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Preface

Transition metal catalysis has become one of the most important tools in organic
synthesis, important reasons being the high selectivities and high levels of atom
economy usually achieved in catalytic transformations. Pincer and pincer-like
complexes is an important class of catalysts employed in organic synthesis. The
main advantage of these species is the well-defined stoichiometry, which allows
conscious catalyst design and fine-tuning of the reactivity and selectivity of the
catalyst. Also, the tri-dentate pincer ligand gives the metal complexes an unusual
thermal stability. These properties contribute to the improvement of the usual
catalytic properties of the commonly used catalysts and sometimes this can give
unique catalytic features, which cannot be presented without the pincer framework
of the system.

The book aims to help synthetic chemists to choose and apply pincer- complex
catalysts in organic transformations. It also points out the most important pincer
architectures that can be used efficiently in selective synthesis. Furthermore, it
discusses reactivity and mechanisms in the elementary steps of catalytic transfor-
mation, which increases our understanding thereby pointing toward completely
new applications.

Chapter 1 by Milstein and Chidambaram describes a unique pincer-complex
catalyzed transformation for synthesis of esters, amides, and peptides using the
aromatization–dearomatization ability of the pincer ligands. Several chapters focus
on the possibility of using pincer complexes to stabilize the unusual oxidation
state of the metal central atom. Chapter 2 by Campora and Melero analyze
the possibilities of bringing palladium to Pd(IV) and nickel to Ni(III) states
during the catalytic process. Chapter 10 by Frech is focused on application of a
Pd(II)–Pd(IV) catalytic cycle in cross-coupling reactions. Chapter 3 by Szymczak
and Moore describes an entirely new application area of pincer complexes, namely
as scaffolds for appended functionalities, such as Lewis acids or Lewis bases
(even both of these functionalities in the same complex). Another promising
novel application is using saturated pincer frameworks for catalysis as described
by Jonasson and Wendt in Chapter 8. Chapter 4 by Szabó is focused on pincer-
complex catalyzed functionalization of imines and some C–H functionalizations
including asymmetric catalysis. Chapter 5 by Adhikary and Guan describes the
use of nickel pincer complexes in cross-coupling reactions and shows how these
can be complementary to the traditional palladium systems. Pincer complexes
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have shown very promising reactivity in the activation of small molecules, and
in the contribution by Bailey, Parkes, Kemp, and Goldberg (Chapter 11), the
possibilities for generation of reactive intermediates in oxidation and reduction
reactions are described. In the last decade, a number of new pincer frameworks
have appeared and a few of these are described in the final chapters. Although they
have not always shown a lot of applications they hold a promise for completely
novel transformations. Thus, Chirik in Chapter 7 describes how redox activity of
the ligands can be understood and give unprecedented reactivity to base metal
complexes. The use of Si, Ge, or Sn with their exceptional trans influence as the
central ligating atom is explored in two chapters. Turculet in Chapter 6 gives an
overview of PSiP pincer chemistry, showing the unique features of this chemistry
and Takaya and Iwasawa in Chapter 9 describes the application of heavier group 14
based pincer palladium complexes in hydrocarboxylation and borylation reactions.

Hopefully, the new aspects of pincer-complex catalysis reviewed in the above
chapters will contribute to a broadening of the applications of pincer complexes in
organic synthesis as well as to the study of reaction mechanisms.

We would like to acknowledge the authors of this book for their enthusiasm and
for sharing their knowledge on pincer chemistry with the readers and for their help
in realizing the present book on applications of pincer-complex catalysis in organic
synthesis.

Stockholm and Lund Kálmán J. Szabó
December 2013 Stockholm University

Department of Organic Chemistry
Stockholm, Sweden

Ola F. Wendt
Lund University

Department of Chemistry
Centre for Analysis and Synthesis

Lund, Sweden
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1

1
Catalysis by Pincer Complexes: Synthesis of Esters, Amides,
and Peptides
Chidambaram Gunanathan and David Milstein

1.1
Introduction and Background

Esters, amides, amines, acetals, and peptides are important industrial chemicals.
Production of these chemicals is based on multistep processes using stoichiometric
amounts of acid or base promoters and coupling reagents, and involves reactive
intermediates derived from alcohols or acids (Scheme 1.1), which leads to very large
amounts waste [1]. Controlling overoxidation of substrates in the synthetic methods
of these products is a challenge, and hence stepwise syntheses are performed (see
below) [2]. Thus, green processes that can circumvent stoichiometric reagents
and the generation of reactive intermediates, such as acid chlorides, and directly
deliver stable and useful industrial products, such as esters and amides, in an
atom-economical, selective manner without producing waste are needed.

Pincer ligands, that is, tridentate ligands that enforce meridional geometry upon
complexation to transition metals, result in pincer complexes which possess
a unique balance of stability versus reactivity [3]. Transition-metal complexes of
bulky, electron-rich ‘‘pincer’’ ligands have found important applications in synthe-
sis, bond activation, and catalysis [4, 5]. Among these, pincer complexes of iPr-PNP
(2,6-bis-(di-iso-propylphosphinomethyl)pyridine), tBu-PNP (2,6-bis-(di-tert-butyl-
phosphinomethyl)pyridine), and PNN ((2-(di-tert-butylphosphinomethyl)-6-diethyl-
aminomethyl)pyridine), PNN-BPy (6-di-tert-butylphosphinomethyl-2,2′-bipyridine)
ligands exhibit diverse reactivity [6–8]. These bulky, electron-rich pincer ligands
can stabilize coordinatively unsaturated complexes and participate in unusual
bond activation and catalytic processes.

In most processes, homogeneously catalyzed by metal complexes, the ligands,
while imparting critical properties on the metal center, do not participate directly
in bond-making and -breaking processes with the substrates. In recent years,
complexes in which the ligands actively cooperate with the metal center in bond-
activation processes have been developed [9]. We have devised novel catalytic
systems based on pincer complexes in which the pincer ligands cooperate with the
metal center in a synergistic manner and their interplay facilitates the chemical
processes. The pincer complexes are based on new pyridine- and acridine-type

Pincer and Pincer-Type Complexes: Applications in Organic Synthesis and Catalysis, First Edition.
Edited by Kálmán J. Szabó and Ola F. Wendt.
c© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.



2 1 Catalysis by Pincer Complexes: Synthesis of Esters, Amides, and Peptides

pincer ligands, which undergo bond-breaking and -making processes, involving
aromatization–dearomatization of the pincer ligands [8]. Such cooperative pincer
complexes catalyze several unique processes, as summarized in recent reviews
[6–8, 10]. Here we concentrate on the selective synthesis of esters [11–13], amides
[14, 15], acetals [16], amines [17], and imines [18], directly from alcohols. Using diols,
polyesters were obtained [19]; diols and diamines provided polyamides [20, 21], and
aminoalcohols resulted in formation of pyrazines and peptides [22]. Cooperative
pincer complexes have also catalyzed the reverse reactions of esterification and
amidation; thus, hydrogenation of esters [23, 24], formates, and carbonates [25]
provides the corresponding alcohols, whereas amides give amines and alcohols
[26] and urea provides methanol and amines [27]. Carbon dioxide also undergoes
hydrogenation to formate salts [28] by pincer catalysts.

R OH
R OH

O

SOCl2 or PCl5

R Cl

O

R1OH

R O

O

R1
H+

R1NHR2

Coupling reagent R N

O

R1

R2

Amines/
base

R O

O

R N

O

R2

R1 R1NHR2

R OH

R

R

R
+H2

+H2
Catalyst

Catalyst

Amines Catalyst

Scheme 1.1 Conventional versus catalytic synthesis of esters and amides.

Deprotonation of a pyridinylmethylenic proton of pyridine- and bipyridine-based
pincer complexes can lead to dearomatization. The dearomatized complexes can
then activate a chemical bond (H–Y, Y=H, OH, OR, NH2, NR2, C) by cooperation
between the metal and the ligand, thereby regaining aromatization (Figure 1.1).
The overall process does not involve a change in the metal’s oxidation state [6–8].
In this chapter, we describe the novel, environmentally benign catalytic synthesis
of esters, amides, and peptides that operate via this new metal–ligand cooperation
based on aromatization–dearomatization processes.

N

L2

L1

MLn N

L1

L2

MLn MLnN

L2

L1

−H+

N

L2

L1

MLm

H

Y

H−Y

Y = H, OH, OR

NH2, NR2, C

Base

Figure 1.1 Metal–ligand cooperation based on aromatization–dearomatization.
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1.2
Bond Activation by Metal–Ligand Cooperation

We have discovered a new mode of bond activation by metal–ligand cooper-
ation based on aromatization–dearomatization of pyridine- and acridine-based
heteroaromatic pincer complexes (Figure 1.1) [6–8, 29]. Recently, we have observed
that bipyridine-derived PNN-Bipy ligands also exhibit similar metal–ligand coop-
erativity (Scheme 1.2) [13, 24–27]. Such reactivity, which is not possible with the
corresponding aryl-based PCP pincer complexes, is made possible in pyridine-
based pincer complexes by (i) the relatively low resonance energy of pyridine
(28 kcal mol−1; compared to benzene, 36 kcal mol–1), (ii) the acidity of pyridinyl
methylene protons in the pyridine-based pincer complexes, and (iii) stabilization
of the dearomatized ligand by the metal center.

N

L1

L2

Ru

H

CO

Cl

THF, −32 °C
N

L1

L2

Ru

H

CO

+ H2

− H2

N

L1

L2

Ru

H

CO

H

1: L1, L2 = PiPr2

4: L1, L2 = PtBu2,

7: L1 = PtBu2, L2 = NEt2

2: L1, L2 = PiPr2

5: L1, L2 = PtBu2,

8: L1 = PtBu2, L2 = NEt2

3: L1, L2 = PiPr2

6: L1, L2 = PtBu2,

9: L1 = PtBu2, L2 = NEt2

KOtBu

Scheme 1.2 Preparation of dearomatized pyridine-based PNP and PNN pincer complexes
and their reversible reaction with H2.

For example, the pyridine-based pincer complexes 1, 4, 7, and 10 undergo
smooth deprotonation to provide complexes 2, 5, 8, and 11 (Schemes 1.2 and 1.3).
NMR studies of 2, 5, 8, and 11 indicate dearomatization, as the pyridine protons
are shifted to lower frequency (olefinic region). Moreover, the structure of complex
2 is unequivocally corroborated by single-crystal X-ray diffraction studies [23].
Importantly, the dearomatized complexes of 2, 5, and 8 activate dihydrogen by
cooperation between the ruthenium center and the deprotonated phosphine arm,
resulting in aromatization to quantitatively yield the ruthenium trans-dihydride
complexes of 3, 6, and 9, respectively (Schemes 1.2). The magnetically equivalent

THF, −32 °C

KOtBu

10 11

N

N
Ru

CO

H
N

N

PtBu2
PtBu2

Ru

CO

H

Cl

Scheme 1.3 Preparation of dearomatized bipyridine-derived PNN pincer complex 11.
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trans-dihydrides resonate as triplets in complexes 3 and 6 at −4.96 ppm
(2JPH = 20.0 Hz) and −4.90 ppm (2JPH = 17.0 Hz), respectively, whereas they dis-
play doublets at −4.06 ppm (2JPH = 17.0 Hz) for complexes 9. The trans-dihydride
complexes 3, 6, and 9 slowly lose H2 at room temperature to regenerate complexes
2, 5, and 8, respectively.

