxyiodo)benzene, 137–138

1-Iodo-2,5-pyrrolidinedione see N-Iodosuccinimide

N-Iodosuccinimide, 188–193

2-Iodosylbenzoic acid, synthesis, sodium periodate, 452

Iodotrimethylsilane, 194–205

 in situ generation, chlorotrimethylsilane, 110

α-Iodo trimethylsilyl ethers, synthesis, iodotrimethylsilane, 196

o-Iodoxybenzoic acid see 2-Iodoxybenzoic acid

2-Iodoxybenzoic acid, 206–210

2-Iodoxybenzoic acid-type oxidants, synthesis, 2-iodoxybenzoic 

acid, 207–208

Ionic hydrogenations, triethylsilane, 490–491, 492–493

Ionic liquids

 N-bromosuccinimide, 50

 N-iodosuccinimide, 192

 osmium tetroxide, 276

Ionic polymer supports, osmium tetroxide, 276–277

[Ir(dF(CF
3
)ppy)

2
(dtbbpy)]PF

6
, see also Ruthenium(II), tris(2,2′-

bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–375

Ireland–Claisen rearrangements, enolates, lithium 

diisopropylamide, 227

Iron, see also Zinc–acetic acid, 554–556

Imino trifl ates, synthesis, trifl uoromethanesulfonic anhydride, 

513

Immobilized osmium tetroxide, osmium tetroxide, 275–277

1-Indanones, one-pot synthesis, trifl uoromethanesulfonic acid, 

501

Indenes, synthesis, chlorotris(triphenylphosphine)rhodium(I), 

126

Indenones, synthesis, chlorotris(triphenylphosphine)rhodium(I), 

130–131

Indole derivatives

 functionalizations, scandium trifl uoromethanesulfonate, 

393–394

 oxidations, (diacetoxyiodo)benzene, 138

Indoles

 oxidations, sodium periodate, 448

 synthesis

  n-butyllithium, 66

  trimethylsilyldiazomethane, 549

Indolylmethyl Meldrum’s acids, nucleophilic displacements, 

scandium trifl uoromethanesulfonate, 394

Insertions

 aldehydes/carbon–hydrogen bonds, diazomethane, 148

 olefi ns, trimethylsilyldiazomethane, 548–549

In situ generation, iodotrimethylsilanes, chlorotrimethylsilane, 

110

In situ protection, diols, osmium tetroxide, 268–269

In situ tandem oxidation processes (TOP’s)

 Bestmann–Ohira reagents, manganese dioxide, 259

 functional group interconversions, manganese dioxide, 

258–259

 manganese dioxide, 254–260

 nitrogen nucleophiles, manganese dioxide, 257–258

 non-stabilized ylides, manganese dioxide, 256–257

 stabilized ylides, manganese dioxide, 254–256

Intermolecular conjugate additions, enones, 

trifl uoromethanesulfonic anhydride, 519

Intermolecular hetero-Diels–Alder reactions, trimethyl 

trifl uoromethanesulfonate, 533

Internal alkynes, synthesis, n-butyllithium, 59

Intramolecular alkylations

 α,β-unsaturated ketones, potassium tert-butoxide, 354

 via protected cyanohydrins, sodium hexamethyldisilazide, 

428–429

Intramolecular cyclizations, haloacetals, potassium 

hexamethyldisilazide, 315

Intramolecular [3+2] cycloadditions, alkenes, 

bis(dibenzylideneacetone)palladium(0), 3–4

Intramolecular cyclopropanations, (diacetoxyiodo)benzene, 

137–138

Intramolecular Friedel–Crafts reactions, boron trifl uoride 

etherate, 35

Intramolecular insertions, alkenes, bis(dibenzylideneacetone)

palladium(0), 3–4

Intramolecular lactonizations, potassium hexamethyldisilazide, 

315

Intramolecular quinhydrones, synthesis, cerium(IV) ammonium 

nitrate, 81

Intramolecular rearrangements, potassium hexamethyldisilazide, 

315–316
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Ketimines, amide synthesis, m-chloroperbenzoic acid, 95

α-Keto acid equivalents, generation, potassium 

hexamethyldisilazide, 314

Keto acids, aldol-lactonizations, 4-dimethylaminopyridine, 174

Keto aldehydes, methylenations, trimethylsilyldiazomethane, 

547

α-Keto aldehydes, synthesis, α-diazo ketone oxidations, 

dimethyldioxirane, 179

β-Keto aldehydes, chlorinations, oxalyl chloride, 285

Ketocyclopropanes, synthesis, manganese dioxide, 259

β-Keto esters

 additions, trifl uoromethanesulfonic anhydride, 510

 carboxylic acid synthesis, cerium(IV) ammonium nitrate, 84

 chlorinations, N-chlorosuccinimide, 100

 coupling, samarium(II) iodide, 380

 decarboxylations, 4-dimethylaminopyridine, 171

 eunicellin diterpene synthesis, n-butyllithium, 66

 Tsuji–Trost reactions, 4-dimethylaminopyridine, 174

β-Keto ethyl esters, transesterifi cations, alcohols, 

N-chlorosuccinimide, 101

α-Ketols, reductions, iodotrimethylsilane, 197

Ketone enol ethers, dehydrogenations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 153–154

Ketones

 additions

  diazomethane, 148–149

  trifl uoromethanesulfonic anhydride, 508–509

 α-alkoxy, rearrangements, iodotrimethylsilane, 198

 α-alkoxymethylations, iodotrimethylsilane, 197

 α-aryl, allylic alkylations, sodium hexamethyldisilazide, 

430–431

 asymmetric reductive aldol reactions, allenic esters, 

pinacolborane, 312

 Baeyer–Villiger oxidations

  m-chloroperbenzoic acid, 89

  potassium monoperoxysulfate, 334, 337

 brominations, trifl uoromethanesulfonic anhydride, 512

 α-chlorinations, p-toluenesulfonyl chloride, 486

 cleavage, potassium tert-butoxide, 357

 conjugate additions, cuprates, chlorotrimethylsilane, 110–111

 coupling

  N-acyl lactams, samarium(II) iodide, 384

  alkenes, samarium(II) iodide, 380

 cyclic, Baeyer–Villiger oxidations, potassium 

monoperoxysulfate, 334, 337

 cyclic saturated, cycloalkylations, potassium tert-butoxide, 

354

 cyclizations, aziridine synthesis, sodium hydride, 442

 Darzens condensations, potassium tert-butoxide, 362

 deoxygenations, sodium cyanoborohydride, 420

 dioxirane synthesis, potassium monoperoxysulfate, 334, 338, 

346

 enolizations, sodium hydride, 443

 hydrogen transfers, chlorotris(triphenylphosphine)rhodium(I), 

128

 hydrosilylations, chlorotris(triphenylphosphine)rhodium(I), 

124

 β-hydroxy, syn-1,3-ethylidene acetal synthesis, triethylsilane, 

493

Iron carbene complexes, generation, trimethyl 

trifl uoromethanesulfonate, 539–540

Iron(III) chloride–sodium hydride, see also Sodium hydride, 

438–446

Iron(III)-specifi c fl uorescent probes, synthesis, 

4-dimethylaminopyridine, 172

[Ir(ppy)
2
-(dtbbpy)]PF

6
, see also Ruthenium(II), tris(2,2′-

bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–375

Isobutene, see also 1-Ethyl-3-(3′-dimethylaminopropyl)

carbodiimide hydrochloride, 184–186

Isobutene-isobutylene alkylations, trifl uoromethanesulfonic 

acid, 504

Isobutyl chloroformate, see also 1-Ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 

184–186

Isocyanates, synthesis, Curtius reactions, sodium azide, 399

Isocyanides

 pyrrole synthesis, sodium hydride, 443

 synthesis, p-toluenesulfonyl chloride, 484

Isomerizations

 alkenes, potassium tert-butoxide, 356–357

 alkynes, potassium tert-butoxide, 356–357

 allylic alcohols, tetra-n-propylammonium perruthenate, 478

 α-arylpropargyl alcohols, chlorotris(triphenylphosphine)

rhodium(I), 130–131

 potassium tert-butoxide, 356–357, 363–364

 tetrakis(triphenylphosphine)palladium(0), 472

 tetraphenylallene, chlorotris(triphenylphosphine)rhodium(I), 

126

 unsaturated compounds, potassium tert-butoxide, 356–357

Isopavine, synthesis, iodotrimethylsilane, 196

Isopinocampheylchloroborane, hydridations, lithium aluminum 

hydride, 217

Isoprene, Diels–Alder reactions, methyl vinyl ketone, scandium 

trifl uoromethanesulfonate, 391

1,2-O-Isopropylidene-α-[A]d[a]-xylofuranose, acetal synthesis, 

N-bromosuccinimide, 48

N-Isopropyl-N-trimethylsilylcarbamoyl directed metalation 

groups, directed ortho metalations, n-butyllithium, 63

Isoquinoline derivatives, synthesis, trifl uoromethanesulfonic 

anhydride, 510

Isothiocyanates, synthesis, potassium monoperoxysulfate, 

340–341

Isotopically labeled aryl trifl ates, synthesis, n-butyllithium, 64

Isoxazole, oxidations, m-chloroperbenzoic acid, 90

Isoxazolidine derivatives, synthesis, scandium 

trifl uoromethanesulfonate, 391

Julia–Lythgoe olefi nations, 1,2-acetoxysulfones, samarium(II) 

iodide, 382–383

Julia olefi nations

 potassium hexamethyldisilazide, 321–322

 sodium hexamethyldisilazide, 433–435

Ketals, generation, boron trifl uoride etherate, 38

Ketene dithioacetals, ozonolysis, ozone, 291

Ketene silyl acetals, Mannich reactions, imines, scandium 

trifl uoromethanesulfonate, 389

Ketenylations, trimethylsilyldiazomethane, 549
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3-Keto steroids

 chlorinations, oxalyl chloride, 284

 dehydrogenations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 153

Ketoximes

 nitrimine synthesis, 4-dimethylaminopyridine, 171

 synthesis, oxalyl chloride–dimethylformamide, 289

Key substructure synthesis, 4-dimethylaminopyridine, 

172–173

KHMDS see Potassium hexamethyldisilazide

Knoevenagel condensations, iminium trifl ates, 

trifl uoromethanesulfonic anhydride, 518

Kursanov–Parnes dehydrative reductions, hemiacetals/acetals, 

triethylsilane, 492

Kyodai-nitration protocol, ozone, 299–300

Lactams

 enolizations, sodium hydride, 443

 halogenations, iodotrimethylsilane, 196

 reductions, 9-borabicyclo[3.3.1]nonane dimer, 24

 synthesis, p-toluenesulfonyl chloride, 483

α-Lactams, synthesis, sodium hydride, 441

β-Lactams

 synthesis

  N-iodosuccinimide, 188

  sodium hydride, 439

Lactols

 fragmentations, (diacetoxyiodo)benzene, 137

 hydroacylations, chlorotris(triphenylphosphine)rhodium(I), 

125

 oxidations, tetra-n-propylammonium perruthenate, 477

 synthesis, diisobutylaluminum hydride, 165

Lactones

 cleavage, iodotrimethylsilane, 195, 199

 β-functionalizations, trimethyl trifl uoromethanesulfonate, 532

 lactol fragmentations, (diacetoxyiodo)benzene, 137

 reductions

  alcohol synthesis, lithium aluminum hydride, 212

  lactol synthesis, diisobutylaluminum hydride, 165

 synthesis

  alkenol epoxidations

   osmium tetroxide, 278

   potassium monoperoxysulfate, 339

  cerium(IV) ammonium nitrate, 84

  m-chloroperbenzoic acid, 89

  cyclic ketone oxidations, potassium monoperoxysulfate, 

334

  (diacetoxyiodo)benzene, 137

  hemiacetal rearrangements, m-chloroperbenzoic acid, 94

  potassium hexamethyldisilazide, 315

  primary–secondary diol oxidations, tetra-n-

propylammonium perruthenate, 477

Lactose, human serum albumin conjugation, sodium 

cyanoborohydride, 423

LAH see Lithium aluminum hydride

Lateral lithiations

 n-butyllithium, 61–62

 lithium diisopropylamide, 229

LDA see Lithium diisopropylamide

 Michael additions, potassium tert-butoxide, 357

 one-carbon homologations, trimethylsilyldiazomethane, 543–547

 oxidations

  cerium(IV) ammonium nitrate, 81

  (diacetoxyiodo)benzene, 136–137

 reductions

  diisobutylaluminum hydride, 164

  lithium aluminum hydride, 212

  sodium borohydride, 406

  sodium cyanoborohydride, 420–421

 reductive aminations, sodium cyanoborohydride, 419

 reductive cross-coupling, samarium(II) iodide, 381–382

 reductive deoxygenations, sodium cyanoborohydride, 420, 

424

 silyl enol ether synthesis

  chlorotrimethylsilane, 109–110

  iodotrimethylsilane, 196

  samarium(II) iodide, 386

 strained bicyclic, additions, trifl uoromethanesulfonic 

anhydride, 508–509

 symmetrical, silyl enol ether synthesis, chlorotrimethylsilane, 

109–110

 synthesis

  n-butyllithium, 59

  N,N′-carbonyl diimidazole, 73

  N-chlorosuccinimide, 100

  chlorotris(triphenylphosphine)rhodium(I), 131

  2-iodoxybenzoic acid, 206–207

  ozone, 293

  potassium monoperoxysulfate, 344–345

  trifl uoromethanesulfonic acid, 499

 unsaturated

  aziridine synthesis, sodium hydride, 442

  decompositions, boron trifl uoride etherate, 33

 α,β-unsaturated

  1,4-additions, n-butyllithium, 64

  conjugate additions

   n-butyllithium, 64

   iodotrimethylsilane, 196

  conjugate reductions, sodium borohydride, 406

  α,α-dialkylations, potassium tert-butoxide, 354

  hydrosilylations, chlorotris(triphenylphosphine)rhodium(I), 

124

  α-hydroxy enone synthesis, m-chloroperbenzoic acid, 89

  intramolecular alkylations, potassium tert-butoxide, 354

  oxidations

   (diacetoxyiodo)benzene, 136–137

   α-hydroxy enone synthesis, m-chloroperbenzoic acid, 89

  ozonolysis, ozone, 291

  reductions

   diisobutylaluminum hydride, 164–165

   iodotrimethylsilane, 196

  synthesis, n-butyllithium, 59

  trifl uoromethylations, chlorotris(triphenylphosphine)

rhodium(I), 131

 vinyl silane conversions, chlorotrimethylsilane, 110

β-Keto phosphonates

 α-chlorinations, N-chlorosuccinimide, 100

 dephosphonylations, lithium aluminum hydride, 216
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Lithium hexamethyldisilazide

 see also Lithium diisopropylamide, 224–240

 see also Sodium hexamethyldisilazide, 428–437

Lithium Hydride, see also Sodium hydride, 438–446

Lithium naphthalenide, 241–246

Lithium piperidide, see also Lithium diisopropylamide, 

224–240

Lithium pyrrolidide, see also Lithium diisopropylamide, 

224–240

Lithium silylethynolates, synthesis, trimethylsilyldiazomethane, 

549

Lithium 2,2,6,6-tetramethylpiperidide, see also Lithium 

diisopropylamide, 224–240

LN see Lithium naphthalenide

Lossen rearrangements, hydroxamic acids, p-toluenesulfonyl 

chloride, 483

Low temperature catalyzed epoxidations, m-chloroperbenzoic 

acid, 95

(+)-Luciduline, synthesis, lithium diisopropylamide, 232–233

Macroencapsulation, osmium tetroxide, 275–276

Macroporous resins, osmium tetroxide, 275

Macroviracin A, macrocyclic core synthesis, sodium hydride, 

441

Madelung indole synthesis, n-butyllithium, 66

Maleic anhydride derivatives, bis(methyl ester) synthesis, 

trimethylsilyldiazomethane, 550

Manganese dioxide, 248–261

 preparation methods, 248–249

 reaction conditions, 249, 253

 structure, 248

Manganese oxide see Manganese dioxide

Manganese(IV) oxide see Manganese dioxide

Mannich reactions

 lithium diisopropylamide, 232–233

 retro, N-iodosuccinimide, 190

 ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 

373

 scandium trifl uoromethanesulfonate, 389–390

(+)-Maritimol, synthesis, n-butyllithium, 65

MBH reaction see Morita–Bayliss–Hillman reaction

MCPBA see m-Chloroperbenzoic acid

MC Sc(OTf)
3
, see also Scandium trifl uoromethanesulfonate, 

388–397

Medium-ring lactones, lactol fragmentations, (diacetoxyiodo)

benzene, 137

Meerwein–Ponndorf–Verley reductions, aryl ketones, 

ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 371

Mercaptoethanol, 1,3-oxathiolane synthesis, 

N-bromosuccinimide, 49

Mercury compounds, transmetalations, n-butyllithium, 57–58

Metal alkoxides, as an additive in lithiations, n-butyllithium, 55

Metalated alkenes, cross-coupling, tetrakis(triphenylphosphine)

palladium(0), 467–468

Metalations

 arenes, lithium diisopropylamide, 228–230

 enolates, lithium diisopropylamide, 232

 heteroaromatic compounds, lithium diisopropylamide, 230

Lewis acids

 m-chloroperbenzoic acid, 94

 chlorotrimethylsilane, 114–115

 iodotrimethylsilane, 197, 200–201

 samarium(II) iodide, 386

Ligand complexations, 4-methoxypyridine-N-oxide, 

2-iodoxybenzoic acid, 209–210

Ligand exchanges, alkenes, (diacetoxyiodo)benzene, 140

Lignans, synthesis, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

157–158

Linear conjugated dienolates, selective synthesis, potassium 

hexamethyldisilazide, 314

Linear 22R-homoallylic sterols, synthesis, 

trifl uoromethanesulfonic acid, 504

Liquid crystals, ferroelectric, synthesis, n-butyllithium, 64

Lithiated (diphenylphosphinoyl)methyl amines, enecarbamate 

synthesis, n-butyllithium, 61

Lithiations, n-butyllithium, 54–56, 61–62, 66

α-Lithiations, chiral sulfonyl compounds, n-butyllithium, 56

ortho-Lithiations, n-butyllithium, 56

α-Lithiofuran derivatives, (Z)-trisubstituted olefi n synthesis, 

N-iodosuccinimide, 192

Lithium aluminum hydride, 212–223

 see also Sodium borohydride, 406–418

 see also Sodium hydride, 438–446

Lithium aluminum hydride–(2,2′-bipyridyl)(1,5-cyclooctadiene)

nickel, see also Lithium aluminum hydride, 212–223

Lithium aluminum hydride–bis(cyclopentadienyl)nickel, see 
also Lithium aluminum hydride, 212–223