In addition to the activation of dihydrogen [29d, 30], the dearomatized pyridine-
derived pincer complexes also activate O–H bonds of alcohols [11–18, 31] and
water [29e, 32], N–H bonds of amines and ammonia [29f,h], sp3 C–H [29c] and sp2

C–H bonds [29a,g], and carbon dioxide [33]. Among these various bond-activation
reactions, of particular interest here is the O–H bond activation of alcohols, as
complex 8 reacts with alcohols to provide the aromatic coordinatively saturated
hydrido-alkoxy complexes 12 (Scheme 1.4), indicating the possibility of catalytic
transformations based on dehydrogenation of alcohols.

N

PtBu2

NEt2 NEt2

Ru

H

CO

RCH2OH

N

PtBu2

Ru

H

CO

OCH2R8 12

H

H

R = H, pentyl

Scheme 1.4 O–H activation by the dearomatized PNN pincer complex 8.

Such dearomatization and aromatization of these electron-rich ligand systems
in cooperation with metal centers present new opportunities for homogeneous
catalysis.

1.3
Synthesis of Esters

Esterification is an important reaction in organic synthesis. It has an assortment
of applications in the production of synthetic intermediates, biologically active
natural products, fragrances, polymers, polyesters, plasticizers, fatty acids, paints,
and pharmaceuticals. Environmentally benign esterification methods catalyzed by
pincer complexes that operate via metal–ligand cooperation are described in this
section.

1.3.1
Synthesis of Esters from Primary Alcohols

When primary alcohols were heated with a catalytic amount of complex 1, in the
presence of a catalytic amount of base, an unusual dehydrogenative coupling to
form esters with evolution of H2 was observed [11]. Thus, refluxing a hexanol (bp
157 ◦C) solution containing complex 1 and KOH (0.1 mol% each) under argon in
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Table 1.1 Catalytic conversion of alcohols to esters by PNP (1) and PNN (7) complexes in
the presence of catalytic base.

OH

O

O

+ 2H2 N

PiPr2

PiPr2

Ru

H

CO

Cl Cl

N

PtBu2

NEt2

Ru

H

CO

1 7

1 or 7 

KOH

Catalyst Solvent Time Temperature (◦C) Yield (%) TON

1/KOH (0.1 mol%) — 24 157 67 670
7/KOH (0.1 mol%) Toluene 24 115 95 950

an open system for 24 h resulted in formation of hexyl hexanoate in 67% yield. The
PNN complex 7, which possesses a hemilabile amine ‘‘arm,’’ was a significantly
better catalyst (still in the presence of an equivalent of base) than the corresponding
PNP complex 1, leading to 95% (950 turnovers) hexyl-hexanoate after 24 h at 115 ◦C
(Table 1.1) [11].

Good turnover numbers (TONs) and yields of esters were obtained with various
alcohols at 115 ◦C. Reaction follow-up with benzyl alcohol indicated that 91% benzyl
benzoate was formed already after 6 h, with turnover frequency (TOF) reaching
333 h−1 at the level of 50% benzyl benzoate. Formation of the ester became very
slow after 6 h, perhaps because of retardation of the reaction by the high ester
concentration. However, almost quantitative formation of benzyl benzoate was
obtained (Scheme 1.5).

OH
O2

O

Toluene,
115 °C,  72 h
99.5% 

7/KOH – (0.1 mol%)
+ 2H2

Scheme 1.5 Catalytic conversion of benzyl alcohol to benzyl benzoate by PNN complex 7.

Further improvement in the reaction was possible by exclusion of the need for
base. Thus, reaction of complex 7 with KOtBu resulted in the formation of the
coordinatively unsaturated, 16e− Ru(II) neutral complex 8. Indeed, 8 is an excellent
catalyst for the dehydrogenative coupling of alcohols to esters and the reaction
proceeds with liberation of H2 under neutral conditions [11]. Table 1.2 provides
a few examples. GC analysis of the reaction mixtures indicated that aldehydes
were formed only in trace amounts. This catalytic reaction provided a new ‘‘green’’
pathway for the synthesis of esters directly from alcohols. Considerably less efficient
methods had been reported previously for this transformation [34].
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Table 1.2 Examples of dehydrogenative coupling of alcohols to form esters and dihydrogen
catalyzed by dearomatized Ru PNN complex 8.

R OH
R O

2
R

O

Toluene, reflux

8 (0.1 mol%)
+ 2H2 N

PtBu2

NEt2

Ru

H

CO

8

Entry R Ester Time (h) Ester (%)

1a Propyl Butyl butyrate 5 90
2 Pentyl Hexyl hexanoate 6 99
3 Ph Benzyl benzoate 4 92

Conditions: 0.01 mmol catalyst 8, 10 mmol alcohol, and toluene (2 ml) were refluxed (115 ◦C) under
Ar flow.
aNeat reaction, heated at 117 ◦C.

There are two potential pathways by which an ester can be formed, both
involving an intermediate aldehyde, namely a Tischenko-type condensation [35] or
hemiacetal formation followed by its dehydrogenation [34]. Our results establish
that the second pathway is operative, at least in the case of benzyl alcohol [11].
Thus, employing benzaldehyde (in absence of alcohol) did not yield any ester. On
the other hand, reaction of benzaldehyde with 1 equivalent of benzyl alcohol led to
quantitative formation of benzyl benzoate (Scheme 1.6).

8

PhCH2OH

8No
reaction

PhCOOCH2PhPHCHO

100%
Tischenko

PhCHOCH2Ph

OH

−H2

Scheme 1.6 Formation of ester via hemiacetal intermediary.

Using the acridine-derived PNP pincer complex 13, primary alcohols can be
directly transformed into acetals under neutral conditions [16, 36]. When the
reactions were carried out in the presence of 1 equivalent of base (relative to
complex 13, 0.1 mol%), the corresponding esters were obtained in very good yields
(Scheme 1.7). Mechanistic studies revealed that a β-hydrogen is essential for the
acetal formation; thus, alcohols such as benzyl alcohol provided benzyl benzoate in
99.5% yield, rather than acetal, even under neutral conditions [16].

Recently, Gusev and coworkers [37] reported the PNN ruthenium pincer complex
14 with an aliphatic backbone, which displayed impressive catalytic activity in the
presence of a base (KOtBu, 0.5 mol%) for the conversion of simple alcohols such
as ethanol and propanol. Although the reactions worked at temperatures below
100 ◦C, good conversions required heating at higher temperatures (Table 1.3,
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N

P

P
Ru

Cl

O

H

13

OH O

O

Neat, reflux
40 h, 93%

13/KOH – (0.1 mol%)
+ 2H2

2H2
OH

Mesitylene, reflux,
72 h, 99.5%

13 (0.1 mol%)
O

O

+

Scheme 1.7 Esterification of primary alcohols by acridine PNP ruthenium pincer complex 13.

Table 1.3 Dehydrogenative coupling of alcohols to form esters and dihydrogen catalyzed by
the Ru PNN complex 14.

R OH
R O

2
R

O

KOtBu (0.5 mol%) 
reflux

14 (0.1 mol%)

+ 2H2

N PiPr2

N

Ru

H

CO

H

Cl 14

Entry R T (◦C) Time (h) Conversion (%)

1 Me 78 7.5 30
2 Et 96 8 73
3 Pr 118 3 78
4 i-Amyl 131 2.5 92
5 Hexyl 158 1 86

entries 4–5). An analogous dehalogenated osmium-based dimeric pincer complex
was also reported to have comparable activity to that of complex 14.

Though in moderate yield, the reported conversion of ethanol to ethyl acetate
by complex 14 and a related osmium dimer complex [37] by Gusev generated
interest in the catalytic synthesis of ethyl acetate from ethanol because it is a widely
used fine chemical. Very recently, Beller et al. [38] screened the catalytic activity of
various known pincer complexes for this transformation and found that Takasago’s
complex 15, known as Ru-MACHO catalyst, is very efficient and the reaction in the
presence of a base resulted in very good TON (Table 1.4).

Simultaneously, Spasyuk and Gusev [39] also reported a similar finding; among
the various screened pincer complexes, complex 16 showed impressive reactivity
with 85% conversion of ethanol (Scheme 1.8).

In addition to these transformations by well-defined pincer complexes, the
complexes assembled in situ from the metal precursor [Ru(COD)(methylallyl)2]
(COD, cyclooctadiene) and PNP or PNN pincer ligands (used for complexes
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Table 1.4 Synthesis of ethyl acetate from ethanol by Ru-MACHO catalyst.

OH
O

2

O

NOEt (0.6−1.3 mol%)
reflux

15 (0.05−0.005 mol%)

+ 2H2

N PPh2

P
Ph2

Ru

H

CO

H

Cl 15

Entry 15 (mol%) NaOEt (mol%) Time (h) T (◦C) Yield (%) TON

1 0.05 1.3 6 90 81 1 620
2 0.05 1.3 24 70 70 1 400
3 0.005 0.6 46 90 77 15 400

OH
O

2

O

NOEt (1 mol%) 
Neat, reflux, 40 h

16 (0.005 mol%)

+ 2H2

16

N PPh2

N

Ru

Cl

PPh3

H

Cl85% conversion

Scheme 1.8 Synthesis of ethyl acetate from ethanol by the PNN ruthenium pincer
complex 16.

4 and 7, respectively) also catalyzed the dehydrogenative coupling of alcohol
into esters successfully [40]. The catalytically active complex (which could be
complex 8, the CO ligand generated from intermediate aldehyde) displayed similar
reactivity as that of complex 8. PNP and PNN ruthenium(II) hydrido borohy-
dride complexes [(PNX)RuH(BH4), X=P, N] [41] and PNS ruthenium complexes
[(PNStBu)RuHCl(CO)] [42], analogs to complex 7, also show catalytic reactivity for
the esterification of alcohols.

In 2011, Gelman and coworkers [43] reported a PCSP
3P iridium pincer complex

(17), which exhibited efficient catalytic activity for the conversion of benzyl alcohol to
benzyl benzoate (Scheme 1.9) and was suggested to operate via a novel metal–ligand
cooperation mode. Both electron-withdrawing and electron-donating substituents

OH

Ph2P PPh2

Ir

Cl

HHO

OH

Cs2CO3 (5 mol%) 
p-xylene, reflux 
36 h, 98%

17 (0.1 mol%) O

O

+ 2H2

17

Scheme 1.9 Acceptor-less dehydrogenative coupling of benzyl alcohols to form esters and
dihydrogen catalyzed by the Ir(III) PCSP

3P complex 17.
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on the aromatic ring are tolerated, and the corresponding esters were obtained in
good yields (88–97%).

1.3.2
Synthesis of Cross-Esters from Primary and Secondary Alcohols

When a toluene solution of complex 11 (1 mol%) was refluxed with equimolar
amounts of 1-hexanol and cyclohexanol, cyclohexyl hexanoate was obtained in 79%
yield, together with 16% hexyl hexanoate, resulting from self-coupling of 1-hexanol,
and 12% of cyclohexanone by dehydrogenation of cyclohexanol [13]. Despite the
use of equimolar amounts of primary and secondary alcohols, the formation
of the ester cyclohexyl hexanoate as the major product from dehydrogenative
cross-esterification is noteworthy. The yield of the cross-esterification products sig-
nificantly improved when an excess of secondary alcohols was used in the reaction.
Thus, in a similar reaction, refluxing a toluene solution containing cyclohexanol and
1-hexanol in a molar ratio of 2.5/1 with complex 11 (1 mol%), cyclohexyl hexanoate
was obtained in 93% yield (based on 1-hexanol). Cyclohexanone (34%) was also
formed, and the products were isolated by column chromatography. The synthetic
potential and substrate scope of this selective dehydrogenative cross-esterification
process were demonstrated [13] with various cyclic and acyclic secondary alcohols
and other primary alcohols, and the results are summarized in Table 1.5.

1.3.3
Synthesis of Esters by Acylation of Secondary Alcohols Using Esters

The transesterification reaction is a useful transformation that converts esters to
other esters upon reaction with alcohols, as a result of exchange of alkoxy groups,
avoiding the use of air- and moisture-sensitive reagents, such as acid chlorides.
Further, ester-to-ester transformation is particularly useful when the carboxylic
acid and their activated derivatives are not readily available [44]. In general,
transesterification of secondary alcohols is slower than that of primary alcohols. The
reaction is not atom-economical, as it produces, in addition to the desired ester, an
equivalent of alcohol. Circumventing this undesired path, we have devised a novel
method for transesterification in which dihydrogen is formed as the only byproduct,
rather than alcohols, upon reaction of symmetrical esters with secondary alcohols.

Thus, refluxing a benzene solution of complex 8 (1 mol%), ethyl acetate (5 mmol)
and cyclohexanol (15 mmol) under an argon atmosphere for 28 h resulted in
complete consumption of ethyl acetate [12]. Cyclohexyl acetate was the only
product formed (95%, Table 1.6) as observed by GC analysis and further confirmed
by characterization of the isolated product. Similarly, refluxing a toluene solution
containing 1 equivalent of an ester, such as hexyl hexanoate, pentyl pentanoate,
and butyl butyrate, and 3 equivalent of various secondary alcohols in the presence
of 1 mol% of complex 8 resulted in cross-esters in very good yields (Table 1.6).
Somewhat lower yields of products were obtained when only 2 equivalent of
secondary alcohols was used.
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Table 1.5 Dehydrogenative cross-coupling of primary and secondary alcohols catalyzed
by 11.a

Entry 1o alcohol 2o alcohol Cross ester Time (h) Yield (%)

1 24 93 

2 26 63 

3 26 90 

4 26 93 

5 26 58 

6 25 95 

7 24 96 

8 38 46 

9 25 95 

10 26 93 

R1

R2

R2

R1

CO

P

Ru

HN

N

2H2

11

R3
OH

OH

R O

O11 (1 mol%)

Toluene, reflux

OH OH
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH

OH
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Table 1.5 (Continued)

11 26 70

12 25 99

13 25 95

14 24 98

15 24 91

OH OH
O

O

O

O

O

O

O
O

O

O

O

OH

OH

OH

OH

OH

OH

O
OH

OH

Entry 1o alcohol 2o alcohol Cross ester Time (h) Yield (%)

aComplex 11 (0.03 mmol), primary alcohol (3 mmol), secondary alcohol (7.5 mmol), and toluene
(2 ml) were refluxed under argon. Yields of products were determined by GC using m-xylene as an
internal standard.

When the unsymmetrical ester ethyl butyrate was reacted with 3-pentanol in the
presence of 8 (1 mol%) under refluxing toluene, 75% conversion of ethyl butyrate
took place to yield 73% of 3-pentyl butyrate (entry 14, Table 1.6). 3-Pentyl acetate,
which was expected to be formed from the ethanol intermediate, was observed
only in trace amounts, perhaps as a result of the loss of ethanol under reflux
conditions. Likewise, the reaction of methyl hexanoate with cyclohexanol results in
42% conversion with the formation of 42% cyclohexyl hexanoate (entry 15).

Dehydrogenation of the secondary alcohol to the corresponding ketone is a
slower reaction than the dehydrogenative coupling of the primary alcohol to ester,
and thus most of the secondary alcohol reacts with the ester, although some
ketone formation is observed as excess of alcohol is used. When symmetrical esters
are used, both acyl and alkoxy parts of the substrate ester are incorporated into
the product ester with liberation of hydrogen, providing an atom-economical and
environmentally benign method for the transesterification reactions [12].

1.3.4
Synthesis of Polyesters from Diols

Polyesters are generally synthesized by a step-growth polycondensation reaction
or through chain-growth ring-opening polymerization. However, achieving high
molecular weights by the known methods for the synthesis of polyesters is
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Table 1.6 Acylation of secondary alcohols catalyzed by the complex 8.a

Entry Ester Alcohol Cross-esters Time Conversion Yield (%)

1b 28 100 95

2 26 96 95

3 26 71 70

4 36 50 49

5 26 91 90

6 36 93 93

7 36 87 85

8 18 51 49

9 26 91 90

2 2
O

O

R
2H2

PtBu2

NEt2

Ru CON

8
R1

R2

R2
R1

R R

8 (1 mol%)

Toluene, refluxO

O

OH

+

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

OH

OH

OH

OH

OH

OH

OH

OH

OH

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
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Table 1.6 (Continued)

10 34 93 92

11 28 75 74

12 36 41 39

13 18 77 76

14c 20 75 73

15 17 42 42

O

O OH
O

O

O

O

O

O

O

O

O

O

O

O

OH

OH

OH

OH

OH

O

O

O

O

O

O

O

O

O

O

Entry Ester Alcohol Cross-esters Time Conversion Yield (%)

aComplex 8 (0.05 mmol), ester (5 mmol), and toluene (3 ml) were refluxed under argon. Conversion
and yields are based on GC analysis using internal standard.
bBenzene was used as solvent.
cm-Xylene was used as solvent.

challenging [45]. Further, the byproducts (H2O, CH3OH, HCl, salts) that are
produced during a polycondensation can be challenging to remove from a viscous
polymer solution, resulting in low conversion and poor polymer properties. By
using complex 8 as a catalyst, Robertson [19] achieved the synthesis of high
molecular weight polyesters from diols in a remarkable process that used complex
8 as a catalyst. Concomitantly generated dihydrogen was efficiently removed by
performing the polymerization reaction under reduced pressure, leading to the
formation of high molecular weight polyesters.

Complex 8 (0.2 mol%), generated in situ by deprotonation of complex 7
(Scheme 1.2), catalyzed polymerization of diols (higher than pentanediol) by
heating under vacuum. Comparison of the molecular weight versus reaction time
for the polymerization of 1,10-decanediol under vacuum versus nitrogen purge
(Figure 1.2) revealed that polymer growth occurred faster and reached a higher
molecular weight when the reaction was performed under reduced pressure.
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Figure 1.2 Plot of Mn versus reaction time for the polymerization of 1,10-decanediol under
vacuum compared to using a nitrogen purge. (Reproduced with permission. Copyright c©
2012 Wiley-VCH [19].)

Molecular weights higher than 125 000 g mol−1 were attained. Considering the
reaction conditions, which involve vacuum and rapidly lose solvent and become
highly viscous with the reaction’s progress, achieving such high molecular weights
is noteworthy. The better performance under vacuum is attributed to the efficient
removal of the hydrogen byproduct (which in turn helps to drive the equilibrium
toward further polymerization) from the highly viscous molten polymer solution.

Diols such as 1,10-decanediol, 1,9-nonanediol, 1,8-octanediol, 1,6-hexanediol,
and 1,5-pentanediol were polymerized using a catalyst loading of 0.2 mol% of
complex 8 under vacuum. Table 1.7 summarizes the yields and some properties
of the polymers. Polymerization of 1,10-decanediol leads to a polymer with Mn

approaching 140 000 g mol−1 and a degree of polymerization over 800 (entry 1).
The molecular weights of the polymers and the degree of polymerization decrease
as the molecular weight and length of the monomer decrease, which may be
due to the viscosity differences of the molten polymer. The dehydrogenation
of 1,5-pentanediol resulted in the predominant formation of thermodynamically
stable and kinetically favored six-membered δ-valerolactone and 29% of polyester
(entry 6). The reaction of 1,4-butanediol with complex 8 provided γ-butyrolactone
exclusively.

In general, a range of esters is accessible directly from alcohols by dehydrogena-
tive coupling and also from esters via transesterification catalyzed by ruthenium
pincer complexes. The dearomatized complex 8 efficiently catalyzes the formation of
polyesters from diols under vacuum. Although low catalyst loading and nonpurified
monomeric diols were used, high degrees of polymerizations were achieved. These
reactions take place with the liberation of dihydrogen (the only byproduct) under
mild and neutral conditions, thus providing highly atom-economical processes for
the formation esters and polyesters.
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Table 1.7 Polymerization of linear aliphatic diols catalyzed by the complex 8 under vacuum
and nitrogen purge.a

O

8 (0.2 mol%)

H2

HO OH
N

PtBu2

NEt2

Ru

H

CO

8

n

n = 1−8

O

n

and/or
O

O

n

n = 2n = ≥4

Entry n (diol) Mn (kg mol−1)b Mw/Mn
b Degree of

polymerization
Tm (◦C)c Yield (%)

1 8 138 2.7 811 51 78
2 7 91.8 3.1 587 42 85
3 6 76.6 2.3 538 40 95
4d 4 55.5 2.0 486 13 70
5e 4 29.4 1.6 258 14 97
6 3 57.7 2.9 576 −2 29f

7 2 — — — — 90g

Taken from Robertson et al. [19].
aComplex 8 (0.2 mol%) and monomeric diol were heated at 150 ◦C with a 3 h purge and 5 day vacuum.
bDetermined by gel permeation chromatography (GPC) using polystyrene standard.
cDetermined by differential scanning calorimetry (DSC).
dNitrogen purge instead of vacuum.
e5 h nitrogen purge prior to vacuum to promote oligomerization and minimize loss of monomer.
f Isolated yield of polymer. Remaining volatiles in vacuum trap were solvent and lactone.
g Yield of lactone.

1.4
Synthesis of Amides

Amide formation plays a very important role in chemical synthesis [1, 46]. Prepa-
ration of amides under neutral conditions and without generation of waste is
a challenging goal [46–48]. Applying our pyridine-based ruthenium pincer com-
plexes as catalysts, amides were synthesized directly from amines and alcohols
or esters; polyamides were obtained from diols and diamines, as delineated
in this section.

1.4.1
Synthesis of Amides from Alcohols and Amines

Direct catalytic conversion of alcohols and amines into amides and dihydrogen
is a desirable method for the synthesis of amides. Using this environmentally
benign reaction [14], an assortment of simple alcohols and amines were converted
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into amides, with high atom economy. The liberated hydrogen gas shifts the
equilibrium toward the completion of the reaction.

The reaction mixtures were refluxed under a flow of argon to facilitate the
formation of product amides by hydrogen removal. When simple linear alcohols
such as 1-hexanol and 1-pentanol were used, the corresponding amides were
obtained in very good yields. 2-Methoxyethanol reacted with diverse amines to
generate the amides in almost quantitative yields. When aniline was subjected
to acylation with 1-pentanol, the amide was obtained in 58% yield. The lower
reactivity of aniline may be attributed to its lower nucleophilicity as compared with
that of alkylamines. The amidation reactions are sensitive to steric hindrance at the
alcohol or the amine. Thus, when 2-methyl-1-butanol reacted with benzylamine,
the corresponding amide was obtained in 70% yield, the rest of the alcohol being
converted to the ester 2-methylbutyl-2-methylbutanoate. A similar pattern was also
observed when 2-methylhexamine was reacted with 1-hexanol, leading to 72% yield
of the corresponding amide (Table 1.8).