Lithium aluminum hydride–boron trifl uoride etherate

 see also Boron trifl uoride etherate, 27–42

 see also Lithium aluminum hydride, 212–223

Lithium aluminum hydride–cerium(III) chloride, see also 

Lithium aluminum hydride, 212–223

Lithium aluminum hydride–chromium(III) chloride, see also 

Lithium aluminum hydride, 212–223

Lithium aluminum hydride–cobalt(II) chloride, see also Lithium 

aluminum hydride, 212–223

Lithium aluminum hydride–copper(I) iodide, see also Lithium 

aluminum hydride, 212–223

Lithium aluminum hydride–2,2′-dihydroxy-1,1′-binaphthyl, see 
also Lithium aluminum hydride, 212–223

Lithium aluminum hydride–diphosphorus tetraiodide, see also 

Lithium aluminum hydride, 212–223

Lithium aluminum hydride–nickel(II) chloride, see also Lithium 

aluminum hydride, 212–223

Lithium aluminum hydride–titanium(IV) chloride, see also 

Lithium aluminum hydride, 212–223

Lithium amide, see also Lithium diisopropylamide, 224–240

Lithium borohydride, see also Sodium borohydride, 406–418

Lithium 4,4′-di-t-butylbiphenylide, see also Lithium 

naphthalenide, 241–246

Lithium diethylamide, see also Lithium diisopropylamide, 

224–240

Lithium diisopropylamide, 224–240

Lithium 1-(dimethylamino)naphthalenide, see also Lithium 

naphthalenide, 241–246

Lithium–heteroatom exchange reactions, lithium naphthalenide, 

241
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N-Methylpyridone, heteroatom-stabilized dicarbonium salt 

synthesis, trifl uoromethanesulfonic anhydride, 510

Methyl secondary alkyl ketones, α,α′-dihydroxy ketone 

synthesis, m-chloroperbenzoic acid, 89

Methyl(trifl uoromethyl)dioxirane

 see also Dimethyldioxirane, 176–182

 see also Potassium monoperoxysulfate, 334–352

Methyl vinyl ketone, isoprene Diels–Alder additions, scandium 

trifl uoromethanesulfonate, 391

Michael additions

 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 160

 potassium tert-butoxide, 357, 358–359, 360

 scandium trifl uoromethanesulfonate, 389

 sodium borohydride, 411–412

Michael–aldol reactions, trimethyl trifl uoromethanesulfonate, 

531–532

Michaelis Arbuzov rearrangements, iodotrimethylsilane, 200

Microwave reactions, N-bromosuccinimide, 50

Mitsonobu reactions, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 159–160

Mixed acetals, synthesis, 4-dimethylaminopyridine, 

171–172

Modifi cations

 potassium monoperoxysulfate, 337

 proteins, 1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 185

Modifi ed Madelung indole synthesis, n-butyllithium, 66

Modular pyridine P,N-ligands, synthesis, n-butyllithium, 61–62

Monomethylations

 dicarboxylic acids, diazomethane, 146

 1,2-diols, diazomethane, 146

Monoorganocopper compounds, conjugate additions, α,β-

unsaturated carbonyl compounds, iodotrimethylsilane, 

201–202

Monooxidations, disulfi des, potassium monoperoxysulfate, 349

Monosaccharides, synthesis, chlorotris(triphenylphosphine)

rhodium(I), 129

Monoterpines, oxidations, cerium(IV) ammonium nitrate, 83

Mono-O-tosylations, hydroxyls, p-toluenesulfonyl chloride, 

480–481

Monoxidations, thiophenes, m-chloroperbenzoic acid, 93

Morita–Bayliss–Hillman (MBH) reaction, 

4-dimethylaminopyridine, 172

Mosher’s acid, synthesis, trifl uoromethanesulfonic acid, 503

Multicomponent coupling

 bis(dibenzylideneacetone)palladium(0), 6–7

 4-dimethylaminopyridine, 173

Myxothiazol A, derivatization, diisobutylaluminum hydride, 168

Nafi on-Sc, see also Scandium trifl uoromethanesulfonate, 

388–397

NaHMDS see Sodium hexamethyldisilazide

Naphthalene derivatives

 Fries rearrangements, scandium trifl uoromethanesulfonate, 

390

 synthesis, trifl uoromethanesulfonic anhydride, 513

Naphthalenes

 protonations, trifl uoromethanesulfonic acid, 499

 synthesis, iodotrimethylsilane, 197

 potassium hexamethyldisilazide, 331

 reductive, lithium naphthalenide, 241

Metal-catalyzed hydroborations, pinacolborane, 306–307, 

309–311

Metal complexes

 amide ligand precursor deprotonations, potassium 

hexamethyldisilazide, 331

 carbene ligand precursor deprotonations, potassium 

hexamethyldisilazide, 331

 oxidations, potassium monoperoxysulfate, 338

Metal–halogen interchanges, n-butyllithium, 57–58, 

63–64

Metal porphyrins, epoxidations, potassium monoperoxysulfate, 

335

Metal redox reactions, lithium naphthalenide, 242

Methanonaphthalene derivatives, dehydrogenations, 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 156

Methionine-containing peptides, debenzyloxycarbonylations, 

boron trifl uoride etherate, 33

1-(2-Methoxyethoxy)ethyl-protected β-hydroxy ketones, 

syn-1,3-ethylidene acetal synthesis, triethylsilane, 493

3β-Methoxy-21-hydroxy-5α-pregnan-20-one, chlorinations, 

p-toluenesulfonyl chloride, 481

Methoxylations, cephalosporin derivatives, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 161

N-(Methoxymethyl)amides, synthesis, cerium(IV) ammonium 

nitrate, 84

4-Methoxypyridine-N-oxide, complexations, 2-iodoxybenzoic 

acid, 209–210

2-trans-1-Methoxy-3-trimethylsiloxy-1,3-butadiene, Diels–

Alder reactions, N-benzylideneaniline, scandium 

trifl uoromethanesulfonate, 391

Methyl amides, synthesis, manganese dioxide, 258

2-(N-Methylanilino)-2-phenylsulfanylacetonitrile, alkylations, 

potassium tert-butoxide, 361–362

Methylations, diazomethane, 145, 146–147

O-Methylations, trimethylsilyldiazomethane, 543–544

Methylcopper–boron trifl uoride etherate, see also Boron 

trifl uoride etherate, 27–42

Methyl 2,4,6-decatrienoate isomers, synthesis, potassium 

hexamethyldisilazide, 329

Methylenations

 carbonyl compounds

  chlorotris(triphenylphosphine)rhodium(I), 130

  trimethylsilyldiazomethane, 547

 keto aldehydes, trimethylsilyldiazomethane, 547

Methylene compounds

 C-acylations, N,N′-carbonyl diimidazole, 73

 deprotonations, sodium hydride, 439, 443

Methylene cyclobutanes, ozonolysis, ozone, 301

Methylenecyclopropane derivatives

 epoxidations, potassium monoperoxysulfate, 335

 halohydroxylations, N-chlorosuccinimide, 103

Methyl esters, synthesis, manganese dioxide, 258

Methyl ketones, halogenations, potassium monoperoxysulfate, 

343

Methyllithium, see also n-Butyllithium, 54–69

5-Methylnorborn-5-en-2-one, cyclopropanations, 

trifl uoromethanesulfonic anhydride, 509
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Nitrogen=carbon double bonds, reductions, sodium 

borohydride, 408

Nitrogen compounds

 activations, iodotrimethylsilane, 198

 oxidations

  m-chloroperbenzoic acid, 90

  potassium monoperoxysulfate, 335–336, 340–341, 349

 reductions, lithium aluminum hydride, 212

 synthesis

  dimethyldioxirane, 178

  potassium monoperoxysulfate, 340

Nitrogen-containing functional groups

 oxidations, dimethyldioxirane, 178–179

 reductions, triethylsilane, 492

Nitrogen heterocycles

 rearomatizations, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

153, 155–156

 reductions, sodium cyanoborohydride, 420

 synthesis

  manganese dioxide, 257–258

  potassium tert-butoxide, 362–363

Nitrogen–hydrogen bonds, deprotonations, n-butyllithium, 66

Nitrogen nucleophiles, in situ tandem oxidation processes, 

manganese dioxide, 257–258

Nitrogen–oxygen bonds

 oxidations, manganese dioxide, 253–254

 reductive cleavage, samarium(II) iodide, 385

Nitrogen sources, anionic polymerizations, potassium 

hexamethyldisilazide, 327

Nitrogen surface fi lm generation, sodium azide, 403

Nitrogen ylides, generation, n-butyllithium, 59

α-Nitroketones, oxidative cleavage, potassium 

monoperoxysulfate, 337

Nitronate anions

 chlorinations, N-chlorosuccinimide, 99

 gem-chloronitro compound synthesis, N-chlorosuccinimide, 

99

 cleavage, ozone, 294

Nitrones

 activations, trimethyl trifl uoromethanesulfonate, 

534–535

 coupling, chlorotrimethylsilane, 115

 synthesis

  dimethyldioxirane, 178

  manganese dioxide, 253–254

Nitronium trifl ate, synthesis, trifl uoromethanesulfonic 

anhydride, 516

Nitronyl nitroxide radicals, synthesis, tetra-n-propylammonium 

perruthenate, 478

α-Nitronyl nitroxides, formation, sodium periodate, 452

13-Nitro oxyberberine, ring expansion, lithium aluminum 

hydride, 217–218

Nitrophenols, synthesis, potassium monoperoxysulfate, 340

2-Nitropropene, arylated oxime synthesis, 

trifl uoromethanesulfonic acid, 499

N-Nitrosations, secondary amines, potassium 

monoperoxysulfate, 340

Nitrosoarenes, synthesis, potassium monoperoxysulfate, 340, 

349

2-Naphthols, oxidative coupling, trimethyl 

trifl uoromethanesulfonate, 540

2-Naphthylmethyl ethers, cleavage, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 158

Natural product synthesis

 9-borabicyclo[3.3.1]nonane dimer, 23

 N-bromosuccinimide, 44

 dimethyldioxirane, 179–180

Nazarov rearrangements, boron trifl uoride etherate, 37

NBS see N-Bromosuccinimide

NCS see N-Chlorosuccinimide

Neber rearrangements, oximes, p-toluenesulfonyl chloride, 483

Nicholas reactions, boron trifl uoride etherate, 36

Nickel boride, see also Sodium borohydride, 406–418

Nickel(II) peroxide, see also Manganese dioxide, 248–261

Nine-membered lactones, synthesis, cerium(IV) ammonium 

nitrate, 84

NIS see N-Iodosuccinimide

Nitrations

 aromatic rings, ozone, 299–300

 cerium(IV) ammonium nitrate, 83

Nitrile derivatives, alkylations, potassium hexamethyldisilazide, 

318

Nitrile oxides, synthesis, trifl uoromethanesulfonic anhydride, 516

Nitriles

 amidine synthesis, samarium(II) iodide, 385

 α-arylations, sodium hexamethyldisilazide, 430

 α-deprotonations, potassium hexamethyldisilazide, 324

 hydrations, manganese dioxide, 252

 hydrolysis, potassium monoperoxysulfate, 341

 reductions, lithium aluminum hydride, 212

 synthesis

  potassium monoperoxysulfate, 337

  samarium(II) iodide, 379

  trifl uoromethanesulfonic anhydride, 514

 unsaturated adduct synthesis, manganese dioxide, 255

Nitrimines, synthesis, 4-dimethylaminopyridine, 171

Nitroalkanes

 additions, aldehydes, lithium aluminum hydride, 217

 hindered enantioenriched Michael adducts, 

4-dimethylaminopyridine, 173

 oxidations, cerium(IV) ammonium nitrate, 81

2-Nitroalkanols, synthesis, lithium aluminum hydride, 217

Nitroalkenes

 propargyl alcohol additions, potassium tert-butoxide, 360

 protonations, trifl uoromethanesulfonic acid, 499

Nitroalkyl compounds, chlorinations, N-chlorosuccinimide, 104

Nitrobenzenes

 reductions, sodium borohydride, 414

 synthesis, potassium monoperoxysulfate, 335

Nitroethylene, protonations, trifl uoromethanesulfonic acid, 499

Nitrogen acids, sodium hydride, 438–439, 441–442

Nitrogen–carbon bonds

 formation

  cerium(IV) ammonium nitrate, 83

  potassium hexamethyldisilazide, 331

  tetrabutylammonium fl uoride, 463–464

 reductions, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 370–371
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 low temperature catalyzed epoxidations, m-chloroperbenzoic 

acid, 95

 oxidative cleavage, osmium tetroxide, 277–279

 terminal

  enantioselective diaminations, bis(dibenzylideneacetone)

palladium(0), 12

  enantioselective epoxidations, potassium 

monoperoxysulfate, 338–339

  Wacker oxidations, bis(dibenzylideneacetone)palladium(0), 

8–9

 Wacker oxidations, bis(dibenzylideneacetone)palladium(0), 

8–9

Oligomerizations

 allenes, chlorotris(triphenylphosphine)rhodium(I), 126

 lithium naphthalenide, 242

Oligopyridine-based nitronyl-nitroxide biradicals, formation, 

sodium periodate, 452

One-carbon homologated nitriles, synthesis, samarium(II) 

iodide, 379

One-carbon homologations

 acid chlorides, diazomethane, 147

 aldehydes, trimethylsilyldiazomethane, 544–547

 ketones, trimethylsilyldiazomethane, 543–547

One-carbon ring expanded 1,2-diketones, synthesis cyclic 

dithiane alcohol rearrangements, N-chlorosuccinimide, 

102

One-pot synthesis

 (E)-4-cyano-5-arylpent-4-enenitriles, potassium tert-butoxide, 

359

 1-indanones, trifl uoromethanesulfonic acid, 501

 1-tetralones, trifl uoromethanesulfonic acid, 501

 thioamides, trifl uoromethanesulfonic anhydride, 517

One-pot Wittig oxidation olefi nations, tetra-n-propylammonium 

perruthenate, 478

Open-chain ureas

 cyclizations, 2-iodoxybenzoic acid, 208

 see also Ureas

Oppenauer reactions, diisobutylaluminum hydride, 167

Organoboranes, synthesis, 9-borabicyclo[3.3.1]nonane dimer, 

17–19

Organocuprates

 activations, lithium naphthalenide, 244–245

 additions, halocarbons, lithium naphthalenide, 242

Organolithium compounds, synthesis, n-butyllithium, 57

Organometallic chemistry, N-bromosuccinimide, 50

Organometallic complexes, iodinations, iodotrimethylsilane, 202

Organometallic compounds

 activations, lithium naphthalenide, 244–245

 coupling, acid chlorides, tetrakis(triphenylphosphine)

palladium(0), 468

 cross-coupling, unsaturated electrophiles, 

tetrakis(triphenylphosphine)palladium(0), 

467–469

 oxidative cleavage, cerium(IV) ammonium nitrate, 

81–82

Organometallic derivatives, vinyl iodide synthesis, 

N-iodosuccinimide, 188

Organoselenium compounds, transmetalations, n-butyllithium, 

58

Nitrosugars, synthesis, potassium monoperoxysulfate, 340

Nitroxides, synthesis, potassium monoperoxysulfate, 340

Non-activated alcohols, oxidations, manganese dioxide, 253

Nonenolizable ketones, cleavage, potassium tert-butoxide, 357

Nonpeptide β-turn mimetics, (diacetoxyiodo)benzene, 139

Non-stabilized ylides, in situ tandem oxidation processes, 

manganese dioxide, 256–257

Norbornene, radical additions, p-toluenesulfonyl chloride, 484

Norcaranones, fragmentations, trifl uoromethanesulfonic 

anhydride, 509

N–Ts aziridines, direct 2,3-disubstituted indole 

functionalizations, scandium trifl uoromethanesulfonate, 

394

Nucleophilic acyl substitutions, samarium(II) iodide, 380

Nucleophilic additions

 carbonyl compounds, iodotrimethylsilane, 196

 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 160

 heterocycle synthesis, diazomethane, 150

 iminium trifl ates, trifl uoromethanesulfonic anhydride, 

518–519

 iodotrimethylsilane, 196

Nucleophilic aromatic substitutions (S
N
Ar reactions)

 nitrogen acids, sodium hydride, 441

 oxygen acids, sodium hydride, 440

Nucleophilic displacements, indolylmethyl Meldrum’s acids, 

scandium trifl uoromethanesulfonate, 394

Nucleophilic fl uorinations, tetrabutylammonium fl uoride, 

460–461

Nucleophilic nitrogen sources, polymerizations, potassium 

hexamethyldisilazide, 327

Nucleophilic substitutions

 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 160

 thiophene substituted trityl alcohols, 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone, 161