Amino alcohols also undergo amidation reactions. Gratifyingly, when chiral
amino alcohols were used, the amide products were obtained with the reten-
tion of configuration. For example, reaction of (S)-2-amino-3-phenylpropan-1-ol,
benzylamine, and 1 mol% of the complex 8 in toluene at reflux for 6 h led to (S)-2-
amino-N-benzyl-3-phenylpropanamide in 58% yield after column chromatography
(Scheme 1.10) [22]. The specific rotation of the product amide (+16.08) obtained
from this catalysis reaction is essentially the same as reported [49]. The neutral
reaction conditions likely help to prevent racemization.

Secondary amines do not react under these conditions. Thus, heating
dibenzylamine with 1-hexanol under the experimental conditions resulted in a
quantitative yield of hexyl hexanoate (entry 6, Table 1.8). The scope of this method
was extended to the bis-acylation processes with diamines. Upon refluxing a slight
excess of a primary alcohol and catalyst 1 with diamines (500 equivalent relative
to 1) in toluene under argon, bis-amides were produced in high yields (Table 1.9).
The high selectivity of the dehydrogenative amidation reaction to primary
amine functionalities enabled the direct bis-acylation of diethylenetriamine with
1-hexanol to provide the bis-amide in 88% yield without the need to protect the
secondary amine functionality [14].

This is a fundamentally new chemical transformation. The reaction mechanism
likely involves metal–ligand cooperation that operates in complex 8. The reaction
plausibly proceeds via a hemiaminal intermediate (Scheme 1.11) formed by the
nucleophilic attack of the amine on an intermediate aldehyde that is either
coordinated to the metal or free in solution [7, 32, 50].

The discovery of the catalytic amide formation with liberation of dihydrogen
provides the most atom-economical method to make amides directly from amines
and alcohols; as such, it elicited much research interest in this direction and
diverse catalytic systems were reported, although generally in significantly lower
catalyst turnovers [51].
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Table 1.8 Synthesis of amides directly from alcohols and amines.a

Entry R1CH2OH R2NH2 Time (h) Amides Yield (%)b

1 7 96

2 7 97

3 9 99

4 12 70c

5 8 78c

6 8 0c

7 8 58c

8 8 99

9 8 72c

OH Ph NH2 Ph N
H

O

OH NH2Ph
Ph N

H

O

OH
O NH2Ph

Ph N
H

O

O

OH Ph NH2 Ph N
H

O

OH NH2
O

H
N

O

O

OH Ph N
H

Ph N

O

Ph

Ph

OH
NH2

H
N

O

OH
O NH2

H
N

O
O

OH NH2

H
N

O

10 8 99OH
O

NH2
H
N

O
O

R1CH2OH
8 (0.1 mol%)

R2NH2

R1 R2 2H2

H

CORu

NEt2

N

PtBu2

N
H

O

Toluene, reflux

8

aConditions: Catalyst 8 (0.01 mmol), alcohol (10 mmol), amine (10 mmol), and toluene (3 ml) were
refluxed under argon flow.
bIsolated yields.
cThe remaining alcohol was converted into the corresponding ester. In the reactions involving hexanol
and pentanol, trace amounts of the corresponding secondary amines were detected (GC–MS).
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+
8 (1 mol%)

2H2
Toluene, reflux

58%

N

PtBu2

NEt2

Ru

H

CO

8

NH2

NH2

HO

+

H2N
N
H

O

Scheme 1.10 Synthesis of a chiral amide from amino alcohol and benzylamine.

Table 1.9 Dehydrogenative coupling of di- and tri-amines with alcohols to form bis-amides,
catalyzed by complex 8.

Entry Diamine Time (h) Bis-amide Yield (%)

1 Ethylenediamine 9
H
N

N
H

O

O

O

O

99

2 Diethylenetriamine 8
H
N

N
H

N
H

OO
88

3 1,6-Diaminohexane 9 N
H

H
N

O
O 95

R OH
8

−H2
R O

RNH2

Fast R NHR

OH

Hemiaminal

−H2

RCONHR

Scheme 1.11 Amide formation via hemiaminal intermediary.

1.4.2
Synthesis of Amides from Esters and Amines

Synthesis of amides from the coupling reactions of esters and amines is a
potentially attractive method; however, stoichiometric amounts of promoters or
metal mediators are normally required [52]. Complex 8 also catalyzes the amide
synthesis from esters and amines and the reaction is general and efficient, and
proceeds under neutral conditions, thus providing an environmentally benign
method [15]. As demonstrated in the alcohol acylation process (Section 1.3.3,
Table 1.6), when symmetrical esters are used, acylation of amines occurs by both
acyl and alkoxo parts of the esters and they are incorporated in the products, and
the only byproduct generated from this reaction is H2.
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Table 1.10 Synthesis of amides from esters and amines catalyzed by complex 8.a

Entry Ester Amine Conversion of 
amine/time 

(% / h) 

Amides Isolated
yields (%)

1b 99100/26

69/36

54/24

100/19

100/21

100/24

100/36

100/19

100/26

100/24

2b 66

3b 52

4 94

5 95

6 94

7 56

8 96

9 92

10 94

R1

R2 R3 R3

R2

R1

R3N
2H2

NEt2

CORu

PtBu2

H

N

O

O

O
2 NH

8 (0.1 mol%)

Toluene/benzene

reflux
8

O O
N

O

O

O

O

O

O O

O

N

N

N

N
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O

O

O
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N
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O N

N N
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O

NH
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NH

NH
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O
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O

O

O
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(continued overleaf)
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Table 1.10 (Continued)

12 100/26 94

13 100/18 93

14 100/24 97

15 100/18 98
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O N
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HN
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NH2

NH2

O
O

NHO
O

O

O
O

O
O

Entry Ester Amine Conversion. of 
amine/time 

(% / h) 

Amides Isolated
yields (%)

aComplex 8 (0.01 mmol), ester (5 mmol), amine (10 mmol), and toluene/benzene (3 ml) were refluxed
at an oil bath temperature of 135 ◦C in a Schlenk tube. Conversion of amine was analyzed by GC
using m-xylene as an internal standard.
bBenzene was used as a solvent.

When a benzene solution of complex 8 (0.1 mol%) containing pyrrolidine and
ethyl acetate was refluxed under an argon atmosphere, quantitative conversion of
pyrrolidine was observed by GC after 28 h, and N-acetylpyrrolidine was isolated in
98% yield (Table 1.10, entry 1). The same results were obtained when the reaction
was carried out in refluxing toluene. The scope of the ester amidation reaction
was explored with various esters and amines, and the results are summarized in
Table 1.10.

The aminolysis of esters catalyzed by complex 8 is possibly initiated by N–H
activation of the amine by metal–ligand cooperation involving 8. Ester coordination
followed by intramolecular nucleophilic attack by the amido ligand at the acyl
functionality is thought to be a key step [15]. Overall, in one catalytic cycle, two
molecules of amide and of H2 are formed from one ester molecule.

1.4.3
Synthesis of Polyamides from Diols and Diamines

Polyamides are an important class of polymers in chemistry and biology, includ-
ing biomolecules such as peptides and proteins. Synthetic polyamides have
found numerous applications [53, 54] in fiber products, engineering plastics,
and biomaterials. They possess high strength, toughness, and stability, and have
good biocompatibility and degradability. Generally, polyamides are synthesized by
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Table 1.11 Catalytic dehydrogenative polyamidation.a

Entry Diol Diamine Conversionb

(yieldc) % 
Mn (103) PDI

1d

2d

3d

5e

4e

6e

7e

8e

9e

10e

11e

99 (89) 11.9 3.09 

>99 (87) 12.7 2.80 

>99 (84) 19.8 1.86 

>99 (88) 28.4 1.75 

>99 (73) 19.4 1.59 

>99 (78) 22.1 1.56 

99 (85) 15.0 1.59 

>99 (79) 16.5 1.69 

>99 (76) 19.5 1.65 

97 (65) 6.8 f 2.56 

99 (70) 9.6 f 1.65 
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Table 1.11 (Continued)

12e 99 (72) 11.3 f 3.06 
NH2

H2N

H
N

HO

OH
N

N

Entry Diol Diamine Conversionb

(yieldc) % 
Mn (103) PDI

Taken from Guan et al. [21]
aReaction conditions: 1.0 mmol diol, 1.0 mmol diamine, and the Ru catalyst were premixed in 1.5 ml
solvent in a glovebox, then heated under N2 flow for 48 h.
bDetermined by 1H NMR of the crude reaction mixture.
cIsolated yield after precipitation from toluene.
dIn anisole/DMSO (4 : 1), 2 mol% catalyst loading.
eIn anisole, 1 mol% catalyst loading.
f GPC taken after acylation by Ac2O to avoid strong interaction with the GPC column gel material.

condensation of diamines and activated dicarboxylic acid derivatives [54, 55] and/or
in the presence of coupling reagents [56]. In some cases, ring opening of small-ring
lactams at high temperatures leads to the formation of polyamides [57]. To avoid
the use of activators, waste generation, or harsh conditions, the development of
atom-economical, efficient, and environmentally benign protocols are desirable.

Thus, we have developed the catalytic synthesis of polyamides [20] from diols
and diamines using complex 8 as a catalyst. Prior to us, Zeng and Guan [21]
reported such a transformation using (the now commercially available) complex
8. Extensive optimization studies carried out by Zeng and Guan [21] revealed the
need for polar solvents for successful polymerization of diols and diamines, and
anisole was found to be a suitable polar solvent in which the catalyst remained
highly active and the number averaged molecular weights (Mn) of the polyamides
were dramatically increased. Mn of the polyamides was further improved by the
addition of small amounts of dimethylsulfoxide (DMSO).

Using the optimized conditions, Guan and coworkers prepared a series of
polyamides using various diols and diamines; selected examples are shown in
Table 1.11. The anisole/DMSO mixed solvent provided better polymerization for
less soluble polyamides (Table 1.11, entries 1–3), but decreased the catalytic activity
of the complex 8. Polymerizations in anisole gave longer polymers for more soluble
polyamides (entries 4–12). As described in Section 1.4.1, the amidation reaction
catalyzed by complex 8 is highly selective to primary amines and this offered
excellent opportunity for the direct synthesis of functional polyamides containing
secondary amino groups (entries 10–12) circumventing tedious protection and
deprotection steps.

While Guan et al. disclosed the preparation of a variety of polyamides, many
bearing ether spacers, with Mn in the range of 10–30 kDa, we reported the
application of the amidation reaction to the synthesis of a variety of polyamides not
bearing ether spacers, from simple diols and diamines, under different conditions,
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Table 1.12 Catalytic polyamidation using diols and diamines.a

Entry Diols Diamines Polyamides Isolated
yield (%) 

Highest
Mw: MALTI-
TOF (Da) 

Mn (103) PDI

1 82 4195 16.6b

10.3b

18.7

ND

26.9c

—

2 88 5000 —

3 86 7199 2.08

4 63 1849 —

5 74 4583 —

6 86 3861 ND —

7 84 3734 ND —

8 78 1467 ND —

9 80 5200 ND —

10 76 4450 5.3c 3.20

11 88 — 11.3c 2.18

12 84 4951 ND —
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aComplex 8 (0.01 mmol), diol (1 mmol), diamine (1 mmol), and 1,4-dioxane (2 ml) were refluxed at an
oil bath temperature of 135 ◦C in a Schlenk tube under argon for 3 days.
bMn was calculated from 1H NMR.
cMn was obtained from GPC analysis.
dCatalyzed by complex 11 under solvent-free condition. ND means GPC was not performed because
of insolubility in dimethyl formamide (DMF).
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using 1,4-dioxane as a solvent (Table 1.12). Both complexes 8 and 11 were
used as catalysts. Remarkably, using complex 11 as catalyst, the polyamidation
reaction proceeded under solvent-free conditions, and only 0.2 mol% of catalyst
was required, representing a perfect ‘‘green’’ reaction [20].

Notably, the potentially competing polyester formation [19] by dehydrogenative
self-coupling of diols was not observed under these conditions. This is probably
because the intermediate aldehyde reacts preferentially with the amine, which is a
better nucleophile than the alcohol, forming a hemiaminal intermediate [14] (rather
than a hemiacetal [11]) followed by its dehydrogenation to the amide (Schemes 1.6
and 1.11). In addition, it should be noted that complex 8 also catalyzes the formation
of amides by coupling of esters with amines (Section 1.4.2) [15]; hence, even if
some ester (or oligoester) were to be initially formed, it would be converted to the
polyamide.

In general, an assortment of polyamides having aliphatic–aliphatic,
aromatic–aromatic, aliphatic–aromatic, and aliphatic–heteroaromatic spacers
were obtained in good yields using nonactivated and ether-linked/non-ether-linked
diols and diamines, with liberation of H2. Under our conditions, using dioxane
as a solvent, polyamides were obtained with Mn in the range of 19–29 kDa, and,
under the conditions of Zeng and Guan [21] using anisole or anisole/DMSO as
solvents, Mn = 10–30 kDa was obtained. Both polymerization conditions catalyzed
by complex 8 (as well as by complex 11) provide synthetically useful and general
methods for the preparation of a variety of polyamides under mild, neutral
conditions, using no toxic reagents, not requiring preactivation of the substrates,
and generating no waste.

1.5
Synthesis of Peptides from 𝛃-Amino Alcohols

Peptides constitute one of the most important families of compounds in chemistry
and biology and play vital roles in living systems. Short peptides have found
interesting biological and synthetic applications. For example, the conformational
rigidity of cyclic peptides makes them attractive candidates for drug discovery and
biomedical research [58]. Several cyclic peptides that show intriguing biological
activity are found in nature [59]. Cyclic peptides have interesting applications as
antibiotics [60], enzyme inhibitors [61], and receptor antagonists. Among them are
the smallest cyclic peptides, 2,5-diketopiperazines derivatives, which are commonly
found as natural products [62]. These peptides exhibit high-affinity binding to a large
variety of receptors and show a broad range of biological activities [63], including
antimicrobial, antitumor, antiviral, and neuroprotective effects. In general, 2,5-
diketopiperazine derivatives are synthesized in solution or on the solid phase
from commercially available and appropriately protected chiral α-amino acids
in processes that are usually not atom-economical and generate considerable
amounts of waste. Large libraries of cyclic peptides are accessible through solid-
phase split-and-pool synthesis [64], and various methods have been developed for
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Table 1.13 Synthesis of cyclic dipeptides from β-amino alcohols.a

Entry β-Amino alcohol Peptides Yieldb (%) 

1 72c

2 64

3 72

4 78

5 72

6 92

7 99

Me

H2N
OH

Me

H
N

O

n

H2N
OH

NH

HN
O

O

H2N OH

NH

HN
O

O

H2N
OH

NH

HN
O

O

H2N
OH

H2N
OH

NH

HN

O

O

HN

NH

O

O

OH

N
H

O

O

N

N

NH2
8 (1 mol%)

1,4-Dioxane, reflux

R

HO

2

R

R

O

O

NH
4H2

NEt2

CORu

PtBu2

N

8

HN

aComplex 8 (0.02 mmol), amino alcohol (2 mmol), and 1,4-dioxane (2 ml) were heated to reflux in
argon (oil bath temperature of 135 ◦C) for 19 h.
bYield of isolated product.
cIncluding a minor amount of the dipeptide.



26 1 Catalysis by Pincer Complexes: Synthesis of Esters, Amides, and Peptides

their syntheses [65]. Thus, green, atom-economical methods for the generation of
peptides are highly desirable.

As complex 8 catalyzes the amidation of amines by amino alcohols with retention
of configuration, we reasoned that use of amino alcohols alone might result in
linear or cyclic peptides from the self-coupling reactions. Refluxing a 1,4-dioxane
solution containing (S)-(+)-2-amino-1-propanol and complex 8 (1 mol%) for 19 h
under argon flow provided a mixture of oligo-alanines containing a small amount
of the cyclic dipeptide amounting together giving 72% yield (Table 1.13, entry 1).
Interestingly, similar reactions of amino alcohols bearing larger substituents at
the α-position of the amine group provided the corresponding cyclic dipeptides
(diketopiperazines) as the only products (Table 1.13, entries 2–7) in very good
yields with liberation of H2 as the only byproduct.

1.6
Concluding Remarks

The chemistry illustrated in this chapter outlines the outstanding potential of
pincer complexes for the catalytic synthesis of esters, amides, and peptides. These
commonly used fine and bulk chemicals, conventionally prepared from carboxylic
acids and their derivatives in multistep processes, can now be produced atom-
economically directly from alcohols with liberation of molecular hydrogen (the only
byproduct), which is valuable by itself. In addition to the higher stability associated
with mer-coordination, the pincer platform offers the opportunity to fine-tune
the steric and electronic properties of the metal, and, importantly, provide new
opportunities for efficient metal–ligand cooperation. This has resulted in hitherto-
unknown, efficient, and environmentally benign catalytic processes. In addition to
the processes described here, we have developed several other reactions catalyzed
by PNP and PNN pincer complexes of Ru and Fe, as briefly mentioned in Section
1.1. The PNN complex 8 and its precursor complex 7, as well as complex 13 and
the associated ligands, are commercially available (from Strem Chemicals, USA).
We believe that many innovative catalysts and methodologies would emerge from
this stimulating research topic.
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2
The Role of Redox Processes in Reactions Catalyzed by Nickel
and Palladium Complexes with Anionic Pincer Ligands
Juan Cámpora and Cristóbal Melero

2.1
Introduction

The organometallic chemistry of Ni and Pd is dominated by oxidation states 0
and II [1]. In consequence, many of their catalytic reactions, such as the Heck
[2] or cross-coupling reactions [3], typically involve cycles in which the metal
alternates between these oxidation states. Thus, electrically neutral ligands that
stabilize both oxidation states, namely 0 and II, such as phosphines, bipyridyls, and
similar heterocyclic systems, or N-heterocyclic carbenes [4], have been traditionally
preferred in the design of Ni and Pd catalysts. Although it is now recognized that
some types of anionic Pd(0) species can play an important role in Pd-catalyzed
coupling processes, σ-binding anionic ligands are rarely found in M(0) complexes
and, consequently, σ-ligated species were considered mechanistically irrelevant for
catalytic processes involving Pd(0)/Pd(II) cycles [5]. For example, palladacycles such
as 1 (X=Br, I) were identified by Heck as orange-red crystalline materials formed
in the course of diene arylation when palladium tris(o-tolyl)phosphine was used
as a catalyst, but they were regarded as catalyst deactivation products [6]. In this
context, the announcement by Herrmann and Beller [7] in 1995 that the complex 1
(X=OAc) is highly active in the Heck and Suzuki reactions was received with high
interest and resulted in the rapid development of palladacycles as catalysts in cross-
coupling reactions [8–12]. Compared to conventional Pd catalysts, palladacycles
are much more stable and often perform without appreciable decomposition to Pd
metal. In 1997, Milstein [13] reported that palladium complexes containing PCP
pincer ligands 2 and 3 also achieve very high activities in the Heck coupling of
olefins with aryl iodides and bromides. A variety of palladium pincer complexes
have been tested as catalysts in different types of cross-coupling reactions [10–12,
14, 15], and these have turned out to be exceptionally active, often achieving
fantastic turnover numbers (TONs), sometimes higher than 106, at very low
catalyst loadings. Recently, a number of nickel complexes bearing pincer ligands
have found interesting applications in catalysis as well [16–18].
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The discovery of catalysts featuring σ-M–C bonded ligands posed interesting
questions regarding the mechanisms involved. The fact that palladacycles catalyze
the Heck reaction without apparent decomposition to palladium black led to the
idea that these could operate via a different mechanism involving Pd(II) and Pd(IV)
oxidation states instead of Pd(II) and Pd(0) [19]. One of the difficulties of this
proposal is the relatively low nucleophilicity of Pd(II) species (as compared to
Pd(0)), which are usually unreactive toward mild electrophiles such as aryl halides.
To overcome this problem, Shaw suggested that palladacycles could give rise to
anionic intermediates of higher nucleophilicity. In the case of the Heck reaction,
anionic palladacycles could be generated by coordination of the olefin substrate to
the Pd(II) center, followed by the attack of an external nucleophile, as shown in
Scheme 2.1 [20].
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Scheme 2.1 Shaw’s hypothetical Pd(II)/Pd(IV) mechanism for the Heck reaction catalyzed
by palladacycles.

Although the active participation of Pd(IV) intermediates in catalysis is currently
well established [21, 22], it has been shown that the catalytic activity of pallada-
cycles is usually due to Pd nanoparticles or soluble Pd(0) species arising from
partial or complete decomposition processes. Hartwig and Louie [23] showed that
palladacycles of type 1 are reduced by amines (in aryl amination reactions) or stan-
nanes (in the Stille coupling) to afford Pd(0) phosphine complexes. Furthermore,
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Herrmann’s investigation of the Heck reaction catalyzed by 1 confirmed that its
catalytic activity is due to the formation of Pd(0) species. Interestingly, the author
noted small but significant differences in the results obtained with catalyst 1 and
two classic sources of Pd(0), ({Pd[P-(o-Tol)3]2} or {Pd(μ-Br) [P-(o-Tol)3]}2), suggest-
ing that these could be explained by assuming that the cyclometallated moiety of 1
is retained throughout the catalytic process, undergoing reversible reduction to the
anionic σ-aryl Pd(0) complex 4 [24]. Later studies by Jutand led to the conclusion
that, although a highly reactive species, thought to be 4, can be generated by
electrochemical reduction of 1, this is not involved in catalysis. The true active
species is a conventional Pd(0) complex, 5, arising from 1 by reductive coupling of
the cyclometallated phosphine and acetate ligand, as shown in Scheme 2.2 [25].
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Scheme 2.2 Reversible reduction of metallacycle 1-OAc to Pd(0).

Compared to simple palladacycles, pincer complexes such as 2 and 3 are much
more likely to participate directly in catalytic processes [11], not only because of
their higher thermal stability but also because the rigid metal-pincer framework is
more fit to resist oxidative addition or other redox changes without collapsing [26].
This is the origin of the intense debate regarding the true nature of the catalytic
species involved in reactions catalyzed by pincer complexes. However, as discussed
later in this chapter, the high temperatures often required to carry out catalytic
reactions with pincer complexes is probably needed to induce their degradation into
catalytically active ligand-free species. On the other hand, there are also cases in
which the evidence points to pincer complexes themselves as molecular catalysts.

This chapter will discuss the ability of pincer complexes of Ni and Pd to catalyze
reactions undergoing redox changes without losing their structural integrity. It
is worth mentioning here that the term pincer is usually applied to almost any
tridentate ligand enforcing mer-coordination [27]. In principle, electrically neutral
tridentate ligands can stabilize complexes with the metal center in both zero and
divalent oxidation states, and therefore they pose no particular difficulties to normal
M(0)/M(II) cycles. However, our focus will be on complexes containing anionic
pincer ligands that bind to the metal through at least one non-dative metal–ligand
bond (e.g., σ M–C or M–N bonds), because these are much less prone to forming
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M(0) complexes, favoring the emergence of nonconventional mechanisms
involving less usual oxidation states. In order to provide a background for the topic,
the first part of the chapter will summarize relevant aspects of the chemistry of
group 10 elements containing anionic pincer ligand complexes in oxidation states
above or below the usual divalent state. The ensuing sections will deal with catalytic
reactions involving redox changes in the metal-pincer framework, which includes
the Kharasch and Heck reactions and other C–C and C–X bond formation
processes. Rather than providing an exhaustive review of these processes ([10–18]
are excellent accounts in this regard), our interest will be directed to mechanistic
issues, but emphasizing their implications for their application in synthesis.