Okadaic acid, synthesis, sodium hexamethyldisilazide, 435

Olefi nations

 aromatic aldehydes, potassium hexamethyldisilazide, 329

 base-mediated, potassium hexamethyldisilazide, 329

 2-cyano-3-ethoxy-2-en-1-ols, trimethyl 

trifl uoromethanesulfonate, 537

 heck reactions, bis(dibenzylideneacetone)palladium(0), 6, 

13–14

 potassium hexamethyldisilazide, 329

Olefi nic amines, additions, benzene, trifl uoromethanesulfonic 

acid, 502

Olefi ns

 activations, bis(dibenzylideneacetone)palladium(0), 11–12

 additions, diphenylacetic acid, N-bromosuccinimide, 49

 brominations, N-bromosuccinimide, 49

 dehydrogenative borylations, pinacolborane, 308

 enantioselective diaminations, bis(dibenzylideneacetone)

palladium(0), 12

 epoxidations, sodium periodate, 451

 functionalizations, sodium borohydride, 415

 haloamidations, N-chlorosuccinimide, 104

 halolactonizations, N-bromosuccinimide, 50

 hydrochlorinations, chlorotrimethylsilane, 114

 insertions, trimethylsilyldiazomethane, 548–549
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 acylhydrazides, potassium monoperoxysulfate, 341

 alcohols

  aldehyde synthesis, 2-iodoxybenzoic acid, 206

  N-bromosuccinimide, 50

  cerium(IV) ammonium nitrate, 80

  N-chlorosuccinimide, 100, 101, 105

  chroman derivative synthesis, (diacetoxyiodo)benzene, 

141

  (diacetoxyiodo)benzene, 141

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 154

  diisobutylaluminum hydride, 167

  dimethyldioxirane, 177–178

  N-iodosuccinimide, 189

  ketone synthesis

   N-chlorosuccinimide, 100

   2-iodoxybenzoic acid, 206–207

  manganese dioxide, 249–252, 253–254

  osmium tetroxide, 270–271

  potassium monoperoxysulfate, 338

  sodium periodate, 454

  tetrakis(triphenylphosphine)palladium(0), 470

  trifl uoromethanesulfonic anhydride, 514

 aldazines, (diacetoxyiodo)benzene, 139

 aldehydes

  cerium(IV) ammonium nitrate, 81

  N-iodosuccinimide, 189

  potassium monoperoxysulfate, 337–338

 aliphatic aldehydes, potassium monoperoxysulfate, 

337

 alkali metal halides, sodium periodate, 451

 alkenes

  cerium(IV) ammonium nitrate, 80

  m-chloroperbenzoic acid, 87

  chlorotris(triphenylphosphine)rhodium(I), 127

  dimethyldioxirane, 177

  sodium periodate, 451

 alkenylnaphthoquinones, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 157

 N-alkylaldimines, potassium monoperoxysulfate, 336

 alkylhydrazones, (diacetoxyiodo)benzene, 139

 allylic alcohols

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 161

  manganese dioxide, 249–250

  tetra-n-propylammonium perruthenate, 476–477

 allylic iodides, m-chloroperbenzoic acid, 91

 amines

  m-chloroperbenzoic acid, 90

  (diacetoxyiodo)benzene, 137–139

  manganese dioxide, 252

  osmium tetroxide, 270–271, 280

  potassium monoperoxysulfate, 340

  ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 373

 tert-amines, osmium tetroxide, 280

 N-amino heterocycles, (diacetoxyiodo)benzene, 139

 N-aminophthalimidates, (diacetoxyiodo)benzene, 139

 amino sugars, potassium monoperoxysulfate, 340

 anilines, potassium monoperoxysulfate, 335, 340

 anthracene derivatives, chlorotris(triphenylphosphine)

rhodium(I), 127

Organosilanes

 coupling, carbonyl compounds, tetrabutylammonium fl uoride, 

463

 fl uoride-promoted carbon–carbon bond formation, 

tetrabutylammonium fl uoride, 461

Organosulfur compounds

 heteroatom oxidations, (diacetoxyiodo)benzene, 143

 oxidations, cerium(IV) ammonium nitrate, 81

Organotin compounds, fl uoride-promoted carbon–carbon bond 

formation, tetrabutylammonium fl uoride, 461

Organozinc compounds, palladium-catalyzed coupling, terminal 

acetylenes, iodotrimethylsilane, 202

Osmium tetroxide, 264–282

 immobilization, 275–277

Osmoylations, carbon nanotubes, osmium tetroxide, 280

1,3,4-Oxadiazoles

 synthesis

  trifl uoromethanesulfonic acid, 499

  trifl uoromethanesulfonic anhydride, 514

Oxalactims, α-deprotonations, potassium hexamethyldisilazide, 

322

Oxalyl chloride, 283–287

Oxalyl chloride–aluminum chloride, see also Oxalyl chloride, 

283–287

Oxalyl chloride–dimethylformamide, 288–289

Oxa-Michael additions, propargyl alcohols, α,β-unsaturated 

nitroalkenes, potassium tert-butoxide, 360

1,3-Oxathianes, additions, lithium aluminum hydride, 215

1,3-Oxathiolanes, synthesis, N-bromosuccinimide, 49

Oxaziridines

 synthesis

  potassium monoperoxysulfate, 336, 341

  sulfonimine epoxidations, m-chloroperbenzoic acid, 90

Oxazoles

 4,5-benzo-fused-2-substituted, synthesis, manganese dioxide, 

260

 synthesis, trifl uoromethanesulfonic anhydride, 519

Oxazolidines, reductive cleavage, 9-borabicyclo[3.3.1]nonane 

dimer, 24

2-Oxazolidinone chiral auxiliaries, reductive cleavage, sodium 

borohydride, 411

Oxazolidin-2-ones, deprotonations, potassium 

hexamethyldisilazide, 325

Oxazolidinones, synthesis, anilide cyclizations, 2-iodoxybenzoic 

acid, 208

Oxazoline esters, ring opening chlorinations, 

chlorotrimethylsilane, 113

Oxazolines, deprotonations, potassium hexamethyldisilazide, 

318–319

Oxetanes

 cleavage, lithium aluminum hydride, 217

 regioselective ring opening, 4-dimethylaminopyridine, 174

 synthesis, p-toluenesulfonyl chloride, 482

Oxidants, IBX-type, synthesis, 2-iodoxybenzoic acid, 207–208

Oxidation–Cope eliminations, hydroxylamine synthesis, 

m-chloroperbenzoic acid, 95

Oxidations

 acetals, dimethyldioxirane, 177–178

 acid-sensitive substrates, tetra-n-propylammonium 

perruthenate, 477



SUBJECT INDEX  605

 highly sensitive alcohols, tetra-n-propylammonium 

perruthenate, 477

 homoallylic alcohols, sodium periodate, 454

 homopropargylic alcohols, sodium periodate, 454

 hydrazine, (diacetoxyiodo)benzene, 138

 hydrazodicarbonyl groups, (diacetoxyiodo)benzene, 138

 hydrazones, (diacetoxyiodo)benzene, 139

 hydrocarbons, potassium monoperoxysulfate, 340

 hydroxylamines, manganese dioxide, 253–254

 imines

  m-chloroperbenzoic acid, 95

  nitrone synthesis, dimethyldioxirane, 178

 indole derivatives, (diacetoxyiodo)benzene, 138

 indoles, sodium periodate, 448

 intramolecular quinhydrone synthesis, cerium(IV) ammonium 

nitrate, 81

 isoxazoles, m-chloroperbenzoic acid, 90

 ketones

  cerium(IV) ammonium nitrate, 81

  α-hydroxy dimethyl acetal synthesis, (diacetoxyiodo)

benzene, 136–137

  potassium monoperoxysulfate, 334, 337, 338

 lactols, tetra-n-propylammonium perruthenate, 477

 metal complexes, potassium monoperoxysulfate, 338

 methyl secondary alkyl ketones, m-chloroperbenzoic acid, 89

 monoterpines, cerium(IV) ammonium nitrate, 83

 nitroalkanes, cerium(IV) ammonium nitrate, 81

 nitrogen compounds

  m-chloroperbenzoic acid, 90

  potassium monoperoxysulfate, 335–336, 340–341, 349

 nitrogen functional groups, dimethyldioxirane, 178–179

 nitrogen–oxygen compounds, manganese dioxide, 253–254

 non-activated alcohols, manganese dioxide, 253

 organic compounds, potassium tert-butoxide, 357

 organosulfur compounds, cerium(IV) ammonium nitrate, 81

 oximes, manganese dioxide, 253–254

 phenols

  cerium(IV) ammonium nitrate, 81

  (diacetoxyiodo)benzene, 137

  sodium periodate, 448

 phosphorus compounds

  m-chloroperbenzoic acid, 90

  potassium monoperoxysulfate, 342

 polyols, 2-iodoxybenzoic acid, 207

 potassium tert-butoxide, 357

 potassium monoperoxysulfate, 334, 337, 340

 primary alcohols

  bis(dibenzylideneacetone)palladium(0), 8

  1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 185

  tetra-n-propylammonium perruthenate, 476

 primary amines, m-chloroperbenzoic acid, 90

 propargylic alcohols, manganese dioxide, 250–251

 pyridines

  potassium monoperoxysulfate, 336, 340

  trifl uoromethanesulfonic anhydride, 520

 pyrrolines, tetra-n-propylammonium perruthenate, 478

 quinols, sodium periodate, 453

 reaction conditions, manganese dioxide, 249

 saturated alcohols, manganese dioxide, 251–252

 arenes

  cerium(IV) ammonium nitrate, 80

  (diacetoxyiodo)benzene, 137–139

  potassium monoperoxysulfate, 337

 aromatic amines, (diacetoxyiodo)benzene, 137–139

 aryl aldehydes, potassium monoperoxysulfate, 337

 1-arylpropenes, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

157

 azulenes, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 157

 Baeyer–Villiger-type

  m-chloroperbenzoic acid, 89, 93–94

  potassium monoperoxysulfate, 334, 337

 benzylic

  cerium(IV) ammonium nitrate, 80

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 154, 

156–157

 benzylic alcohols

  manganese dioxide, 251

  potassium monoperoxysulfate, 338

 benzylic methylenes, m-chloroperbenzoic acid, 95–96

 bisbenzyl ethers, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

157

 9-borabicyclo[3.3.1]nonane dimer, 20

 boron trifl uoride etherate, 38

 N-bromosuccinimide, 50

 carbon–boron bonds, potassium monoperoxysulfate, 342

 carbon–heteroatom bonds, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 373

 carbon–hydrogen bonds

  (diacetoxyiodo)benzene, 142–143

  osmium tetroxide, 279–280

  ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 372–373

 carbon skeletons, 2-iodoxybenzoic acid, 208–209

 carbonyl compounds, cerium(IV) ammonium nitrate, 81

 cyclooctanol, 2-iodoxybenzoic acid, 209

 1-decanethiol, decanesulfonic acid synthesis, potassium 

monoperoxysulfate, 337

 α-diazo ketones, α-keto aldehyde synthesis, 

dimethyldioxirane, 179

 dihydroselenopyrans, sodium periodate, 450

 diisobutylaluminum hydride, 166–167

 electron-rich alkenes, cerium(IV) ammonium nitrate, 83

 electron-rich aromatics, N-chlorosuccinimide, 105

 enol silyl ethers, m-chloroperbenzoic acid, 89

 episulfi des, potassium monoperoxysulfate, 342

 ethers

  cerium(IV) ammonium nitrate, 81

  dimethyldioxirane, 177–178

 functional groups

  cerium(IV) ammonium nitrate, 80

  m-chloroperbenzoic acid, 87

 furans, m-chloroperbenzoic acid, 89

 halides, potassium monoperoxysulfate, 343

 halo compounds, sodium periodate, 452

 heteroatoms

  (diacetoxyiodo)benzene, 143

  tetra-n-propylammonium perruthenate, 477

 N-heterocycles, m-chloroperbenzoic acid, 90

 heterocyclic alcohols, manganese dioxide, 251
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 1,2-diols

  manganese dioxide, 252

  sodium periodate, 447, 449–450

  tetra-n-propylammonium perruthenate, 477

 α-hydroxyketones, potassium monoperoxysulfate, 337

 α-nitroketones, potassium monoperoxysulfate, 337

 olefi ns, osmium tetroxide, 277–279

 organometallic compounds, cerium(IV) ammonium nitrate, 

81–82

 polymer-bound sulfoximines, m-chloroperbenzoic acid, 91

 2,3,5-triphenylfuran, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 160

Oxidative coupling

 2-naphthols, trimethyl trifl uoromethanesulfonate, 540

 porphyrins, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

157–158

Oxidative cross-coupling, bis(dibenzylideneacetone)

palladium(0), 13–15

Oxidative cyclizations

 bis(dibenzylideneacetone)palladium(0), 12–13

 1,5-dienes, osmium tetroxide, 269, 273

 dipeptide lactams, β-lactam synthesis, N-iodosuccinimide, 

188

 2-(2′-pyridylamino)imidazole[1,2-a]pyridines, 

(diacetoxyiodo)benzene, 138

 substituted benzophenones, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 157–158

Oxidative destannylations, β-stannylsilylenol ethers, 

m-chloroperbenzoic acid, 92

Oxidative halogenations, cerium(IV) ammonium nitrate, 82

Oxidative hydrolysis, carboxylic acids, cerium(IV) ammonium 

nitrate, 81

Oximes

 activations, iodotrimethylsilane, 198

 α-amino ketone synthesis, p-toluenesulfonyl chloride, 483

 aziridine synthesis, lithium aluminum hydride, 214

 Beckmann fragmentations, p-toluenesulfonyl chloride, 483

 Beckmann rearrangements

  p-toluenesulfonyl chloride, 483

  trifl uoromethanesulfonic acid, 499

 carbonyl compound synthesis, potassium monoperoxysulfate, 

340

 dehydrations

  iodotrimethylsilane, 198

  p-toluenesulfonyl chloride, 486–487

 Neber rearrangements, p-toluenesulfonyl chloride, 483

 nitro compound synthesis, potassium monoperoxysulfate, 

340

 oxidations, manganese dioxide, 253–254

 reductive cross-coupling, aldehydes/ketones, samarium(II) 

iodide, 381–382

 synthesis, sodium borohydride, 415

Oxiranes, α-hydroxyketone synthesis, cerium(IV) ammonium 

nitrate, 84

Oxone® see Potassium monoperoxysulfate

2-Oxonia Cope rearrangements, trifl uoromethanesulfonic acid, 

504

α-Oxo sulfones, synthesis, dimethyldioxirane, 179

Oxyaminations, alkenes, osmium tetroxide, 267

 saturated hydrocarbons, dimethyldioxirane, 177–178

 secondary alcohols

  bis(dibenzylideneacetone)palladium(0), 8

  sodium periodate, 454

  tetra-n-propylammonium perruthenate, 476

 secondary amines

  m-chloroperbenzoic acid, 90

  dimethyldioxirane, 178

  potassium monoperoxysulfate, 340

 selenides

  m-chloroperbenzoic acid, 91

  sodium periodate, 448, 450

 selenoureas, sodium periodate, 450

 silanes, dimethyldioxirane, 177–178

 silicon–hydrogen bonds, osmium tetroxide, 279–280

 steroids, potassium monoperoxysulfate, 340

 2-substituted-2-hydroxy-1-tetralone synthesis, sodium 

hexamethyldisilazide, 432

 3-sulfanyl alcohols, sodium periodate, 450

 sulfi des

  potassium monoperoxysulfate, 336–337, 342

  sulfone synthesis, osmium tetroxide, 267

  sulfoxide synthesis

   dimethyldioxirane, 179

   sodium periodate, 447–448, 450

 sulfonamides, (diacetoxyiodo)benzene, 141

 N-sulfonylamines, potassium monoperoxysulfate, 336

 sulfoxides, dimethyldioxirane, 179

 sulfur compounds

  m-chloroperbenzoic acid, 90

  manganese dioxide, 253

  potassium monoperoxysulfate, 336–337, 342, 349

 sulfur functional groups, dimethyldioxirane, 179

 tetrahydro-β-carbolines, sodium periodate, 448

 tetrakis(triphenylphosphine)palladium(0), 470

 thioethers, trifl uoromethanesulfonic anhydride, 514

 thiol esters, dimethyldioxirane, 179

 thiols, potassium monoperoxysulfate, 342

 thiophenes, m-chloroperbenzoic acid, 93

 thiosulfi nates, trifl uoromethanesulfonic anhydride, 514

 thioureas, sodium periodate, 450

 trialkylamines, potassium monoperoxysulfate, 340

 triaryl compounds, (diacetoxyiodo)benzene, 143

 trifl uoromethanesulfonic anhydride, 514

 unsaturated hydrocarbons, dimethyldioxirane, 177

 urazoles, potassium monoperoxysulfate, 341, 349

 vicinal diols, dimethyldioxirane, 177–178

 Wacker-type, bis(dibenzylideneacetone)palladium(0), 

8–9

 see also Epoxidations

Oxidation–Wittig reactions, manganese dioxide, 255, 259

Oxidative additions, alkynes, iodotrimethylsilane, 197

Oxidative cleavage

 alkenes, osmium tetroxide, 270

 3-alkoxy-2,5-diphenylfurans, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 160

 benzylic silanes, trimethyl trifl uoromethanesulfonate, 540

 2,3-dihydropyridones, sodium periodate, 453

Oxidations (Continued)
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Payne rearrangements

 n-butyllithium, 59

 β-hydroxy epoxides, lithium diisopropylamide, 235

Pd(dba)
2
 see Bis(dibenzylideneacetone)palladium(0)