2.2
Pincer Complexes of Ni, Pd, and Pt in Oxidation States Different from II

One of the most useful properties of pincer ligands is their capacity to stabilize
compounds that otherwise would be reactive intermediates (e.g., complexes in
unusual oxidation states), allowing the study of their properties. Organometallic
derivatives of Pd in its higher oxidation state, although considerably more labile
than the analogous Pt(IV) complexes [28, 29], are stabilized by pincer ligands
containing hard donor sets [30]. Although a few Ni(IV) organometallic derivatives
have been isolated an characterized [31], this oxidation state has only marginal
importance in the chemistry of the lighter of the group 10 elements. In contrast,
the existence of organometallic nickel species in intermediate oxidation states I and
III has been suspected since the early days of Tsou and Kochi’s studies [32] on the
mechanism of the oxidative addition of aryl halides to Ni(0). As discussed later in
this section, isolation and characterization of stable Ni(I) and Ni(III) organometallic
compounds was made possible by the use of suitable pincer ligands.

2.2.1
Complexes in the Higher Oxidation States (III, IV)

In the last two decades of the past century, studies by van Koten’s group [26,
33] on the complexes of the group 10 elements with NCN pincer ligands led
to the isolation of unusual high-valent organometallic complexes. As expected,
the stability of the +IV oxidation state increases when descending in the group.
Thus, trichloro- and tribromoplatinum(IV) pincer complexes were obtained as
thermally very stable orange-red diamagnetic compounds when the corresponding
Pt(II) precursors [(NCN)Pt-X], 6, were treated with chlorine, bromine, or the
corresponding Cu(II) halides [34], and similar Pt(IV) carboxylates were obtained
by oxidative addition of acid anhydrides [35] (Eq. (2.1)). Several Pd(IV) complexes
containing nonsymmetrical anionic pincer ligands featuring NNC [36], ONC [37,
38], and NNC [39] donor sets have been prepared by oxidative addition of halogens
to the corresponding Pd(II) precursors, some of them stable enough to allow
structural characterization. However, similar reactions have not been reported for
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the corresponding palladium(II) NCN complexes (8). Iodonium(III) salts provide
a more successful route to the corresponding Pd(IV) derivatives. Thus, Pd(IV)
chloride complexes have been prepared using PhICl2 [40], and although Canty
and van Koten [35] mention that Pd(II) carboxylates [(NCN)PdOCOPh] are not
nucleophilic enough to react with benzoic anhydride, Szabó [41] reported that
the Pd(IV) acetate complex 9 is formed when the corresponding Pd(II) precursor
reacts with PhI(OAc)2 (Eq. (2.2)). Different from their robust Pt(IV) analogs, Pd(IV)
derivatives with NCN pincer ligands exhibit only moderate stabilities, decomposing
in solution at room temperature.
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In contrast to the analogous pincer complexes of Pd or Pt, oxidation of nickel
derivatives 10 with X2 or CuX2 (X=Cl, Br, I) stops at the trivalent state, affording
dihalides 11 as very dark colored, air-stable crystalline solids (Eq. (2.3)) [42]. The
solid-state structure of the iodide and bromide derivatives shows a pentacoordi-
nated Ni center in a square-pyramidal coordination, with one of the halide ligands
in the apical position [42, 43]. Their magnetic moments and electron paramag-
netic resonance (EPR) spectra are consistent with low-spin d7 configurations, the
unpaired electron occupying the dz2 orbital [44]. These complexes undergo clean
substitution of the X− ligands with silver salts. Ni(III) nitrato, nitrito, and isoth-
iocyanate derivatives were prepared in this way [45]. Electrochemical studies have
shown that one-electron oxidation of pincer derivatives of type 10 is easier than for
most other Ni(II) complexes (at about 9.2–0.8 V vs Ag/AgCl). Oxidation potentials
are sensitive to the nature of the anionic ligand X and to the substituents in the
ring of the pincer ligand. A good correlation was found between the oxidation
potentials and the Hammett parameter 𝜎p of the ring substituents [46]. In favorable
cases, such as that shown in Eq. (2.4), the oxidation of the Ni(II) complex can
be quantitatively carried out with CCl4 [47]. The byproduct of this reaction is a
trichloromethyl radical (∙CCl3), which decays forming hexachloroethane. This is
closely related to the ability of Ni pincer complexes to catalyze atom-transfer radical
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addition (ATRA) reactions, see Section 2.3.1.
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The reactivity of NCN complexes of Ni, Pd, and Pt toward I2 provides a significant
illustration of redox trends in the organometallic chemistry of group 10 elements.
As mentioned, Ni(II) complexes are readily oxidized to Ni(III) by Cl2, Br2, and I2,
while Cl2 or Br2 oxidize Pt(II) NCN complexes to Pt(IV). However, I2 reacts with
the iodide complex 6-I (from now on, the number given to pincer complexes will
refer to their general type, and the anionic ligand will be added to the number
to distinguish between specific complexes), giving rise to a charge-transfer adduct
12, without altering the formal oxidation state of platinum [48, 49]. The bonding
in this complex arises from the overlap of a metal filled dz2 and the I2 empty σ*
orbitals. As a consequence of the transfer of electron density into the σ* orbital,
the I–I bond (2.822 Å) is significantly weakened as compared to that in the free I2

molecule (2.715 Å). Remarkably, a Pt(IV) diiodide, 13, is obtained when I2 reacts
with [(NCN)Pt-Ph], probably because the increased electronic density in the Pt(II)
phenyl derivative allows for full electron transfer to the I2 molecule [50]. Treatment
of the NCN Pd(II) complex 8-I with iodine led to the isolation of crystals containing
two molecules of I2 per Pd atom. However, the crystal structure of this material
proved that I2 merely cocrystallizes without interacting with the Pd(II) complex [26,
51]. It appears paradoxical that, while both the Ni(II) and Pt(II) complexes react
with I2, the Pd(II) complex is unreactive. This indicates that, while its electron
density on the Pd(II) complex is not high enough to allow the formation of a stable
charge-transfer complex (similar to that formed with Pt), its partial oxidation to
Pd(III) is not thermodynamically favorable, as it is in the case of Ni.
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Pincer ligands containing soft donor atom sets (e.g., PCP) are less effective
in stabilizing high oxidation states than those based on hard donors (N, O). No
tetravalent Pt or Pd complexes with PCP pincer ligands have been reported so
far in the literature, but Zargarian has reported the isolation of a series of Ni(III)
complexes stabilized by PCP (14, 15) [52–54] and hybrid PCN [55] pincers (16) by
chemical oxidation of the corresponding Ni(II) precursors. The stability of Ni(III)
complexes is closely related to the electrochemically measured oxidation potential
of the Ni(II) complexes. Not surprisingly, these potentials are lower for PCN
derivatives than for pure PCP complexes. Oxidation potentials are controlled not
only by the nature of the donor atoms of the pincer ligand arms but also by their
substituents and by the anionic X ligand [56]. In other cases, the electronic structure
of the pincer framework plays a determinant role in the stabilization of the oxidized
complex. For example, spectroscopic and structural studies indicate that complex 17
is best described as a Ni(II) complex containing an oxidized PNP pincer ligand, and
therefore the redox reaction depicted in Eq. (2.5) is a ligand-centered process [57].
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Oxidative addition of alkyl halides to Pd(II) or Pt(II) complexes usually leads to
M(IV) complexes containing potentially reactive M–C bonds. In general, Pd(IV)
compounds containing more than one M–C bond exist only as transient reaction
intermediates, but pincer derivatives such as the one presented in Scheme 2.3
can be stable enough to allow spectroscopic detection [36]. In general, oxidative
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Scheme 2.3 Generation of a detectable Pd(IV) pincer complex containing multiple Pd-C
carbon bonds.
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Figure 2.1 Oxidative addition of alkyl halides to d8 metal centers.

addition of alkyl halides to square-planar d8 metal centers proceeds via an SN2
mechanism, as sketched in Figure 2.1 [28]. The primary product is an ion pair
which later recombines into a neutral 18-electron M(IV) complex. Evidence for this
type of mechanism has been found in the oxidative addition of methyl iodide to the
Pt derivative 6-OAc (Scheme 2.4) [35]. Monitoring the reaction at 0 ◦C reveals that
the initial product of the reaction is a 1 : 1 mixture of Pt(II) iodide 6-I and Pt(IV)
diacetate complex 19. It is believed that this mixture of products arises by the anion
exchange between the ion pair intermediate and the starting material (6-OAc).
At room temperature, 19 decomposes with C–O reductive coupling, affording
methyl acetate. The analogous reaction of Pd acetate complex 8-OAc with MeI takes
place at room temperature without detectable intermediates, directly yielding 8-I
and methyl acetate, but it is believed that it involves a similar oxidative addition
mechanism.
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M = Pd, 8-OAc

Scheme 2.4 Anion exchange involving M(IV) intermediates (M = Pt or Pd).

SN2 reactions are not favored on most types of unsaturated carbon centers,
and thus is not surprising that, until very recently, oxidative addition of C–X
bonds containing sp2- or sp-hybridized carbons to Pd(II) centers were virtually
unknown. Many reactions catalyzed by Pd pincer complexes are C–C couplings
involving oxidative addition of aryl or alkenyl halides, and thus it is not obvious that
these could take place through molecular mechanisms requiring Pd(II)/Pd(IV)
cycles. However, Vicente [58] has reported a case of oxidative addition of aryl
iodide to a Pd(II) complex containing a CNO pincer ligand (Scheme 2.5), which
demonstrates the feasibility of this kind of processes. In order to enable the
oxidative addition to proceed under mild conditions, it was forced to take place in
an intramolecular manner. The complex 20, containing a 2-iodobenzoate ligand,
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Scheme 2.5 Intramolecular oxidative addition of aryl iodide to a Pd(II) center.

was generated in situ from the corresponding acetate precursor. This compound
smoothly underwent oxidative addition of the C–I bond to afford a Pd(IV) product
22, which was isolated and characterized by X-ray diffraction. In solution, complex
22 exists in equilibrium with small amounts of 20, indicating that the iodoarene
oxidative addition is a reversible process. Below −20 ◦C, the NMR signals of 22
split into two sets corresponding to the geometric isomers 22a (the one present
in the X-ray structure) and 22b. Presumably, rapid isomeric exchange takes place
through an undetected intermediate 21, resulting from the dissociation of the
weakly coordinated OMe side arm. Very likely, the hemilabile behavior of the
pincer ligand is important in facilitating the oxidative addition reaction, and 21 is
also an intermediate in the C-I activation pathway.