Pd(Ph
3
P)

4
 see Tetrakis(triphenylphosphine)palladium(0)

(–)-Penitrem, synthesis, n-butyllithium, 66

Peptides

 alkylations, sodium hydride, 438–439

 coupling, 1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 184–185

 debenzyloxycarbonylations, boron trifl uoride etherate, 33

 formylations, 1-ethyl-3-(3′-dimethylaminopropyl)

carbodiimide hydrochloride, 185

 synthesis, N,N′-carbonyl diimidazole, 73

 transient protection, chlorotrimethylsilane, 109

Perbenzylated cyclodextrins, regioselective cleavage, 

diisobutylaluminum hydride, 168

Perfl uoroalkylations, arenes, bis(dibenzylideneacetone)

palladium(0), 9–10

α-Perfl uoroalkylations, silyl enol ethers, ruthenium(II), 

tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 372

Perfl uoroalkylations, tetrabutylammonium fl uoride, 464

Pericycles, synthesis, trimethylsilyldiazomethane, 550

Peroxy acids

 m-Chloroperbenzoic acid, 87–97

 common oxidations of functional groups, 87

 synthesis, ozone, 294

Petasis–Ferrier rearrangements, phorboxazole central 

tetrahydropyran ring synthesis, n-butyllithium, 

64–65

Peterson olefi nations

 n-butyllithium, 65

 potassium hexamethyldisilazide, 329

Pfi tzner–Moffatt oxidations, 1-ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 185

Phenols

 additions, trifl uoromethanesulfonic anhydride, 507–508, 

512, 518

 N-alkylimidazole synthesis, N,N′-carbonyl diimidazole, 77

 coupling, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

154–155, 157

 cyclizations, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

154–155, 157

 direct esterifi cations, 4-dimethylaminopyridine, 171

 esterifi cations, diazomethane, 146

 O-methylations, trimethylsilyldiazomethane, 543

 nitrophenol synthesis, potassium monoperoxysulfate, 340

 oxidations

  cerium(IV) ammonium nitrate, 81

  (diacetoxyiodo)benzene, 137

  sodium periodate, 448

 protection, zinc–acetic acid, 554

 protonations, trifl uoromethanesulfonic acid, 500

Phenylacetylenes, hydrostannylations, 

chlorotris(triphenylphosphine)rhodium(I), 124

Phenylacylsulfonium salts, reductions, ruthenium(II), 

tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 370

Phenylalkylacetylenes, dehydrogenations, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 155–156

Oxyanionic Cope rearrangements, potassium 

hexamethyldisilazide, 316

Oxyfunctionalizations, dimethyldioxirane, 179–181

Oxygen acids, deprotonations, sodium hydride, 438, 440–441

α-Oxygenated methyl esters, synthesis, ozone, 296

β-Oxygenated methyl esters, synthesis, ozone, 296

Oxygen–carbon bonds

 formation

  cerium(IV) ammonium nitrate, 84

  chlorotris(triphenylphosphine)rhodium(I), 131

 reductions, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 371

Oxygen insertions

 ketones, m-chloroperbenzoic acid, 89

 see also Baeyer–Villiger oxidations

Oxygen–nitrogen bonds

 oxidations, manganese dioxide, 253–254

 reductive cleavage, samarium(II) iodide, 385

Ozonations

 acetals, ozone, 293

 aldehydes, ozone, 294

 alkenes, ozone, 297

 alkynes, ozone, 292

 aromatic systems, ozone, 292–293

 heteroatoms, ozone, 293

 modifi cations, ozone, 293

 secondary alcohols, ozone, 293

 see also Ozonolysis

Ozone, 290–303

Ozonolysis

 alkenes, ozone, 290–292

 carbon–heteroatom bonds, ozone, 297–299

 cyclic allylic alcohols, ozone, 300–301

 heterocycles, ozone, 297–299

 methylene cyclobutanes, ozone, 301

 quenching reagents, ozone, 294–295

 see also Ozonations

Palladium(0) bis(dibenzylideneacetone) see 

Bis(dibenzylideneacetone)palladium(0)

Palladium-catalyzed α-arylations

 carbonyl compounds

  potassium hexamethyldisilazide, 317–318

  sodium hexamethyldisilazide, 430

 nitriles, sodium hexamethyldisilazide, 430

Palladium-catalyzed carbon–nitrogen bond formation, bases, 

potassium hexamethyldisilazide, 331

Palladium-catalyzed coupling, organozinc compounds/terminal 

acetylenes, iodotrimethylsilane, 202

Palladium(II) chloride, see also Chlorotris(triphenylphosphine)

rhodium(I), 121–133

Partial demethylative oxidations, intramolecular quinhydrone 

synthesis, cerium(IV) ammonium nitrate, 81

Partial oxidations

 intramolecular quinhydrone synthesis, cerium(IV) ammonium 

nitrate, 81

 sulfi des, potassium monoperoxysulfate, 336–337, 342, 349

PA-Sc-TAD, see also Scandium trifl uoromethanesulfonate, 

388–397
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2-Picoline-N-oxides, 2-chloromethylpyridine synthesis 

p-toluenesulfonyl chloride, 487

Pinacolborane, 306–312

Pinacol coupling, samarium(II) iodide, 380–381

Piperidine substituted dialdehydes, synthesis, oxalyl chloride–

dimethylformamide, 289

Polycyclic aromatic hydrocarbons

 benzylic oxidations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 154

 epoxidations

  dimethyldioxirane, 177

  potassium monoperoxysulfate, 335

Polycyclic cyclobutane derivatives, synthesis, 

iodotrimethylsilane, 200

Polycyclic saturated hydrocarbons, oxyfunctionalizations, 

dimethyldioxirane, 180–181

E-Polycyclopropane alkene, synthesis, sodium 

hexamethyldisilazide, 434

Poly(dixanthones), synthesis, trifl uoromethanesulfonic acid, 504

Poly(ethylene glycol), immobilizations, osmium tetroxide, 277

Polyfl uoroalkoxylations, tetrabutylammonium fl uoride, 464

Polymer-bound sulfoximines, oxidative cleavage, 

m-chloroperbenzoic acid, 91

Polymerizations

 nucleophilic nitrogen sources, potassium 

hexamethyldisilazide, 327

 racemic aziridines, potassium hexamethyldisilazide, 326–327

Polymer-supported 2-iodoxybenzoic acid reagents, 

2-iodoxybenzoic acid, 207–208

Polymer supports

 osmium tetroxide, 276–277

 proteins, 1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 185

Polyols

 oxidations, 2-iodoxybenzoic acid, 207

 tosylations, p-toluenesulfonyl chloride, 485–486

Polysubstituted homoallylic alcohols, synthesis, 

4-dimethylaminopyridine, 173

Porphyrins

 additions, β-cyclodextrins, sodium cyanoborohydride, 422

 oxidative coupling, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 157–158

Potassium amide, see also Potassium tert-butoxide, 

353–368

Potassium bis(trimethylsilyl)amide see Potassium 

hexamethyldisilazide

Potassium tert-butoxide, 353–368

 see also Potassium hexamethyldisilazide, 313–333

Potassium t-butoxide–benzophenone, see also Potassium tert-
butoxide, 353–368

Potassium t-butoxide–t-butyl alcohol complex, see also 

Potassium tert-butoxide, 353–368

Potassium t-butoxide–18-crown-6, see also Potassium tert-
butoxide, 353–368

Potassium t-butoxide–dimethyl sulfoxide, see also Potassium 

tert-butoxide, 353–368

Potassium t-butoxide–hexamethylphosphoric triamide, see also 

Potassium tert-butoxide, 353–368

Potassium caroate see Potassium monoperoxysulfate

Phenylalkylphosphonamidate derivatives of glutamic acid, 

synthesis, potassium hexamethyldisilazide, 325

Phenylaminations, arenes, trifl uoromethanesulfonic acid, 500

p-Phenylbenzyl ethers, cleavage, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 158

Phenylboronic acid, Suzuki–Miyaura cross-coupling, 

bis(dibenzylideneacetone)palladium(0), 10–11

Phenyldiazomethane, see also Diazomethane, 145–151

1,2-Phenylenediamines, benzimidazole synthesis, potassium 

monoperoxysulfate, 341

Phenyliodine(III) diacetate see (Diacetoxyiodo)benzene

Phenylselenium cations, synthesis, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 160

Phenylselenyl heterocycles, activations, N-bromosuccinimide, 

48

Phenylselenyl trifl ate, synthesis, trifl uoromethanesulfonic 

anhydride, 517

Phenylsilane–cesium fl uoride, see also Triethylsilane, 

489–497

Phenylsilyl ethers, deprotections, lithium naphthalenide, 244

1-Phenyl-1H-tetrazol-5-yl sulfones, alkene synthesis, sodium 

hexamethyldisilazide, 435

Phenyl vinyl selenoxides, α-trimethylsiloxyselenide synthesis, 

chlorotrimethylsilane, 115

Phorboxazole, central tetrahydropyran ring synthesis, 

n-butyllithium, 64–65

Phosphate esters, cleavage, iodotrimethylsilane, 195

Phosphinamides, synthesis, n-butyllithium, 61

Phosphine–borane complexes, chiral phosphine synthesis, 

lithium naphthalenide, 243

Phosphine oxides, O-silylations, iodotrimethylsilane, 197

Phosphinooxazoline ligands, synthesis, potassium 

hexamethyldisilazide, 320

Phosphonate anions, generation, sodium hexamethyldisilazide, 

433

Phosphonate esters, cleavage, iodotrimethylsilane, 195

Phosphonates, generation, potassium hexamethyldisilazide, 315

Phosphonic acid chlorides

 synthesis

  oxalyl chloride, 284

  oxalyl chloride–dimethylformamide, 288

Phosphonic acids, esterifi cations, diazomethane, 146

Phosphorus–carbon bonds, reductions, ruthenium(II), 

tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

Phosphorus(III) compounds, oxidations, potassium 

monoperoxysulfate, 342

Phosphorus compounds, oxidations, potassium 

monoperoxysulfate, 342

Phosphorus-containing compounds, oxidations, 

m-chloroperbenzoic acid, 90

Phosphorus(III) esters, cleavage, iodotrimethylsilane, 200

Phosphorus(V) oxide, trifl uoromethanesulfonic acid, 498

Phosphorus ylides, generation, sodium hexamethyldisilazide, 

433

Phosphoseleno compounds, oxidations, potassium 

monoperoxysulfate, 342

Phosphothio compounds, oxidations, potassium 

monoperoxysulfate, 342

Phthalides, reductive cleavage, iodotrimethylsilane, 201
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Propargyl ethers, deprotection, osmium tetroxide, 272

Propargylic alcohols

 additions, α,β-unsaturated nitroalkenes, potassium tert-
butoxide, 360

 oxidations, manganese dioxide, 250–251

Propargylic compounds

 deprotonations, potassium hexamethyldisilazide, 319

 isomerizations, potassium tert-butoxide, 363–364

O-Propargyl ketoximes, N-(1-alkenyl) acrylamide synthesis, 

potassium tert-butoxide, 364

Propargyloxycarbonyl azides, decomposition, 

chlorotrimethylsilane, 114

Propiolic acids, iodoalkyne conversions, N-iodosuccinimide, 

190

Propynyloxyethyl derivatives, tandem cyclizations, sodium 

hexamethyldisilazide, 432

Protected aldols, 1,3-protected diol conversions, triethylsilane, 

493

Protected amines, cyclizations, aziridine synthesis, sodium 

hydride, 441–442

N-Protected amino acids, ester preparation, 1-ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 185

Protected cyanohydrins, intramolecular alkylations, sodium 

hexamethyldisilazide, 428–429

Protection

 alcohols

  N,N′-carbonyl diimidazole, 77

  chlorotrimethylsilane, 108–109, 111

  zinc–acetic acid, 554

 aldehydes, potassium hexamethyldisilazide, 325–326

 alkynes, chlorotrimethylsilane, 109

 amides, cerium(IV) ammonium nitrate, 81

 amines, zinc–acetic acid, 554

 amino acids

  9-borabicyclo[3.3.1]nonane dimer, 23–24

  chlorotrimethylsilane, 109

 3-amino-3-pyrazoline sulfate, p-toluenesulfonyl chloride, 

483

 carboxylic acids

  chlorotrimethylsilane, 109

  potassium monoperoxysulfate, 341

  zinc–acetic acid, 554

 4-dimethylaminopyridine, 174

 hydroxylamine oxygens, chlorotrimethylsilane, 109

 imidazoles, p-toluenesulfonyl chloride, 484

 peptides, chlorotrimethylsilane, 109

 phenols, zinc–acetic acid, 554

 steroids, boron trifl uoride etherate, 33

 terminal alkynes, chlorotrimethylsilane, 109

 thiols, zinc–acetic acid, 554

 2,2,2-trichloroethoxy groups, zinc–acetic acid, 554

 trimethylsilyl ethers, chlorotrimethylsilane, 108, 111

 see also Deprotection

Proteins

 cross-linking, ruthenium(II), tris(2,2′-bipyridine-κN1, 

κN1′)-, (OC-6-11)-, 372–373

 modifi cations, 1-ethyl-3-(3′-dimethylaminopropyl)

carbodiimide hydrochloride, 185

 see also Peptides

Potassium diisopropylamide

 see also Lithium diisopropylamide, 224–240

 see also Potassium tert-butoxide, 353–368

Potassium t-heptoxide, see also Potassium tert-butoxide, 353–368

Potassium hexamethyldisilazide, 313–333

 see also Potassium tert-butoxide, 353–368

 see also Sodium hexamethyldisilazide, 428–437

Potassium hydride, see also Sodium hydride, 438–446

Potassium hydride–hexamethylphosphoric triamide, see also 

Sodium hydride, 438–446

Potassium hydride–s-butyllithium–N,N,N,N-

tetramethylethylenediamine, see also Sodium hydride, 

438–446

Potassium hydrogen persulfate see Potassium 

monoperoxysulfate

Potassium hydroxide potassium 2-methyl-2-butoxide, see also 

Potassium tert-butoxide, 353–368

Potassium monoperoxysulfate, 334–352

 modifi cations, 337

 see also Dimethyldioxirane, 176–182

Potassium naphthalenide, see also Lithium naphthalenide, 

241–246

Potassium peroxymonosulfate see Potassium monoperoxysulfate

Potassium triisopropoxyborohydride, see also Sodium 

borohydride, 406–418

Preformed lithium enolates, α-hydroxy ketone conversions, 

dimethyldioxirane, 177

Prenyl ethers, cleavage, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 158

Primary alcohols

 N-alkylimidazole synthesis, N,N′-carbonyl diimidazole, 77

 hydroborations, chlorotris(triphenylphosphine)rhodium(I), 

129

 nitrile synthesis, manganese dioxide, 258

 oxidations

  bis(dibenzylideneacetone)palladium(0), 8

  1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 185

  tetrakis(triphenylphosphine)palladium(0), 470

  tetra-n-propylammonium perruthenate, 476

Primary amides

 dehydrations, trifl uoromethanesulfonic anhydride, 514

 Hoffmann rearrangements, (diacetoxyiodo)benzene, 140

Primary amines

 alkyl chloride synthesis, N-chlorosuccinimide, 102

 hydroxylamine synthesis, potassium monoperoxysulfate, 340

 nitro compound conversions, dimethyldioxirane, 178

 oxidations

  m-chloroperbenzoic acid, 90

  potassium monoperoxysulfate, 340

 synthesis

  dimethyldioxirane, 178

  sodium hexamethyldisilazide, 429

Primary anilines, trifl uoroacetylations, 

4-dimethylaminopyridine, 172

Primary–secondary diols, selective oxidations, tetra-n-

propylammonium perruthenate, 477

α-Propargyl carbocations, generation, trimethyl 

trifl uoromethanesulfonate, 539
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  potassium hexamethyldisilazide, 328–329

  sodium hydride, 443

 tosylations, p-toluenesulfonyl chloride, 486

Pyrrolines, oxidations, tetra-n-propylammonium perruthenate, 

478

2-Pyrrolines, synthesis, trimethylsilyldiazomethane, 549

Pyrroloiminoquinones, synthesis, trimethyl 

trifl uoromethanesulfonate, 537

Quaternary carbon centers, synthesis, lithium naphthalenide, 

242

Quenching reagents, ozonolysis, ozone, 294–295

Quinines, Thiele–Winter reactions, trifl uoromethanesulfonic 

acid, 503

Quinolines, alkylations, scandium trifl uoromethanesulfonate, 

395

2-Quinoline trifl ate, synthesis, trifl uoromethanesulfonic 

anhydride, 510

Quinols, oxidations, sodium periodate, 453

o-Quinone methides, synthesis, trifl uoromethanesulfonic 

anhydride, 517

Quinones

 Michael additions, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 160

 synthesis

  cerium(IV) ammonium nitrate, 81

  quinol oxidations, sodium periodate, 453

Quinoxalines, synthesis, manganese dioxide, 257

Racemic aziridines, polymerizations, potassium 

hexamethyldisilazide, 326–327

Radical additions

 samarium(II) iodide, 381

 p-toluenesulfonyl chloride, 484

Radical brominations, N-bromosuccinimide, 49

Radical chain reductions, triethylsilane, 490

Radical cyclizations

 anilides, 2-iodoxybenzoic acid, 208

 sodium cyanoborohydride, 425

Radical initiations, 9-borabicyclo[3.3.1]nonane dimer, 24

Ramberg–Bäcklund rearrangements, α-halo sulfones, potassium 

tert-butoxide, 357–358

Rearomatizations, nitrogen heterocycles, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 153, 155–156

Rearrangement-oxidations, allylic alcohols, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 161

Rearrangements

 β-alkoxy ketones, iodotrimethylsilane, 198

 anionic, n-butyllithium, 58–59

 N-aryl aldimines, m-chloroperbenzoic acid, 95

 aziridines, lithium diisopropylamide, 235–236

 base-mediated, carbon skeletons, potassium 

hexamethyldisilazide, 327–328

 Beckmann-type

  oximes, trifl uoromethanesulfonic acid, 499

  tosyl oximes, p-toluenesulfonyl chloride, 483

 Berson–Willcott-type, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 156

 boron trifl uoride etherate, 30–32, 36–37

Protonations

 diazomethane, 147–148

 trifl uoromethanesulfonic acid, 498–500

Pschorr reactions, ruthenium(II), tris(2,2′-bipyridine-κN1, 

κN1′)-, (OC-6-11)-, 370–371

Pummerer α-functionalizations, arylselenyl acetates, boron 

trifl uoride etherate, 36

Pummerer reactions, chlorotrimethylsilane, 115

Pummerer rearrangements, sulfoxides, trifl uoromethanesulfonic 

anhydride, 519

Purine derivatives, regioselective brominations, 

N-bromosuccinimide, 48

Pyrano[3,2-b]azepines, synthesis, sodium azide, 403

Pyranoid glycols, synthesis, n-butyllithium, 65

Pyrazines, synthesis, manganese dioxide, 258

Pyrazoles, synthesis, diazomethane, 149

Pyrazolines, synthesis, diazomethane, 149

Pyrazolium salts, N-heterocyclic carbene ligand synthesis, 

potassium hexamethyldisilazide, 317

Pyridine 2-carboxamide derivatives, directed ortho metalations, 

n-butyllithium, 63

Pyridine P,N-ligands, synthesis, n-butyllithium, 61–62

Pyridines

 alkylations, scandium trifl uoromethanesulfonate, 395

 brominations, N-bromosuccinimide, 48

 fl uorinated, synthesis, n-butyllithium, 66

 1,3,4-oxadiazole synthesis, trifl uoromethanesulfonic 

anhydride, 514

 oxidations

  potassium monoperoxysulfate, 336, 340

  trifl uoromethanesulfonic anhydride, 520

 pyridinium trifl ate synthesis, trifl uoromethanesulfonic 

anhydride, 519–520

 reductions, sodium cyanoborohydride, 420

 synthesis

  manganese dioxide, 259

  potassium hexamethyldisilazide, 318

Pyridinium trifl ates, synthesis, trifl uoromethanesulfonic 

anhydride, 519–520

Pyridyl aldimines, hydroacylations, 

chlorotris(triphenylphosphine)rhodium(I), 125

2-(2′-Pyridylamino)imidazole[1,2-a]pyridines, oxidative 

cyclizations, (diacetoxyiodo)benzene, 138

2-Pyridyl nucleophiles, Suzuki cross-coupling, n-butyllithium, 

64

2-Pyridyl sulfones, E/Z-diene synthesis, sodium 

hexamethyldisilazide, 435

Pyrimidines

 synthesis

  manganese dioxide, 259–260

  trifl uoromethanesulfonic acid, 498–499

α-Pyrones, synthesis, cerium(IV) ammonium nitrate, 81

Pyrrole carbinols, synthesis, potassium hexamethyldisilazide, 

325–326

Pyrroles

 synthesis

  acetylene/N-acylamino acid cycloadditions, 1-ethyl-3-

(3′-dimethylaminopropyl)carbodiimide hydrochloride, 

185
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 alkynes, sodium borohydride, 414

 α,β-alkynoic-γ-hydroxy esters, sodium borohydride, 411

 allylic compounds, lithium aluminum hydride, 218

 amides

  diisobutylaluminum hydride, 164

  lithium aluminum hydride, 212, 218–219

 amines, diisobutylaluminum hydride, 164

 anhydrides, lithium aluminum hydride, 212

 arenes, zinc–acetic acid, 555–556

 aryl carbonyls, ruthenium(II), tris(2,2′-bipyridine-κN1, 

κN1′)-, (OC-6-11)-, 371

 azides

  iodotrimethylsilane, 201

  ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 373–374

  samarium(II) iodide, 385

  sodium borohydride, 411

  triethylsilane, 492

 benzylic compounds, lithium aluminum hydride, 218

 π-bonded functional groups, sodium cyanoborohydride, 420–

421, 425

 σ-bonded functional groups, sodium cyanoborohydride, 

421–422, 425–426

 9-borabicyclo[3.3.1]nonane dimer, 19–20

 boron trifl uoride etherate, 32, 38

 α-bromoacetophenone, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 371

 carbon=carbon double bonds, lithium aluminum hydride, 213

 carbon–halogen bonds, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 371–372

 carbon–nitrogen bonds, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

 carbon=nitrogen double bonds, sodium borohydride, 408

 carbon–oxygen bonds, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 371

 carbon–phosphorus bonds, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

 carbon–sulfur bonds, ruthenium(II), tris(2,2′-bipyridine-κN1, 

κN1′)-, (OC-6-11)-, 370–371

 carbonyls, zinc–acetic acid, 555

 carboxylic acid derivatives, sodium borohydride, 407–408, 

410–411, 413

 carboxylic acids

  lithium aluminum hydride, 212

  samarium(II) iodide, 385

 C≡C triple bonds, lithium aluminum hydride, 213

 chlorotrimethylsilane, 116–117

 conjugate

  sodium borohydride, 406, 410, 413

  sodium cyanoborohydride, 425

 copper complexes, lithium naphthalenide, 242

 α,α-diaryl alcohols, iodotrimethylsilane, 201

 diastereoselective, sodium borohydride, 409–410, 412

 diazonium fl uoroborates, chlorotris(triphenylphosphine)

rhodium(I), 127

 diisobutylaluminum hydride, 164–165, 166

 1,3-dimethyl-3-(methylthio)oxindole, lithium aluminum 

hydride, 218

 enamines, sodium cyanoborohydride, 420, 423–424

 Brook-type, n-butyllithium, 59

 n-butyllithium, 58–59, 60–61

 carbenoid, n-butyllithium, 59

 carbon skeletons, potassium hexamethyldisilazide, 327–328

 Colvin-type, trimethylsilyldiazomethane, 547

 Cope-type, trifl uoromethanesulfonic acid, 504

 cyclic dithiane alcohols, one-carbon ring expanded 

1,2-diketone synthesis, N-chlorosuccinimide, 102

 cycloalkanols, (diacetoxyiodo)benzene, 140

 cyclooctene oxides, lithium diisopropylamide, 234

 (diacetoxyiodo)benzene, 140

 diisobutylaluminum hydride, 168

 divinyl ketones, boron trifl uoride etherate, 37

 epoxides

  boron trifl uoride etherate, 31, 36–37

  lithium diisopropylamide, 233–235

 Fries-type

  acyloxybenzene, scandium trifl uoromethanesulfonate, 390

  naphthalene derivatives, scandium 

trifl uoromethanesulfonate, 390

 hydroxamic acids, p-toluenesulfonyl chloride, 483

 β-hydroxy epoxides, lithium diisopropylamide, 235

 iodotrimethylsilane, 198

 Ireland–Claisen-type, enolates, lithium diisopropylamide, 227

 α-lithiofuran derivatives, N-iodosuccinimide, 192

 lithium aluminum hydride, 217–218

 2-oxonia Cope-type, trifl uoromethanesulfonic acid, 504

 Payne-type, n-butyllithium, 59

 potassium tert-butoxide, 357–358, 364

 Pummerer-type, sulfoxides, trifl uoromethanesulfonic 

anhydride, 519

 Ramberg–Bäcklund-type, potassium tert-butoxide, 357–358

 secondary amines, ozone, 297

 Sommelet–Hauser-type, n-butyllithium, 59

 Stevens-type

  binaphthyl compounds, n-butyllithium, 60–61

  n-butyllithium, 59

  enolates, lithium diisopropylamide, 228

 substituted epoxides, lithium diisopropylamide, 233–235

 tertiary allylic silyl ethers, iodotrimethylsilane, 198

 tetrakis(triphenylphosphine)palladium(0), 472

 Wittig-type, enolates, lithium diisopropylamide, 227

 see also Homologations

Recycling, osmium tetroxide, 275–277

Reduced porphyrins, dehydrogenations, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 153

1,4-Reductions

 coumarins, pinacolborane, 311–312

 sodium cyanoborohydride, 425

Reductions

 acetals, triethylsilane, 492–493

 activated alkenes, zinc–acetic acid, 555

 acyl derivatives, aldehyde synthesis, triethylsilane, 490

 aldehydes

  lithium aluminum hydride, 212

  sodium borohydride, 406

  sodium cyanoborohydride, 420–421

 aliphatic nitro compounds, lithium aluminum hydride, 212

 alkenes, sodium borohydride, 414
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 Tishchenko-type, carbonyl derivatives, samarium(II) iodide, 

385–386

 α,β-unsaturated esters, diisobutylaluminum hydride, 165

 α,β-unsaturated ketones, diisobutylaluminum hydride, 

164–165

 see also Selective reductions

Reductive aldol reactions, allenic esters/ketones, pinacolborane, 

312

Reductive alkylations, trans-fused cyclohexene synthesis, 

lithium naphthalenide, 242–243

Reductive aminations, sodium cyanoborohydride, 419, 422–423

Reductive cleavage

 acetals, diisobutylaluminum hydride, 165

 alcohols, sodium cyanoborohydride, 425–426

 α-alkoxy ketones, samarium(II) iodide, 378

 σ-bonded functional groups, sodium cyanoborohydride, 

425–426

 chalcone-derived tosyl aziridines, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

 cyclic amidines, diisobutylaluminum hydride, 165

 cyclic aminals, diisobutylaluminum hydride, 165

 2,3-epoxy alcohols, sodium cyanoborohydride, 426

 ethers, sodium cyanoborohydride, 425–426

 heteroaryl carbon–halogen bonds, iodotrimethylsilane, 201

 α-hydroxy ketones, samarium(II) iodide, 378

 nitrogen–oxygen bonds, samarium(II) iodide, 385

 oxazolidines, 9-borabicyclo[3.3.1]nonane dimer, 24

 2-oxazolidinone chiral auxiliaries, sodium borohydride, 411

 phthalides, iodotrimethylsilane, 201

 sulfonamides, iodotrimethylsilane, 201

 vinylic epoxides, sodium cyanoborohydride, 426

 vinyloxiranes, samarium(II) iodide, 379

Reductive coupling

 alkenes, triethylsilane, 494

 alkynes, triethylsilane, 494

 allenes, triethylsilane, 494

 dienes, triethylsilane, 494

 imines, triethylsilane, 494

 triethylsilane, 493–494

Reductive cross-coupling

 hydrazones, aldehydes/ketones, samarium(II) iodide, 

381–382

 imines, aldehydes/ketones, samarium(II) iodide, 381–382

 oximes, aldehydes/ketones, samarium(II) iodide, 381–382

Reductive cyclizations, alkyl halides, lithium naphthalenide, 243

Reductive dehalogenations, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 371–372

Reductive deoxygenations

 aldehydes, sodium cyanoborohydride, 420, 424

 ketones, sodium cyanoborohydride, 424

 α,β-unsaturated tosylhydrazones, sodium cyanoborohydride, 

420

Reductive dimerizations, arylsulfonyl halides, 

iodotrimethylsilane, 197

Reductive eliminations

 γ-acetoxy-α,β-enoates, samarium(II) iodide, 382

 O-acetyl-1-chloro-1-trimethylsilylalkan-2-ols, samarium(II) 

iodide, 382

 alkene synthesis, samarium(II) iodide, 382–383

 enantioselective, sodium borohydride, 410, 412–413, 

414–415

 enediones, 1,4-diketone synthesis, iodotrimethylsilane, 197

 epoxides

  lithium aluminum hydride, 212

  sodium borohydride, 408, 411

 α,β-epoxyketones, lithium naphthalenide, 242–243

 esters

  alcohol synthesis, lithium aluminum hydride, 212

  triethylsilane, 493

 functional groups

  lithium aluminum hydride, 212–213

  sodium cyanoborohydride, 419

 halides, sodium borohydride, 408, 411, 413–414

 α-halo ketones, diisobutylaluminum hydride, 164

 α-heterosubstituted carbonyl compounds, samarium(II) 

iodide, 378–379

 hydrazones, lithium aluminum hydride, 219

 imines

  boron trifl uoride etherate, 38

  diisobutylaluminum hydride, 165

  sodium cyanoborohydride, 423

  triethylsilane, 492

 iminium ions, lithium aluminum hydride, 212

 iodotrimethylsilane, 197, 201

 α-ketols, iodotrimethylsilane, 197

 ketones

  diisobutylaluminum hydride, 164

  lithium aluminum hydride, 212

  sodium borohydride, 406

  sodium cyanoborohydride, 420–421

 lactams, cyclic amine synthesis, 9-borabicyclo[3.3.1]nonane 

dimer, 24

 lactones, alcohol synthesis, lithium aluminum hydride, 212

 lithium naphthalenide, 242–243

 nitriles, amine synthesis, lithium aluminum hydride, 212

 nitrobenzene, aniline synthesis, sodium borohydride, 414

 nitrogen-containing functional groups, triethylsilane, 492

 nitrogen heterocycles, sodium cyanoborohydride, 420

 organic halides, samarium(II) iodide, 378

 phenylacylsulfonium salts, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370

 pinacolborane, 311–312

 potassium tert-butoxide, 358

 pyridines, sodium cyanoborohydride, 420

 radical chain, triethylsilane, 490

 selenium, sodium hydride, 444

 selenium compounds, lithium aluminum hydride, 

219–220

 sodium hydride, 440, 444

 stereoselective, lithium aluminum hydride, 214–215

 sulfonates, sodium borohydride, 408, 411, 413–414

 sulfonyl halides, iodotrimethylsilane, 197

 sulfoxides, trifl uoromethanesulfonic anhydride, 519

 sulfur compounds

  lithium aluminum hydride, 214, 219–220

  sodium hydride, 444

 tetrakis(triphenylphosphine)palladium(0), 471

Reductions (Continued)
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Ring opening

 arylcarbonyl activated cyclopropanes, trimethyl 

trifl uoromethanesulfonate, 531

 aziridines, potassium monoperoxysulfate, 344

 chalcone-derived tosyl aziridines, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

 cyclopropanes, chlorotrimethylsilane, 112

 epoxides

  diisobutylaluminum hydride, 165–166

  4-dimethylaminopyridine, 174

  potassium monoperoxysulfate, 344

  trimethyl trifl uoromethanesulfonate, 535

 oxazoline esters, chlorotrimethylsilane, 113

 oxetanes, 4-dimethylaminopyridine, 174

 vinyloxiranes, samarium(II) iodide, 379

[Ru(bpy)3]2+ see Ruthenium(II), tris(2,2′-bipyridine-κN1, 

κN1′)-, (OC-6-11)-

Ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 
370–375

Ruthenium-tris(2,2′-bipyridyl) see Ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-