M
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NMe2

OAc M

N

N

X′

X

C

C
R

IPh(C CR)(OTf)

−PhI

M = Pt, 6-OAc

Pd, 8-OAc

23 M = Pd, Pt;

X, X′ = OAc, OTf (2.6)

As previously mentioned, oxidative addition of iodonium compounds to Pd(II)
or Pt(II) centers provides one of the most effective pathways to M(IV) compounds.
Canty [59] applied this method to the synthesis of Pt and Pd(IV) alkynyl derivatives
23 (Eq. (2.6)). To avoid decomposition of the unstable Pd(IV) complex, the reaction
of the Pd(II) complex 6 with the iodonium reagent needs to be carried out at
low temperature over a long period (−80 ◦C/1 week). Szabó [60] has carried out
density functional theory (DFT) calculations to model the addition of alkynyl- and
aryliodonium compounds to the Pd pincer complex, and compared these processes
with the oxidative addition of aryl iodides (Figure 2.2). Both alkynyl and aryl transfer
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from iodine (III) to Pd(II) are exothermic, but it is more favorable in the former
case. In addition, the activation barrier is lower for alkynyl than for aryl groups
(15.2 and 28.1 kcal mol–1, respectively). The favorable conditions predicted for the
oxidative addition of alkynyliodonium reagents reproduce Canty’s experimental
results. In contrast, the oxidative addition of PhI to the Pd(II) complex was found to
be endothermic by 24.9 kcal mol–1, though the energy barrier is only 5.5 kcal mol–1

higher than that for the phenyl transfer from diphenyliodonium(III) triflate (33.6 vs
28.1 kcal mol–1). In the transition state for oxidative addition of iodonium reagents,
only the I-bound carbon atom of the iodonium reagent interacts with the Pd atom.
This interaction arises from the overlapping of a metal-filled d orbital with a low-
energy empty σ* orbital of the iodonium molecule, and is therefore reminiscent
of the Pd–I2 complex 12. Therefore, this type of oxidative addition can be seen
as a nucleophilic attack of the Pd(II) center on the carbon atom. In contrast, the
transition state for the addition of aryl iodide contains a side-on interaction of the
C–I bond with the Pd center that resembles that of the addition of aryl halides
to Pd(0) [61]. The reversal of the Ar–I addition (i.e., reductive elimination of PhI)
has a very low energy barrier of only 8.7 kcal mol–1 (=33.6− 24.9 see Figure 2.2),
meaning that, in line with Vicente’s observations, oxidative addition of haloarenes
to Pd(II) is reversible. The aryl-Pd(IV) NCN pincer complex cannot be obtained by
direct oxidative addition of aryl iodide because the thermodynamic balance favors
the Pd(II) complex. It is worth remarking that the favorable thermodynamics
associated with the oxidative addition of hypervalent iodonium compounds is due
to the high energy of this type of reagents.

Although the existence of Pd(IV) species stabilized by PCP ligands remains still
to be authenticated, Frech and Blacque [62, 63] used DFT methods to study the
oxidative addition of Ph–Br to Pd(II) in the context of a mechanistic investigation
of the Heck reaction catalyzed by [(PCP)Pd] complexes. They found that the
process is highly endothermic and, in contrast to Szabó’s calculation with NCN
derivatives, direct addition of PhBr to [(PCP)Pd–Cl] has a prohibitively high energy
barrier (>60 kcal mol–1). However, oxidative addition becomes less difficult when
it is preceded by the dissociation of the chloride ligand from the Pd(II) complex
(Figure 2.3). This process is still endothermic, but the energy barrier for the
concerted addition of the C–Br bond to the T-shaped [(PCP)Pd]+ cation is only
20 kcal mol–1. Since halide dissociation is favored by the polar solvents and the high
temperatures used in the experimental setup of the Heck reaction, the authors
concluded that mechanism involving a Pd(II)/Pd(IV) cycle could be thermally
accessible. However, the unfavorable thermodynamic balance of oxidative addition
would make the detection of Pd(IV) intermediates very difficult or impossible.

Reductive elimination reactions are responsible for the final C–C/C–X bond
formation step in catalytic processes. In principle, C-bound or any other anionic
pincer ligands could engage in reductive coupling reactions, bringing about the
decomposition of the pincer complex. In order to enable catalysis by such com-
plexes, it is mandatory to avoid reductive elimination reactions involving the pincer
ligand itself. Fortunately, this seems to be usually the case. For example, reductive
elimination of ethane from the Pd(IV) pincer complex 18 (Scheme 2.3) is preferred
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Figure 2.3 Computational energy profile for the oxidative addition of bromobenzene to a
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over coupling of the benzyl group of the pincer ligand and one of the methyl groups
[36]. Another representative case is given in Scheme 2.4, where an unusual C–O
bond formation is favored over coupling of the methyl group with the aryl group
of the NCN ligand, which would be a more common type of reductive elimination
[35]. The symmetrical configuration of NCN, PCP and related pincer ligands prob-
ably contributes, to preventing its participation in reductive coupling processes.
However, the role of these aryl-based pincers in reductive elimination processes
might be not as passive as it appears. van Koten [64] showed that oxidative addition
of methyl iodide to cationic Pt(II) complexes is followed by migration of the alkyl
group to the ipso carbon atom of the NCN ligand, affording stable complexes of
type 25, whose peculiar structure has been compared with the Wheland arenium
intermediate of electrophilic substitution reactions (Scheme 2.6). Actually, the alkyl
group can shift reversibly between the metal center and the aryl position [65]. The
relative stabilities of Pt(IV) alkyls and Pt(II) ‘‘arenium’’ complexes are dictated by
the other ligands present in the coordination sphere. Therefore, alkyl migration to
the aryl ring does not involve the irreversible destruction of the pincer framework,
and Pt(II) ‘‘arenium’’ complexes could be seen as a stabilized form of the Pt(IV)
species [66]. Since cationic intermediates analogous to 24 have been proposed to
participate in the oxidative addition of aryl halides to Pd(II) pincer complexes (see
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Scheme 2.6 Formation of arenium-type Pt pincer complexes.
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Figure 2.3) [62, 63], it is conceivable that the corresponding Pd–arenium complexes
might also play some role in catalytic processes.

The overall outcome of reactions involving consecutive oxidative addi-
tion/reductive elimination, such as those represented in Schemes 2.4 and 2.6,
is the exchange of groups between the pincer complex and the electrophile,
as indicated in Eq. (2.7). These exchange reactions are rather common in the
chemistry of nickel [54, 67–71] and palladium [13, 59, 72–74] pincer complexes,
although they usually proceed without any detectable intermediates and do not
necessarily involve a formal oxidative addition process. For example, Milstein [75]
reported that the reaction of the PCP complex 2-Ph with alkyl or aryl halides (R–I)
proceeds in a nonselective manner, affording a mixture of coupling (Ph–R) and
homocoupling products (Ph–Ph, R–R, sometimes in near-statistical ratio), and
proposed that these are formed by the coupling of free radicals generated via an
electron-transfer mechanism [75]. This redox mechanism is also well established
for Ni complexes, as discussed in more detail in Section 2.3.3.

Z M

L

L

Y + Z M

L

L

XAr–X + Ar–Y

(2.7)

2.2.2
Reduced Complexes of Ni, Pd, and Pt with Pincer Ligands

As discussed in Section 2.1, one of the main difficulties in providing a satisfactory
explanation for the catalytic activity of anionic pincer ligands is their low capacity
to support group 10 M(0) complexes, an essential part of many catalytic cycles.
Leaving aside the fact that σ-carbon bonds are unusual among M(0) complexes of
Ni, Pd, or Pt (except for carbene or carbonyl ligands), the geometric environment
provided by pincer ligands is poorly adapted to the tetrahedral or trigonal con-
figurations preferred by these d10 centers. In many cases, the catalytic properties
of pincer complexes involve destructive reduction processes leading to ligand-free
metal nanoparticles or colloids [12, 76]. The precise mechanisms responsible for to
the breakdown of the metal-pincer framework are poorly understood, in general.
Amines, sometimes added to the catalytic system as bases, induce the decomposi-
tion of palladium complexes with PCP or SCS ligands [77]. It has been suggested
that the amine displaces one or both of the donor side arms of the pincer, and then
undergoes β-hydrogen elimination. The ensuing decomposition process follows a
sequence of reactions analogous to that described by Louie and Hartwig [23] for pal-
ladacycles. It has been recently shown that alcohols cleave the cyclometallated unit
of very stable Pd PCP pincer complexes under mild conditions, affording a well-
defined molecular Pd(0) complex 26 [78]. The reaction involves the intermediacy of
an alkoxide species that decomposes by β-hydrogen elimination. The C–H coupling
of the hydride and PCP ligands is an alcohol-induced reductive coupling that does
not require dissociation of the very stable Pd–P interactions (Scheme 2.7) [78, 79].

Group 10 metal complexes with anionic pincer ligands can also undergo reduc-
tion reactions without losing the integrity of the metal–ligand framework. One of
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the first examples of this type of processes dates back to 1992, when it was reported
that complex 27 undergoes one-electron reversible electrochemical reduction [80].
The EPR signal of the reduced species exhibits hyperfine coupling to two phospho-
rus atoms, and its g value (2.0044) suggests that the unpaired electron is located in
the ligand rather than in the metal center.
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In recent years, a number of low-valent group 10 complexes with anionic pincer
ligands have been isolated and characterized. Milstein investigated the chemical
reduction of palladium [81] and platinum [82] complexes with PCP ligands with
sodium (Scheme 2.8). The Pd-pincer framework of complex 2 does not resist
reduction and collapses, giving rise to the unusual binuclear complex 29. In this
compound, both PCP ligands are covalently bound to one of the Pd atoms, which
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remains in the divalent state. The second metal center is reduced to Pd(0) and
coordinates to one phosphine arm from each pincer unit. In contrast, the reduction
of Pt complex 28 (containing a bulkier PCP ligand) afforded what is believed to be a
genuine Pt(0) pincer complex (30) on the basis of spectroscopic data. Interestingly,
both 29 and 30 are re-oxidized to the corresponding pincer M(II) precursors with
one-electron oxidants (Ag+ for M=Pd and ferricinium for Pt). The oxidation
can also be carried out with benzyl chloride, producing bibenzyl as the organic
byproduct. In addition, complex 29 reacts similarly with PhI to give 2 and biphenyl.

PNP ligands of the type N,N-bis(2-phosphinophenyl)amido can stabilize the
monovalent state in both nickel and palladium complexes (Scheme 2.9). In 2007,
Ozerov and Mindiola [83] reported that, upon irradiation with UV light, the ethyl
Pd-complexes undergo Pd–C homolysis to afford binuclear Pd(I) complexes 31,
and shortly afterward Mindiola [84] described a Ni(I) derivative with the same
kind of ligand, 32, prepared by chemical reduction of the corresponding Ni(II)
halocomplex with KC8. Although both compounds, 31 and 32, correspond to the
general formula [(PNP)M]2, their structures are very different. The palladium
derivative is diamagnetic and its molecule is formed by two [(PNP)M] units singly
bridged by a Pd–Pd bond. In the nickel complex, the PNP ligands are coordinate
not in the usual pincer mode but bridge both nickel centers through the amido N
atoms and donating one P unit to each metal atom. The complex is paramagnetic
with a triplet ground state, consistent with the absence of a metal–metal bond. In
spite of their structural differences, the reactivities of 31 and 32 exhibit remarkable
analogies. Both undergo clean oxidative addition of small molecules containing
X–H bonds (H2, H2O, or even NH3 in the case of 31) to afford 1 : 1 mixtures of the
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corresponding [(PNP)M–H] and [(PNP)M–X] products. This similarity stems from
their tendency to reversibly dissociate into reactive monomeric units. The actual
occurrence of such equilibrium is supported by the slow formation of a mixed
ligand species [(PNP)Pd–Pd(PNP)′] when two homobinuclear Pd complexes
containing different substituents in the PNP ligands are combined in solution
and by measurements of the magnetic moment and cryoscopic molecular weight
for the Ni complex. In addition, the nickel monomer can be trapped by reaction
with N2CPh2 affording 33, a monomeric species containing a tricoordinated
Ni(I) center. A further example of monomeric Ni(I) ‘‘T-shaped’’ complex of the
type [(PNP)Ni] was synthesized by Caulton by reduction of a Ni(II) precursor
[(PNP)NiCl] with magnesium powder. It reacts with CO reversibly to afford a
weakly bound carbonyl complex with a distorted square-planar structure [85].