Saccharins, synthesis, n-butyllithium, 62

Sakuri reactions, trimethyl trifl uoromethanesulfonate, 531

Samarium(II) iodide, 378–387

Samarium(II) iodide–1,3-dioxolane, see also Samarium(II) 

iodide, 378–387

Saturated alcohols, oxidations, manganese dioxide, 251–252

Saturated hydrocarbons, oxidations, dimethyldioxirane, 

177–178

Saturated ketones, cycloalkylations, potassium tert-butoxide, 354

Scandium trifl uoromethanesulfonate, 388–397

Schmidt reactions, sodium azide, 399, 403

Schumanniophytine, synthesis, n-butyllithium, 62

Secondary alcohols

 N-alkylimidazole synthesis, N,N′-carbonyl diimidazole, 77

 β-functionalized optically active, synthesis, sodium 

borohydride, 415

 oxidations

  bis(dibenzylideneacetone)palladium(0), 8

  sodium periodate, 454

  tetrakis(triphenylphosphine)palladium(0), 470

  tetra-n-propylammonium perruthenate, 476

 ozonations, ketone synthesis, ozone, 293

 synthesis, sodium borohydride, 415

Secondary amides

 imino trifl ate synthesis, trifl uoromethanesulfonic anhydride, 513

 tetrazole synthesis, trifl uoromethanesulfonic anhydride, 511

Secondary amines

 chlorinations, N-chlorosuccinimide, 99

 N-chloroamine synthesis, N-chlorosuccinimide, 99

 N-nitrosations, potassium monoperoxysulfate, 340

 nitroxide synthesis, potassium monoperoxysulfate, 340

 oxidations

  m-chloroperbenzoic acid, 90

  hydroxylamine synthesis

   dimethyldioxirane, 178

   potassium monoperoxysulfate, 340

 rearrangements, tertiary amine synthesis, ozone, 297

 π-allyltricarbonyliron lactone complexes, lithium 

naphthalenide, 244

 α,α-dichloro-β-hydroxy esters, samarium(II) iodide, 382

 2-halo-3-hydroxy esters, samarium(II) iodide, 382

 thioacetals, lithium naphthalenide, 244

 vicinal heteroatoms, zinc–acetic acid, 554

Reductive etherifi cations, triethylsilane, 492–493

Reductive fragmentation, bromoisoxazoline, 

iodotrimethylsilane, 198

Reductive metalations, lithium naphthalenide, 241

Reductive ring opening

 chalcone-derived tosyl aziridines, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

 vinyloxiranes, samarium(II) iodide, 379

Reductive substitutions, triethylsilane, 490–491, 492–493

Reformatsky reactions, ethyl bromodifl uoroacetate, 

chlorotris(triphenylphosphine)rhodium(I), 131

Regioselective brominations, purine derivatives, 

N-bromosuccinimide, 48

Regioselective cleavage

 acetals, diisobutylaluminum hydride, 167–168

 benzylidene acetals, N-bromosuccinimide, 44

Regioselective debenzylations, perbenzylated cyclodextrins, 

diisobutylaluminum hydride, 168

Regioselective epoxidations, alkenes, m-chloroperbenzoic acid, 

87–88

Regioselective ring opening

 epoxides, 4-dimethylaminopyridine, 174

 oxetanes, 4-dimethylaminopyridine, 174

Regioselective synthesis

 aryl benzothiophenes, boron trifl uoride etherate, 35

 cyclic ethers, boron trifl uoride etherate, 36

Regiospecifi c substitutions, benzothiophene, sodium azide, 403

Reoxidants, dihydroxylations, osmium tetroxide, 269

Retro-Mannich reactions, N-iodosuccinimide, 190

Ring cleavage

 aziridines, sodium azide, 402

 epoxides, sodium azide, 402

Ring closures

 aziridines, lithium aluminum hydride, 213–214, 216

 δ-chloro aldimines, lithium aluminum hydride, 217

 dimethyl malonate derivatives, potassium tert-butoxide, 359

 imidazol[1,2-a]pyridines, N,N′-carbonyl diimidazole, 75

Ring contractions

 aza-heterocyles, zinc–acetic acid, 555

 bis(dibenzylideneacetone)palladium(0), 12–13

 iodotrimethylsilane, 198

 thiepanes, iodotrimethylsilane, 198

Ring expansions

 2-aminomethylazetidines, boron trifl uoride etherate, 37

 benzylic methoxyamines, lithium aluminum hydride, 

217–218

 bromomethylenecyclobutanes, potassium tert-butoxide, 358

 13-nitro oxyberberine, lithium aluminum hydride, 217–218

 squaric ester derivatives, substituted furanone synthesis, 

(diacetoxyiodo)benzene, 140

 thioacetals, N-bromosuccinimide, 49

Ring homologated ketones, synthesis, 

trimethylsilyldiazomethane, 543
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O-Silylated hydroxamic acids, nitrile oxide synthesis, 

trifl uoromethanesulfonic anhydride, 516

Silylations

 alcohols

  chlorotris(triphenylphosphine)rhodium(I), 124

  4-dimethylaminopyridine, 170

 alkenes, iodotrimethylsilane, 197

 alkynes, iodotrimethylsilane, 197

 amines, chlorotris(triphenylphosphine)rhodium(I), 124

 aromatic compounds, triethylsilane, 494

 carbanions, iodotrimethylsilane, 196

 carbonyl compounds

  scandium trifl uoromethanesulfonate, 389

  trimethyl trifl uoromethanesulfonate, 524

 ketones, silyl enol ether synthesis, iodotrimethylsilane, 196

 trimethyl trifl uoromethanesulfonate, 524

C-Silylations, trimethyl trifl uoromethanesulfonate, 528–529

N-Silylations, trimethyl trifl uoromethanesulfonate, 529

O-Silylations

 phosphine oxides, iodotrimethylsilane, 197

 trimethyl trifl uoromethanesulfonate, 527–528

Silylcyclopropanes, synthesis, trimethylsilyldiazomethane, 544

2-Silyl-1,3-dithianes, deprotection, N-bromosuccinimide, 49

N-Silylenamines, synthesis, iodotrimethylsilane, 198

Silyl enolates, aldol reactions, scandium 

trifl uoromethanesulfonate, 388

Silyl enol ethers

 acetal condensations, iodotrimethylsilane, 197

 aldol reactions, scandium trifl uoromethanesulfonate, 

388–389

 Michael additions, α,β-unsaturated carbonyl compounds, 

scandium trifl uoromethanesulfonate, 389

 α-perfl uoroalkylations, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 372

 synthesis

  chlorotrimethylsilane, 109, 110–111

  ketone silylations, iodotrimethylsilane, 196

  samarium(II) iodide, 386

Silyl esters, synthesis, chlorotrimethylsilane, 109

Silyl ethers

 deprotection

  N-bromosuccinimide, 50

  sodium periodate, 454

 dialkyl ether synthesis, triethylsilane, 493

 rearrangements, iodotrimethylsilane, 198

Silyl groups, deprotection, tetrabutylammonium fl uoride, 458, 

464

Silyl imino ethers, synthesis, iodotrimethylsilane, 196

O,N-Silylketene acetals, synthesis, 

chlorotris(triphenylphosphine)rhodium(I), 124

N-(Silylmethyl)amides, N-(methoxymethyl)amide synthesis, 

cerium(IV) ammonium nitrate, 84

Silyl nitronates, aldol condensations, tetrabutylammonium 

fl uoride, 460

O-Silyl protected cyanohydrins, α-deprotonations, potassium 

hexamethyldisilazide, 323

Silylvinylallenes, synthesis, chlorotrimethylsilane, 110

Simple alkenes, hydroborations, 9-borabicyclo[3.3.1]nonane 

dimer, 17

Secondary phosphine oxides, synthesis, diisobutylaluminum 

hydride, 166

Selective arylations, bis(dibenzylideneacetone)palladium(0), 

10–11

Selective cleavage, carbon–silicon bonds, N-iodosuccinimide, 

192

Selective cross-coupling, bis(dibenzylideneacetone)

palladium(0), 3

trans-Selective functionalizations, alkenes, (diacetoxyiodo)

benzene, 140

Selective monomethylations, dicarboxylic acids, diazomethane, 

146

Selective oxidations

 nitrogen functional groups, dimethyldioxirane, 178–179

 tetra-n-propylammonium perruthenate, 477

Selective reductions

 9-borabicyclo[3.3.1]nonane dimer, 19–20

 α,α-diaryl alcohols, iodotrimethylsilane, 201

Selective synthesis, linear conjugated dienolates, potassium 

hexamethyldisilazide, 314

Selective tosylations, diols/polyols, p-toluenesulfonyl chloride, 

485–486

Selenides

 oxidations

  m-chloroperbenzoic acid, 91

  potassium monoperoxysulfate, 342–343

  sodium periodate, 448, 450

Selenium acids, sodium hydride, 442

Selenium compounds

 reductions

  lithium aluminum hydride, 219–220

  sodium hydride, 444

 transmetalations, n-butyllithium, 57–58

Selenones, synthesis, potassium monoperoxysulfate, 342–343

Selenoureas, oxidations, sodium periodate, 450

Selenoxides, synthesis, sodium periodate, 448

Semi-activated alcohols, in situ tandem oxidation processes, 

manganese dioxide, 255

Serine, dehydrations, oxalyl chloride, 286

SET see Single-electron transfer mechanisms

Shapiro reactions, (arylsulfonyl)hydrazones, n-butyllithium, 59

Shi catalysts, disulfi de asymmetric monooxidations, potassium 

monoperoxysulfate, 349

Silaindenes, synthesis, lithium naphthalenide, 243–244

Silanes

 alcoholysis, triethylsilane, 489, 491

 oxidations, dimethyldioxirane, 177–178

Silanols, coupling, tetrabutylammonium fl uoride, 462

Silicon acids, cleavage, sodium hydride, 439

Silicon–carbon bonds

 cleavage

  N-iodosuccinimide, 192

  trimethyl trifl uoromethanesulfonate, 540

Silicon compounds, fl uoride-promoted carbon–carbon bond 

formation, tetrabutylammonium fl uoride, 461

Silicon–hydrogen bonds

 cleavage, sodium hydride, 439

 oxidations, osmium tetroxide, 279–280

Siloles, synthesis, lithium naphthalenide, 243–244
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Stabilized anions, allylations, bis(dibenzylideneacetone)

palladium(0), 2–3, 4

Stabilized phosphoranes, iodo enol lactone synthesis, 

N-iodosuccinimide, 190

Stabilized ylides, in situ tandem oxidation processes, manganese 

dioxide, 254–256

Stable radical formation, sodium periodate, 452–453

β-Stannylsilylenol ethers, oxidative destannylations, 

m-chloroperbenzoic acid, 92

Stereoselective epoxidations

 acetates, m-chloroperbenzoic acid, 92–93

 acyclic alkenes, m-chloroperbenzoic acid, 88–89

 allylic carbamate methyl esters, m-chloroperbenzoic acid, 92

 homoallylic alcohols, m-chloroperbenzoic acid, 92–93

Stereoselective esterifi cations, 20-(S)-camptothecin, 

4-dimethylaminopyridine, 171

Stereoselective functionalizations, carbohydrates, potassium 

hexamethyldisilazide, 326

Stereoselective iodinations, glycals, cerium(IV) ammonium 

nitrate, 84

Stereoselective oxidative cyclizations, 1,5-dienes, osmium 

tetroxide, 273

Stereoselective reductions, lithium aluminum hydride, 214–215

Stereoselective synthesis

 alkyl (Z)-3-alkenoates, potassium hexamethyldisilazide, 314

 functionalized cyclopentenes, potassium 

hexamethyldisilazide, 316

 C-glycosides, n-butyllithium, 60

Stereoselective total synthesis, (+)-tanikolide, osmium tetroxide, 

275

Stereospecifi c synthesis, 2-azetidinones, oxalyl chloride, 286

Sterically hindered bases

 enolate synthesis

  potassium hexamethyldisilazide, 313–314

  sodium hexamethyldisilazide, 428

Steroids

 carbon–hydrogen bond oxyfunctionalizations, 

dimethyldioxirane, 179

 oxidations, potassium monoperoxysulfate, 340

 protection, boron trifl uoride etherate, 33

Sterols, homoallylic, synthesis, trifl uoromethanesulfonic acid, 504

Stevens rearrangements

 binaphthyl compounds, n-butyllithium, 60–61

 n-butyllithium, 59

 enolates, lithium diisopropylamide, 228

Stilbenes

 O-carbamoyl migrations, n-butyllithium, 60

 epoxidations, potassium monoperoxysulfate, 346

(Z)-Stilbenes, O-carbamoyl migrations, n-butyllithium, 60

Stille cross-coupling, N-bromosuccinimide, 50

Stobbe condensations, potassium tert-butoxide, 355

Strained bicyclic ketones, additions, trifl uoromethanesulfonic 

anhydride, 508–509

Styrenes

 carbolithiations, n-butyllithium, 61

 coupling, tetrabutylammonium fl uoride, 462

 hydroaminations, potassium tert-butoxide, 360

 sulfi nations, cerium(IV) ammonium nitrate, 84

 tosylations, p-toluenesulfonyl chloride, 484

Single-electron transfers (SET)

 heteroaryl carbon–halogen bond cleavage, 

iodotrimethylsilane, 201

 heterocycle synthesis, 2-iodoxybenzoic acid, 208

 lithium diisopropylamide, 233

 ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 373

Singlet oxygens, formation, triethylsilane, 490

Sodium anthracenide, see also Lithium naphthalenide, 241–246

Sodium azide, 398–405

Sodium bis(trimethylsilyl)amide see Sodium 

hexamethyldisilazide

Sodium borohydride, 406–418

 chlorotrimethylsilane co-reactions, 115–116

 see also Lithium aluminum hydride, 212–223

 see also Sodium hydride, 438–446

Sodium cyanoborohydride, 419–427

 see also Sodium borohydride, 406–418

Sodium hexamethyldisilazide, 428–437

 see also Potassium hexamethyldisilazide, 313–333

Sodium hydride, 438–446

 see also Lithium Aluminum Hydride, 212–223

Sodium hydride–copper(II) acetate–sodium t-pentoxide, 

see also Sodium hydride, 438–446

Sodium hydride–nickel(II) acetate–sodium t-pentoxide, see also 

Sodium hydride, 438–446

Sodium hydride–palladium(II) acetate–sodium t-pentoxide, 

see also Sodium hydride, 438–446

Sodium metaperiodate see Sodium periodate

Sodium naphthalenide, see also Lithium naphthalenide, 

241–246

Sodium periodate, 447–455

Sodium periodate–osmium tetroxide, see also Osmium 

tetroxide, 264–282

Sodium phenanthrenide, see also Lithium naphthalenide, 

241–246

Sodium telluride, see also Sodium hydride, 438–446

Sodium triacetoxyborohydride, see also Sodium borohydride, 

406–418

Solid phase synthesis, ozone, 295–296

Solid-state reactions, N-bromosuccinimide, 50

Solid supports

 osmium tetroxide, 276–277

 protein cross-linking, 1-ethyl-3-(3′-dimethylaminopropyl)

carbodiimide hydrochloride, 185

 proteins, 1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide 

hydrochloride, 185

Solvations, superelectric, trifl uoromethanesulfonic acid, 

501–503

Sommelet–Hauser rearrangements, n-butyllithium, 59

Spirobiindanones, synthesis, dimethyldioxirane, 180

Spirocoumaranones, synthesis, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 157–158

Spiroketals, synthesis, trimethylsilyldiazomethane, 548–549

Spiro[2.5]octan-4-one, fragmentations, trifl uoromethanesulfonic 

anhydride, 509

Sporidesmin A, total synthesis, (diacetoxyiodo)benzene, 138

Squaric ester derivatives, substituted furanone synthesis, 

(diacetoxyiodo)benzene, 140
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  sulfoxide synthesis

   dimethyldioxirane, 179

   sodium periodate, 447–448, 450

 partial oxidations, potassium monoperoxysulfate, 336–337, 

342, 349

Sulfi limines, sulfi de heteroatom oxidations, (diacetoxyiodo)

benzene, 143

Sulfi namides, synthesis, sodium hexamethyldisilazide, 429

Sulfi nations, styrenes, cerium(IV) ammonium nitrate, 84

Sulfi nimines, synthesis, trifl uoromethanesulfonic anhydride, 519

Sulfi nylations

 alcohols, 4-dimethylaminopyridine, 170

 diacetone glucose, 4-dimethylaminopyridine, 173

Sulfonamides

 deprotonations, potassium hexamethyldisilazide, 326–327

 oxidations, chroman derivative synthesis, (diacetoxyiodo)

benzene, 141

 reductive cleavage, iodotrimethylsilane, 201

 synthesis, p-toluenesulfonyl chloride, 486

Sulfonate esters, synthesis, p-toluenesulfonyl chloride, 482

Sulfonates, reductions, sodium borohydride, 408, 411, 

413–414

Sulfones

 lithiations, n-butyllithium, 55

 synthesis

  dimethyldioxirane, 179

  osmium tetroxide, 267

  potassium monoperoxysulfate, 336–337, 342

  trifl uoromethanesulfonic anhydride, 514

Sulfonic ylides, generation, n-butyllithium, 59

Sulfonimines, epoxidations, m-chloroperbenzoic acid, 90

Sulfonium ylides

 generation

  potassium hexamethyldisilazide, 320–321

  sodium hexamethyldisilazide, 435

N-Sulfonylamines, N-sulfonyloxaziridine synthesis, potassium 

monoperoxysulfate, 336

N-Sulfonylaziridines, deprotections, lithium naphthalenide, 244

Sulfonyl chlorides, desulfonations, 

chlorotris(triphenylphosphine)rhodium(I), 127

Sulfonyl halides, reductions, iodotrimethylsilane, 197

N-Sulfonyl imines, synthesis, p-toluenesulfonyl chloride, 487

N-Sulfonyloxaziridines, synthesis, potassium 

monoperoxysulfate, 336

Sulfonyl radicals, generation, cerium(IV) ammonium nitrate, 84

Sulfoxidations, sulfi des, potassium monoperoxysulfate, 

336–337

Sulfoxides

 additions, trifl uoromethanesulfonic anhydride, 519

 carbonyl compound synthesis, iodotrimethylsilane, 202

 chlorinations, N-chlorosuccinimide, 99

 α-chlorinations, p-toluenesulfonyl chloride, 481–482

 deoxygenations

  iodotrimethylsilane, 197

  sodium borohydride, 414

 α-deprotonations, potassium hexamethyldisilazide, 322–323

 heteroatom oxidations, sulfoximine synthesis, (diacetoxyiodo)

benzene, 143

 lithiations, n-butyllithium, 55

2-Substituted acyclic alkanes, β-eliminations, potassium 

tert-butoxide, 356

α-Substituted aldehydes, silyl enol ether synthesis, samarium(II) 

iodide, 386

Substituted alkenes

 epoxidations, m-chloroperbenzoic acid, 92

 hydroborations, 9-borabicyclo[3.3.1]nonane dimer, 18

N-Substituted amides, synthesis, potassium tert-butoxide, 365

Substituted epoxides

 additions, cyclic carbonate synthesis, 

4-dimethylaminopyridine, 174

 rearrangements, lithium diisopropylamide, 233–235

Substituted furanones, squaric ester derivative ring expansions, 

(diacetoxyiodo)benzene, 140

3-Substituted guaiazulene derivatives, synthesis, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 157

2-Substituted-2-hydroxy-1-tetralones, synthesis, sodium 

hexamethyldisilazide, 432

3-Substituted indoles, synthesis, trimethylsilyldiazomethane, 

549

Substituted methyl esters, synthesis, ozone, 296–297

N-Substituted naphthalimides, synthesis, iodotrimethylsilane, 

200–201

Substituted oxazoles, synthesis, trifl uoromethanesulfonic 

anhydride, 519

Substituted pentacenes, [4+2] cycloadditions, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 159

Substituted phenylpropargyl ethers, deprotections, lithium 

naphthalenide, 244

N-Substituted phthalimides, synthesis, iodotrimethylsilane, 

200–201

Substituted piperazines, synthesis, manganese dioxide, 257–258

5-Substituted pyrazol-3(2H)-one, oxidations, alkynyl esters, 

(diacetoxyiodo)benzene, 139

4-Substituted saccharins, synthesis, n-butyllithium, 62

7-Substituted saccharins, synthesis, n-butyllithium, 62

Substituted ureas, heteroatom-stabilized dicarbonium salt 

synthesis, trifl uoromethanesulfonic anhydride, 510

Substitutions

 tert-alkyl fl uorides, boron trifl uoride etherate, 36

 boron trifl uoride etherate, 35–36

 nucleophilic, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 

160

 potassium tert-butoxide, 364–365

 reductive, triethylsilane, 490–491, 492–493

Sugars

 functionalizations, sodium cyanoborohydride, 422–423

 immobilizations, osmium tetroxide, 276

 synthesis, n-butyllithium, 62

3-Sulfanyl alcohols, oxidations, sodium periodate, 450

Sulfi des

 chlorinations, N-chlorosuccinimide, 98–99, 100

 heteroatom oxidations, sulfi limine synthesis, (diacetoxyiodo)

benzene, 143

 homoallylic, synthesis, trimethylsilyldiazomethane, 549–550

 lithiations, n-butyllithium, 55

 oxidations

  potassium monoperoxysulfate, 336–337, 342

  sulfone synthesis, osmium tetroxide, 267
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Tandem oxidative cleavage–lactonizations, osmium tetroxide, 

278

Tandem oxidative processes, see also In situ tandem oxidation 

processes

(+)-Tanikolide, stereoselective total synthesis, osmium tetroxide, 

275

TBAF see Tetrabutylammonium fl uoride

Tellurium compounds, transmetalations, n-butyllithium, 57–58

Terminal acetylenes, palladium-catalyzed organozinc coupling, 

iodotrimethylsilane, 202

Terminal alkenes

 cyclopropanations, diazomethane, 150

 hydroaluminations, diisobutylaluminum hydride, 166

 hydrosilylations

  chlorotris(triphenylphosphine)rhodium(I), 124

  triethylsilane, 489

Terminal alkynes

 alumination-addition reactions, diisobutylaluminum hydride, 

167

 cyclohexanone additions, potassium tert-butoxide, 358

 deprotonations

  potassium hexamethyldisilazide, 319

  sodium hexamethyldisilazide, 431–432

 hydroborations, pinacolborane, 306–307

 hydrosilylations, triethylsilane, 489, 491

 protection, chlorotrimethylsilane, 109

 synthesis, n-butyllithium, 59

Terminal olefi ns

 enantioselective diaminations, bis(dibenzylideneacetone)

palladium(0), 12

 enantioselective epoxidations, potassium monoperoxysulfate, 

338–339

 Wacker oxidations, bis(dibenzylideneacetone)palladium(0), 

8–9

Tertiary alcohols, fragmentations, cerium(IV) ammonium 

nitrate, 80

Tertiary alkyl chlorides, synthesis, N-chlorosuccinimide, 

99–100

Tertiary allylic silyl ethers, rearrangements, iodotrimethylsilane, 

198

Tertiary amides, additions, trifl uoromethanesulfonic anhydride, 

510, 513–514

Tertiary amines

 iminium ion generation, ruthenium(II), tris(2,2′-
bipyridine-κN1, κN1′)-, (OC-6-11)-, 373

 synthesis

  n-butyllithium, 59

  ozone, 297

Tetrabutylammonium fl uoride, 458–466

Tetrachloroalkanes, synthesis, m-chloroperbenzoic acid, 

94–95

Tetracyclones, α-pyrone synthesis, cerium(IV) ammonium 

nitrate, 81

Tetraethylations, p-t-butylcalix[4]arene, sodium hydride, 438

β-Tetrahydrocarbolines

 oxidations, sodium periodate, 448

 synthesis, trimethyl trifl uoromethanesulfonate, 538

Tetrahydrofuran containing amino acids, synthesis, 

triethylsilane, 494

 oxidations, sulfone synthesis, dimethyldioxirane, 179

 Pummerer rearrangements, trifl uoromethanesulfonic 

anhydride, 519

 reductions, trifl uoromethanesulfonic anhydride, 519

 synthesis

  N-chlorosuccinimide, 99

  dimethyldioxirane, 179

  potassium monoperoxysulfate, 336–337, 342, 349

  sodium periodate, 447–448, 450

Sulfoximines, sulfoxide heteroatom oxidations, (diacetoxyiodo)

benzene, 143

Sulfoxonium trifl ates, synthesis, trifl uoromethanesulfonic 

anhydride, 519

Sulfur acids, sodium hydride, 442

Sulfur–carbon bonds

 cleavage

  tetrabutylammonium fl uoride, 458–459

  see also Desilylations

 formation

  cerium(IV) ammonium nitrate, 84

  tetrabutylammonium fl uoride, 463–464

 reductions, ruthenium(II), tris(2,2′-bipyridine-κN1, κN1′)-, 
(OC-6-11)-, 370–371

Sulfur compounds

 oxidations

  m-chloroperbenzoic acid, 90

  dimethyldioxirane, 179

  manganese dioxide, 253

  potassium monoperoxysulfate, 336–337, 342, 349

 reductions

  lithium aluminum hydride, 214, 219–220

  sodium hydride, 444

 see also Thio...

Sulfur ylides

 generation

  potassium hexamethyldisilazide, 321–322

  sodium hexamethyldisilazide, 433–435

Superelectric activations/solvations, trifl uoromethanesulfonic 

acid, 501–503

Surface fi lms, nitrogen, sodium azide, 403

Suzuki cross-coupling, 2-pyridyl nucleophiles, n-butyllithium, 

64

Suzuki–Miyaura cross-coupling

 bis(dibenzylideneacetone)palladium(0), 10–11

 9-borabicyclo[3.3.1]nonane dimer, 22–23

 pinacolborane, 308

Symmetrical biaryls, synthesis, tetrakis(triphenylphosphine)

palladium(0), 467

Symmetrical ketones, silyl enol ether synthesis, 

chlorotrimethylsilane, 109–110

Synergistic effects, unactivated carbon–hydrogen bond 

metalations, potassium hexamethyldisilazide, 331

Synthesis see Asymmetric synthesis; Asymmetric total 

synthesis; Diastereoselective synthesis; Enantioselective 

synthesis; One-pot synthesis; Solid phase synthesis; 

Stereoselective synthesis; Total synthesis

Tandem cyclizations, propynyloxyethyl derivatives, sodium 

hexamethyldisilazide, 432
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Thiolanes, synthesis, thiepane ring contractions, 

iodotrimethylsilane, 198

Thiol esters, α-oxo sulfone synthesis, dimethyldioxirane, 179

Thiols

 additions, trifl uoromethanesulfonic anhydride, 511–512

 alkylations, sodium hydride, 442

 chlorinations, N-chlorosuccinimide, 101

 iodinations, N-iodosuccinimide, 189

 oxidations, potassium monoperoxysulfate, 342

 protection, zinc–acetic acid, 554

Thione S-oxides, synthesis, potassium monoperoxysulfate, 337

Thionyl chloride, diaryl sulfoxide synthesis, 

trifl uoromethanesulfonic acid, 503

1,1′-Thionylimidazole, see also 1-Ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 

184–186

Thiophenes

 lithiations, n-butyllithium, 55

 monoxidations, m-chloroperbenzoic acid, 93

Thiophene substituted trityl alcohols, nucleophilic substitutions, 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 161

4H-Thiopyrans, synthesis, 4-dimethylaminopyridine, 173

N-Thiosuccinimides, synthesis, N-bromosuccinimide, 48

Thiosulfi nates, oxidations, trifl uoromethanesulfonic anhydride, 

514

Thiotrifl ates, synthesis, trifl uoromethanesulfonic anhydride, 513

Thioureas, oxidations, sodium periodate, 450

Thorpe–Ziegler annulations, n-butyllithium, 65

Three-component α-amino phosphonate synthesis, samarium(II) 

iodide, 386

Three-component coupling, Diels–Alder reactions, scandium 

trifl uoromethanesulfonate, 391

Tin, see also Zinc–acetic acid, 554–556

Tin compounds

 fl uoride-promoted C–C bond formation, tetrabutylammonium 

fl uoride, 461

 transmetalations, n-butyllithium, 57–58

Tishchenko reactions

 diisobutylaluminum hydride, 166–167

 samarium(II) iodide, 385–386

Titanium(IV) chloride, see also Boron trifl uoride etherate, 

27–42

Titanium(III) chloride–lithium aluminum hydride, see also 

Lithium aluminum hydride, 212–223

TMSCl see Chlorotrimethylsilane

TMS-I see Iodotrimethylsilane

TMSI see Iodotrimethylsilane

TMSOTf see Trimethyl trifl uoromethanesulfonate

p-Toluenesulfonyl chloride, 480–488

o-Toluic acids, lateral lithiations, lithium diisopropylamide, 229

p-Tolylsulfonamides, functionalizations, n-butyllithium, 61–62

p-Tolyl vinyl sulfoxide, Diels–Alder cycloadditions, furans/

cyclopentadienes, trimethyl trifl uoromethanesulfonate, 

538

TOP’s see In situ tandem oxidation processes

Tosylations

 alcohols, p-toluenesulfonyl chloride, 480, 485

 aldonolactones, p-toluenesulfonyl chloride, 481

 amines, p-toluenesulfonyl chloride, 483, 486

Tetrahydrofurans

 synthesis

  cerium(IV) ammonium nitrate, 80

  iodotrimethylsilane, 198

Tetrahydroisoquinolines, transformations, ruthenium(II), 

tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 373

Tetrahydroisoquinolin-1-ones, enantioselective synthesis, 

n-butyllithium, 61–62

Tetrahydropyran containing amino acids, synthesis, 

triethylsilane, 494

1,2,5,6-Tetrahydropyridines, synthesis, sodium 

cyanoborohydride, 420

Tetrakis(triphenylphosphine)palladium(0), 467–475

 see also Chlorotris(triphenylphosphine)rhodium(I), 

121–133

1-Tetralones, one-pot synthesis, trifl uoromethanesulfonic acid, 

501

Tetramethylammonium triacetoxyborohydride, see also Sodium 

borohydride, 406–418

4,4,5,5-Tetramethyl-1,3,2-dioxaborole see Pinacolborane

Tetramethylene diamine, alkene dihydroxylations, osmium 

tetroxide, 271

2,3,4,6-Tetramethylphenol, protonations, 

trifl uoromethanesulfonic acid, 500

1,3,4,7-Tetramethyl-1,2,5,7-tetravinylcyclotetrasiloxane, styrene 

coupling, tetrabutylammonium fl uoride, 462

Tetramic acid derivatives, asymmetric synthesis, N,N′-carbonyl 

diimidazole, 75–76

Tetraphenylallene, isomerizations, 

chlorotris(triphenylphosphine)rhodium(I), 126

Tetra-n-propylammonium perruthenate, 476–479

Tetrazoles

 synthesis

  sodium azide, 400–402

  trifl uoromethanesulfonic anhydride, 511

Tetronic acids, synthesis, N,N′-carbonyl diimidazole, 73

Thiazoles, 4,5-benzo-fused-2-substituted, synthesis, manganese 

dioxide, 260

Thiazolidinethione groups, cleavage, 4-dimethylaminopyridine, 

174

Thiazolines, synthesis, p-toluenesulfonyl chloride, 482

Thiele–Winter reactions, trifl uoromethanesulfonic acid, 503

Thiepanes, ring contractions, iodotrimethylsilane, 198

Thiiranes, synthesis, 1-(benzothiazol-2-ylsulfanyl)alkanol 

conversions, sodium hydride, 440

Thioacetals

 reductive eliminations, lithium naphthalenide, 244

 ring expansions, N-bromosuccinimide, 49

Thioamides

 methylations, diazomethane, 146

 one-pot synthesis, trifl uoromethanesulfonic anhydride, 517

Thiocarbonyl compounds

 additions, trifl uoromethanesulfonic anhydride, 512–513

 carbonyl conversions, potassium monoperoxysulfate, 342

Thioesters, Dieckmann condensations, sodium hydride, 439

Thioethers, oxidations, trifl uoromethanesulfonic anhydride, 514

Thiofl avanones, dehydrogenations, 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, 156

Thioketones, oxidations, potassium monoperoxysulfate, 337
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Triazolinediones, synthesis, potassium monoperoxysulfate, 

341, 349

Triazolines, synthesis, sodium azide, 400

1,1,2-Tribromocyclopropanes, debrominations, sodium hydride, 

444

Tri-n-butylstannane, see also Triethylsilane, 489–497

Tricarbonylchloroiridium–diethyl(methyl)silane–carbon 

Monoxide, see also Triethylsilane, 489–497

Trichloroacetamides, synthesis, sodium hydride, 440

2,2,2-Trichloroethoxy protecting groups, zinc–acetic acid, 554

Tricyclic cyclobutanes, synthesis, trimethyl 

trifl uoromethanesulfonate, 531–532

Tricyclic β-keto esters, eunicellin diterpene synthesis, 

n-butyllithium, 66

Triethylsilane, 489–497

Triethylsilane–trifl uoroacetic acid, see also Triethylsilane, 

489–497

Trifl amides

 deprotection, trifl uoromethanesulfonic anhydride, 508

 synthesis, trifl uoromethanesulfonic anhydride, 508

Trifl ates see Trifl uoromethyl...

Trifl ic acid see Trifl uoromethanesulfonic acid

Trifl ic anhydride see Trifl uoromethanesulfonic anhydride

Trifl uoroacetylations, primary anilines, 

4-dimethylaminopyridine, 172

Trifl uoroacetyl-subtituted hydrazones, cyclizations, sodium 

periodate, 454

Trifl uoroboron diethyl etherate see Boron trifl uoride etherate

Trifl uoromethanesulfonic acid, 498–506

 see also Trifl uoromethanesulfonic anhydride, 507–523

Trifl uoromethanesulfonic anhydride, 507–523

 see also Trifl uoromethanesulfonic acid, 498–506

Trifl uoromethanesulfonic carboxylic anhydrides, 

trifl uoromethanesulfonic anhydride, 510

α-Trifl uoromethylated ketones, synthesis, 

chlorotris(triphenylphosphine)rhodium(I), 131

Trifl uoromethylated oxadiene derivatives, synthesis, sodium 

periodate, 454

Trifl uoromethylations

 tetrabutylammonium fl uoride, 464

 α,β-unsaturated ketones, chlorotris(triphenylphosphine)

rhodium(I), 131

Trifl uoromethyl compounds

 carbonylations, tetrakis(triphenylphosphine)palladium(0), 469

 cyclizations, trifl uoromethanesulfonic anhydride, 518

 synthesis, trifl uoromethanesulfonic anhydride, 507–508, 

511–512

Trifl uoromethylhydrazones, aminocinnoline synthesis, 

potassium hexamethyldisilazide, 316

Trifl uoropyruvate, homoallylic alcohol synthesis, 

4-dimethylaminopyridine, 173

Trifl yloxycarbenium ions, generation, trifl uoromethanesulfonic 

anhydride, 508

Triketones, chlorinations, oxalyl chloride, 285

Trimethylsilane ethers, alcohol protection, chlorotrimethylsilane, 

108

Trimethylsilanes, alkenyl, synthesis, iodotrimethylsilane, 197

α-Trimethylsiloxyselenides, synthesis, chlorotrimethylsilane, 

115

 carbon–carbon bonds, p-toluenesulfonyl chloride, 484

 cyclodextrins, p-toluenesulfonyl chloride, 481

 diols, p-toluenesulfonyl chloride, 485–486

 hydroxyls, p-toluenesulfonyl chloride, 480–481

 polyols, p-toluenesulfonyl chloride, 485–486

 pyrroles, p-toluenesulfonyl chloride, 486

 styrene, p-toluenesulfonyl chloride, 484

N-Tosylations, amines, p-toluenesulfonyl chloride, 

483, 486

Tosyl aziridines, reductive ring opening, ruthenium(II), 

tris(2,2′-bipyridine-κN1, κN1′)-, (OC-6-11)-, 370–371

N-Tosylazomethine ylides, [3+2] cycloadditions, alkynes, 

scandium trifl uoromethanesulfonate, 395

Tosyl chloride see p-Toluenesulfonyl chloride

Tosyl diazoketamines, synthesis, sodium hydride, 443

Tosyl groups, deprotection, osmium tetroxide, 272–273

Tosylhydrazones

 deprotonations, sodium hexamethyldisilazide, 432–433

 reductive deoxygenations, sodium cyanoborohydride, 420

N-Tosylimines, [2+2] annulations, alkynyl ketones, 

4-dimethylaminopyridine, 173

Tosyl oximes, Beckmann rearrangements, p-toluenesulfonyl 

chloride, 483

N-Tosyl protecting groups, cleavage, samarium(II) iodide, 385

Total synthesis

 (+)-astrophylline, n-butyllithium, 60

 Sporidesmin A, (diacetoxyiodo)benzene, 138

 (+)-tanikolide, osmium tetroxide, 275

TPAP see Tetra-n-propylammonium perruthenate

Transaminations, esters, sodium hydride, 438

Transannular cyclizations, (diacetoxyiodo)benzene, 136

Transannulations, 3,7-bis(methylene)-1,5-diazacyclooctane 

derivative, lithium aluminum hydride, 217

Transesterifi cations, β-keto ethyl esters/alcohols, 

N-chlorosuccinimide, 101

Transfer hydrogenations see Hydrogen transfers

Transformations

 dichloroazetidines, aziridine synthesis, sodium hydride, 443

 Schmidt reactions, sodium azide, 399

Trans-fused cyclohexenes, synthesis, lithium naphthalenide, 

242–243

Transient protection, chlorotrimethylsilane, 108–109

Transition metal-catalyzed allylic alkylations, α-aryl ketones, 

sodium hexamethyldisilazide, 430–431

Transition-metal-catalyzed hydroborations

 alkenes, pinacolborane, 309–310

 alkynes, pinacolborane, 309

Transmetalations, n-butyllithium, 57–58, 63–64

Trialkylamines, oxidations, potassium monoperoxysulfate, 340

Triaryl antimony compounds, oxidations, (diacetoxyiodo)

benzene, 143

Triaryl bismuth compounds, oxidations, (diacetoxyiodo)

benzene, 143

Triazenes, cyclizations, tetra-n-propylammonium perruthenate, 

478

Triazoles

 synthesis

  sodium azide, 402, 403

  tetra-n-propylammonium perruthenate, 478
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α,β-Unsaturated 2-acyl N-methylimidazoles, Friedel–Crafts 

alkylations, electron-rich heterocycles, scandium 

trifl uoromethanesulfonate, 393–394

Unsaturated aldehydes, E/Z-diene synthesis, sodium 

hexamethyldisilazide, 435

α,β-Unsaturated aldehydes, hydrosilylations, 

chlorotris(triphenylphosphine)rhodium(I), 124

α,β-Unsaturated alkenes, heterocycle synthesis, sodium azide, 

400

α,β-Unsaturated alkynes, heterocycle synthesis, sodium azide, 

400

α,β-Unsaturated amides, iodomethoxylations, 

N-iodosuccinimide, 192

Unsaturated bicyclo[5.3.0]decanes, synthesis, 

trimethylsilyldiazomethane, 547

Unsaturated carbonyl compounds, synthesis, 2-iodoxybenzoic 

acid, 209–210

α,β-Unsaturated carbonyl compounds

 conjugate additions, monoorganocopper compounds, 

iodotrimethylsilane, 201–202

 Michael additions, silyl enol ethers, scandium 

trifl uoromethanesulfonate, 389

 synthesis

  2,3-dichloro-5,6-dicyano-1,4-benzoquinone, 153–154

  2-iodoxybenzoic acid, 209–210

  lithium diisopropylamide, 225–226

α,β-Unsaturated carboxylic acids

 bromodecarboxylations, N-bromosuccinimide, 47

 halodecarboxylations, potassium monoperoxysulfate, 343

Unsaturated compounds, isomerizations, potassium tert-
butoxide, 356–357

Unsaturated electrophiles, cross-coupling, organometallic 

compounds, tetrakis(triphenylphosphine)palladium(0), 

467–469

Unsaturated ester amino acids, synthesis, manganese dioxide, 

255

α,β-Unsaturated esters

 reductions, diisobutylaluminum hydride, 165

 conjugate reductions, sodium borohydride, 406

 hydrosilylations, chlorotris(triphenylphosphine)rhodium(I), 

124

Unsaturated hydrocarbons, oxidations, dimethyldioxirane, 177

Unsaturated ketones

 aziridine synthesis, sodium hydride, 442

 decompositions, boron trifl uoride etherate, 33

α,β-Unsaturated ketones

 1,4-additions, n-butyllithium, 64

 conjugate additions, iodotrimethylsilane, 196

 conjugate reductions, sodium borohydride, 406

 α,α-dialkylations, potassium tert-butoxide, 354

 hydrosilylations, chlorotris(triphenylphosphine)rhodium(I), 

124

 α-hydroxy enone synthesis, m-chloroperbenzoic acid, 89

 intramolecular alkylations, potassium tert-butoxide, 354

 oxidations

  (diacetoxyiodo)benzene, 136–137

  α-hydroxy enone synthesis, m-chloroperbenzoic acid, 89

 ozonolysis, ozone, 291

 reductions, diisobutylaluminum hydride, 164–165

Trimethylsilylalkynes, alkynyl(phenyl)iodonium trifl ate 

synthesis, trifl uoromethanesulfonic anhydride, 517

Trimethylsilyl chloride see Chlorotrimethylsilane

Trimethylsilyldiazomethane, 543–551

5-Trimethylsilyl-2,3-dihydrofurans, synthesis, 

trimethylsilyldiazomethane, 549

Trimethylsilyl ethers, alcohol protection, chlorotrimethylsilane, 

111

2-(Trimethylsilyl)ethyl esters, deprotection, sodium hydride, 

444

Trimethylsilyl iodide see Iodotrimethylsilane

Trimethylsilyl reagents, generation, triethylsilane, 

494–495

(E)-β-Trimethylsilylstyrenes, synthesis, 

trimethylsilyldiazomethane, 544

Trimethylsilyl sulfi des, chlorinations, N-chlorosuccinimide, 

98–99

Trimethyl trifl uoromethanesulfonate, 524–542

1,2,4-Trioxones, synthesis, N-bromosuccinimide, 49

2,3,5-Triphenylfuran, oxidative cleavage, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, 160

Triphenylphosphine–N-bromosuccinimide, see also 

N-Bromosuccinimide, 43–53

Triphenylphosphonium dibromomethane reagents, Corey–Fuchs 

reaction, n-butyllithium, 65

Triptindane, oxyfunctionalizations, dimethyldioxirane, 180

Tris(cyclopentadienyl) lanthanum–sodium hydride, see also 

Sodium hydride, 438–446

Tris(dibenzylideneacetone)dipalladium, see also 

Bis(dibenzylideneacetone)palladium(0), 2–16

Tris(dibenzylideneacetone)dipalladium(0)-chloroform, see also 

Bis(dibenzylideneacetone)palladium(0), 2–16

Tris[(2-oxazolinyl)-phenolato] manganese(III) complex, 

oxidations, potassium monoperoxysulfate, 338

Trisubstituted furans, synthesis, trimethylsilyldiazomethane, 

550

(Z)-Trisubstituted olefi ns, synthesis, α-lithiofuran derivative 

rearrangements, N-iodosuccinimide, 192

Trisubstituted pyridines, synthesis, N-iodosuccinimide, 191

Trisubstituted tetrahydrofurans, synthesis, iodotrimethylsilane, 

198

Tritylations, alcohols, 4-dimethylaminopyridine, 170

Tritylhydroperoxide, alkylhydroperoxide, potassium 

hexamethyldisilazide, 320

Tscherniac amidomethylations, trifl uoromethanesulfonic acid, 

499–500

Tsuji–Trost reactions

 β-diketones, 4-dimethylaminopyridine, 174

 β-keto esters, 4-dimethylaminopyridine, 174

Tungsten(VI) chloride–n-butyllithium, see also n-Butyllithium, 

54–69

Unactivated alkenes, additions, sodium borohydride, 415

Unactivated carbon–hydrogen bonds, metalations, synergistic 

effects, potassium hexamethyldisilazide, 331

β,γ-Unsaturated acid chlorides, vinylogous Wolff 

rearrangements, diazomethane, 148

Unsaturated acids, bromolactonizations, N-bromosuccinimide, 

46
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Vinyl C-glycosides, synthesis, trifl uoromethanesulfonic 

anhydride, 512

Vinyl halides

 cross-coupling, alkyl metals, tetrakis(triphenylphosphine)

palladium(0), 468

 vinyl nitrile conversions, tetrakis(triphenylphosphine)

palladium(0), 469

Vinylic derivatives, brominations, N-bromosuccinimide, 45, 47

Vinylic epoxides, reductive cleavage, sodium cyanoborohydride, 

426

Vinylic organometallics, chlorinations, N-chlorosuccinimide, 99

Vinyl iodides

 Suzuki–Miyaura cross coupling, pinacolborane, 308

 synthesis

  N-iodosuccinimide, 188, 189–190

  iodotrimethylsilane, 195

Vinyl nitriles, synthesis, tetrakis(triphenylphosphine)

palladium(0), 469

Vinylogous carboxylic acids, esterifi cations, diazomethane, 146

Vinylogous Wolff rearrangements, diazomethane, 148

Vinyloxiranes, reductive epoxide ring opening, samarium(II) 

iodide, 379

Vinyl phosphates, conversions, vinyl iodides, 

iodotrimethylsilane, 195

Vinylpropyllithiums, synthesis, n-butyllithium, 57

Vinylpyrazine, anti-Markownikow additions, 

trifl uoromethanesulfonic acid, 503

Vinylsamarium, additions, aldehydes, samarium(II) iodide, 384

Vinyl selenides, one-pot synthesis, potassium tert-butoxide, 365

Vinyl silanes

 iodinations, N-iodosuccinimide, 189–190

 synthesis, chlorotrimethylsilane, 110

Vinyl stannanes, iodinations, N-iodosuccinimide, 189–190

Vinyl sulfi des

 one-pot synthesis, potassium tert-butoxide, 365

 ozonolysis, ozone, 291

Vinyl tellurides, one-pot synthesis, potassium tert-butoxide, 365

Vinyl trifl ates, synthesis, trifl uoromethanesulfonic anhydride, 

508–510

Wacker oxidations, bis(dibenzylideneacetone)palladium(0), 8–9

Water scavenging, 1-ethyl-3-(3′-dimethylaminopropyl)

carbodiimide hydrochloride, 185

Water-soluble carbodiimide see 1-Ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride

Weinreb amide adducts, synthesis, manganese dioxide, 255

Wilkinson’s catalyst see Chlorotris(triphenylphosphine)

rhodium(I)

Williamson ether synthesis, sodium hydride, 438

Wittig olefi nations

 potassium hexamethyldisilazide, 329

 tetra-n-propylammonium perruthenate, 478

Wittig reactions

 potassium hexamethyldisilazide, 314–315

 sodium hexamethyldisilazide, 428

[1,4]-Wittig rearrangements, C-glycoside synthesis, 

n-butyllithium, 60

Wittig rearrangements, enolates, lithium diisopropylamide, 227

Wolff–Kishner reductions, potassium tert-butoxide, 358

 synthesis, n-butyllithium, 59

 trifl uoromethylations, chlorotris(triphenylphosphine)

rhodium(I), 131

Unsaturated 3-keto steroids, chlorinations, oxalyl chloride, 284

α,β-Unsaturated lactones, β-functionalizations, trimethyl 

trifl uoromethanesulfonate, 532

Unsaturated medium-ring lactones, lactol fragmentations, 

(diacetoxyiodo)benzene, 137

Unsaturated nitrile adducts, synthesis, manganese dioxide, 255

α,β-Unsaturated nitroalkenes, additions, propargyl alcohols, 

potassium tert-butoxide, 360

α,β-Unsaturated sulfoxides, carbonyl compound synthesis, 

iodotrimethylsilane, 202

α,β-Unsaturated tosylhydrazones, reductive deoxygenations, 

sodium cyanoborohydride, 420

Unsaturizations, N-bromosuccinimide, 44

Unsymmetrical biaryls, synthesis, tetrakis(triphenylphosphine)

palladium(0), 467

Upjohn conditions, alkene dihydroxylations, osmium tetroxide, 

271

Urazoles, oxidations, potassium monoperoxysulfate, 341, 349

Urea methyl esters, cyclizations, lithium aluminum hydride, 

216–217

Ureas

 cyclizations, 2-iodoxybenzoic acid, 208

 dehydrations, p-toluenesulfonyl chloride, 484

 synthesis, N,N′-carbonyl diimidazole, 73–74

Vicinal-bis(perchlorato)alkanes, synthesis, (diacetoxyiodo)

benzene, 140

Vicinal dibromoalkenes, synthesis, cerium(IV) ammonium 

nitrate, 84

Vicinal diols

 epoxidations, p-toluenesulfonyl chloride, 482

 oxidations, dimethyldioxirane, 178

Vicinal heteroatoms, reductive eliminations, zinc–acetic acid, 

554

Vicinal silyloxy iodides, synthesis, epoxide cleavage, 

iodotrimethylsilane, 194

Vilsmeier formylations, oxalyl chloride–dimethylformamide, 

289

Vilsmeier–Haack reactions, trifl uoromethanesulfonic anhydride, 

510

Vinylaluminum intermediates, vinyl iodide synthesis, 

N-iodosuccinimide, 188

Vinyl–aryl coupling, tetrabutylammonium fl uoride, 462

Vinyl bromides, hydroborations, pinacolborane, 307

Vinyl cuprates, 1,4-additions, cyclopentenone, 2-iodoxybenzoic 

acid, 210

3-Vinyl-2-cyclopentenone, synthesis, 2-iodoxybenzoic 

acid, 210

Vinylcyclopropanes, hydrosilylations, 

chlorotris(triphenylphosphine)rhodium(I), 128

Vinyl epoxides, cleavage, lithium aluminum hydride, 214

Vinyl ethers

 dehydrogenative borylations, pinacolborane, 308

 Mannich reactions, scandium trifl uoromethanesulfonate, 389

 ozonolysis, ozone, 291

Vinyl fl uorides, synthesis, potassium hexamethyldisilazide, 316
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 in situ tandem oxidation processes, manganese dioxide, 

254–257

Ynolate anions, synthesis, α,α-dibromoester conversions, 

lithium naphthalenide, 244

Zaragozic acid, synthesis, n-butyllithium, 60

Zinc–acetic acid, 554–556

Zinc amalgum, see also Zinc–acetic acid, 554–556

Zinc borohydride, see also Sodium borohydride, 406–418

Zinc chloride, see also Boron trifl uoride etherate, 27–42

Zinc–zinc chloride, see also Zinc–acetic acid, 554–556

Zirconacyclopentadiene, cleavage, N-chlorosuccinimide, 105

Wolff rearrangements

 α-diazo ketones, diazomethane, 147

 vinylogous, diazomethane, 148

Xanthine analogs, synthesis, 1-ethyl-3-(3′-
dimethylaminopropyl)carbodiimide hydrochloride, 185

Ylides

 generation

  potassium tert-butoxide, 365–366

  potassium hexamethyldisilazide, 314–315, 329–330

  sodium hexamethyldisilazide, 428
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