The generation of the reduced species 29–32 requires very strong reducing
conditions; therefore it is not obvious that such type of compounds can arise as
intermediates in a catalytic process. However, Gade [86] has recently shown that
a pyrrole-based PNP ligand reacts smoothly with Ni(cod)2 (cod, cyclooctadiene) to
afford a stable Ni(I) complex 34 (Scheme 2.10). This reaction presumably involves
the intermediacy of an unstable hydride [(PNP)Ni–H]. When this hydride is gener-
ated by treating a Ni(II) iodide precursor with superhydride at low temperature, it
spontaneously loses H2 to afford 34. Conversely, 34 is cleanly oxidized to the iodide
precursor, demonstrating the chemical reversibility of this redox system.
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Scheme 2.10 Generation of a Ni(I) complex containinga pyrrole-based PNP ligand.

2.3
Catalytic Reactions Involving Redox Processes in the Pincer-Metal Framework

2.3.1
Atom-Transfer Radical Addition (ATRA) and Polymerization Reactions (ATRP)

One of the earliest applications of pincer complexes in catalysis is the ATRA of
polyhaloalkanes (mainly CCl4, but also CBr4 or CF3CCl3) to alkenes, also known
as the Kharasch reaction (Eq. (2.8)) [33, 87]. Nickel complexes of type 10 (containing
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NCN ligands) are among the most active catalysts for this type of reactions,
operating at very mild temperatures (30 ◦C) [88, 89]. In contrast, the analogous Pd
and Pt complexes are inactive for this type of process [89]. The outcome of the
reaction depends on the ratio of the reagents, olefin and CCl4. When this is close
to 1, the only observed product is the 1 : 1 Kharasch adduct (as shown in Eq. (2.8)).
These reactions are very clean, and no sign of polymers or telomers is detected.
However, when the concentration of CCl4 is much lower than that of the olefin,
living atom-transfer radical polymerization (ATRP) of the latter takes place [90].

Ni

N

N

X

10CO2Me
+ Y —CX3

X = Y = Cl, Br

X = F, Y = CCl3

CO2Me

Y
X3C

X = Y = Cl, Br

X = F, Y = Cl (2.8)

It is believed that complexes of type 10 catalyze the Kharasch addition of CCl4 to
olefins through the mechanism outlined in Scheme 2.11 [91]. The process begins
with the reversible oxidation of the Ni pincer complex by CCl4, which produces
a stable Ni(III) complex 11 and a transient CCl3 radical. This is accomplished
by means of an inner-sphere electron transfer (i.e., involving prior coordination
of CCl4 to the metal center), followed by chlorine atom transfer to the metal.
Formation of 11 was confirmed by the EPR spectra of the reaction mixtures [91].
Next, the ∙CCl3 radical adds to the olefin, generating a second radical intermediate.
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Scheme 2.11 Mechanism of the Kharsch addition of CCl4 to olefins catalyzed by Ni NCN
complexes.
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This is probably the rate-determining step, as the overall reaction kinetics is of first
order on olefin. Rapid Cl atom delivery from the Ni(III) complex to the organic
radical terminates the process, affording the Kharasch addition product. This step
is analogous to the initial oxidation of 10 by CCl4, except that it proceeds in the
reverse direction. The ∙CCl3 remains linked to the nickel(III) center during its short
lifetime, in the sense that reversible electron transfer is much more rapid than the
subsequent radical addition step. This explains why the reaction is not inhibited
by free-radical traps such as Galvinoxyl and no cross-products are detected when a
mixture of CCl4 and CBr4 is used [88]. When the CCl4 concentration falls very low,
ATRP is triggered by successive radical additions to the olefin.

The catalytic activity of the Ni pincer complexes is linked to their unusually low
oxidation potential. For a series of complexes containing different electron-donor
or electron-withdrawing substituents, it has been shown that the catalytic activity
is proportional to the oxidation potential of the complexes [46]. However, if the
oxidation potential falls too low, free radicals can escape the metal complex, and
irreversible oxidation of the Ni(II) complex to Ni(III) takes place rendering the
system inactive. This was also found to occur when the catalyst is immobilized
on a dendrimer, as closely packed [(NCN)Ni] units can easily interact with one
another, lowering the oxidation potential (dendritic effect) [47]. Gradual radical decay
is unavoidable during the ATRP, which gradually causes full oxidation of Ni(II)
to Ni(III) complex with the concomitant loss of catalytic activity [90]. However,
Zargarian [52, 53] has shown that Ni(III) complexes stabilized with PCP or PCN
pincer ligands 14–16 are as active in the Kharsch addition reaction as their
corresponding Ni(II) precursors. This might point to a somewhat different radical
addition mechanism, or perhaps to the existence of a parallel redox process that
allows the conversion of Ni(III) into Ni(II) complexes.

2.3.2
The Heck Reaction

The Heck reaction (Eq. (2.9)) is one of the most important processes catalyzed by
palladium compounds. Nearly all sources of Pd catalyze this reaction, although
their efficacy can vary widely. Thus, it is not surprising that the Heck reaction
has become a benchmark proof for the catalytic ability of palladium complexes
[9]. Many types of complexes with PCP [13, 62, 76, 77, 92–97], SCS [97–103],
PNP [104], and other pincer systems [105, 106] have been shown to catalyze
the Heck reaction. In general, they require very high temperatures (typically
140 ◦C) and polar solvents (e.g., NMP (N-methylpyrrolidone), dimethylformamide
(DMF), or dioxane). Optimum conversion is favored by the use of inorganic bases
(Na2CO3, NaHCO)3, but amines have also been employed. Mechanistic work has
demonstrated that most Pd complexes, including palladacycles and, probably, most
Pd pincer complexes, behave as precursors of nanoparticles or other ligand-free
species that are the true catalysts, especially for the conversion the less reactive
aryl bromides or chlorides [107, 108]. However, prompted by the special stability of
pincer complexes, several authors have suggested that Pd pincer complexes could
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act directly as molecular catalysts, as discussed below.
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As mentioned in Section 2.1, Milstein described in 1997 [13] the first examples
of Heck reactions catalyzed by Pd pincer complexes, 2-TFA or 3-TFA( TFA, trifluo-
roacetate). These are very active for the arylation of olefins (alkyl acrylates, styrene)
with PhI, achieving TONs as high as 5× 105 with PhI. They are somewhat less
active with PhBr and essentially inactive with PhCl. 3-TFA is appreciably more
active than 2-TFA. Neither of these complexes showed signs of decomposition at
the temperatures used for the catalytic reaction (140 ◦C in NMP), which suggested
that they could be directly involved in the catalytic process. However, the possible
intermediacy of the phenyl (2-Ph) or the hydride (2-H) complexes was dismissed,
since it was independently shown that these compounds undergo exchange reac-
tions with iodobenzene affording biphenyl and benzene, which were not detected
among the products of the Heck reaction. In addition, it was also shown that 2-Ph
fails to react with methyl acrylate. These findings are incompatible with a classical
molecular mechanism involving a Pd(0)/Pd(II) cycle, and therefore an alternative
mechanism involving a Pd(II)/Pd(IV) cycle was suggested, without commenting
on the proposal in detail.

Another argument in favor of the direct involvement of molecular Pd complexes
in the Heck reaction is the significant influence of the structure of the pincer
ligand on the performance of catalysts. Milstein already pointed out that the higher
activity of 3-TFA as compared to 2-TFA could be due to the higher electron density
induced on the Pd center by the stronger σ-electron donor sp3C donor center.
Wendt [95] provided a better assessment of this effect by comparing 2-TFA with
a structurally more similar complex containing an sp3C-bound pincer ligand, 35,
which also proved appreciably more active than 2-TFA. Shibasaki [92] developed
the POCOP catalyst 36, which improves upon the mark of Milstein’s PCP catalysts,
attaining nearly full conversion for the PhI/n-butylacrylate coupling at Pd loadings
of 1 ppm (i.e., TON≈ 106). Aryl chloride conversion was achieved by a closely related



50 2 The Role of Redox Processes in Reactions Catalyzed by Nickel and Palladium Pincer Complexes

POCOP catalyst, 37, reported by Jensen [93]. Complex 37 is also more selective
than conventional catalysts for the synthesis of trisubstituted olefins, which was
also attributed to differences in the nature of the catalytically active species [94].
In the same vein, Bergbreiter showed that the closely related POCOP complex
38 does not catalyze the intramolecular Heck coupling of a substrate containing
a diene functionality, while the intended transformation was performed by a
conventional Pd(OAc)2/PPh3 catalyst. Furthermore, the diene acts as a poison for
38, suppressing its catalytic activity with regular olefinic substrates [99]. However,
as Beletskaya [11] pointed out, comparing the performances of 38 and palladium
acetate is not straightforward since the latter operates at a much higher Pd loading
and requires the presence of an excess of PPh3, which may have an important
effect in preventing the catalyst deactivation.

Two hypothetical mechanisms have been proposed to explain the Heck reaction
on the basis of Pd(II)/Pd(IV) cycles (Scheme 2.12). As discussed in Section 2.2.1,
oxidative addition of aryl halides to Pd(II) precursors is both kinetically and
thermodynamically difficult. The Pd(II)/Pd(IV) mechanism proposed by Shaw for
the Heck reaction (Scheme 2.1) tried to elude this problem by postulating the
intermediacy of anionic Pd(II) complexes with increased nucleophilicity, but it is
not evident how this mechanism could be adapted to complexes containing PCP or
related pincer ligands. With this problem in mind, Jensen [93] made an alternative
proposal (Scheme 2.12a), which starts with the oxidative addition of a C–H bond of
the olefin to the Pd(II) pincer complex to afford a Pd(IV) vinyl-hydride intermediate.
This idea was inspired by a similar reaction observed with an isostructural Ir(I)
PCP complex, but such C–H bond activations are unusual in palladium chemistry.
A theoretical analysis by Frech [63] ruled out such possibility, leading instead
to the alternative Pd(II)/Pd(IV) cycle depicted in Scheme 2.12b. A key element
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of the latter mechanism is the generation of T-shaped cations [(PCP)Pd]+ by
electrolytic dissociation from the electrically neutral precursor, favored by the
typical reaction conditions (i.e., polar solvents and high temperatures) commonly
used for this type of catalysis. As already commented in Section 2.2.1 (Figure 2.3),
a moderate energy barrier, about 23 kcal mol–1, was calculated for the oxidative
addition of bromobenzene to the [(PCP)Pd]+ molecular fragment [62, 63]. The
barrier for the subsequent reaction of the resulting 16-electron Pd(IV) species
[(PCP)Pd(Br)(Ph)]+ with the olefin to give the corresponding 18-electron species
[(PCP)Pd(Br)(Ph)(η2-olefin)]+ is comparable to that of the preceding oxidative
addition, and the ensuing steps (including migratory insertion and β-hydrogen
elimination) are thermodynamically downhill.

Apart from intuitions based on experimental observations and support from
computational work, the arguments in favor of Pd(II)/Pd(IV) mechanisms in the
Heck reactions catalyzed by Pd pincer complexes are scarce. On the contrary, there
is conclusive evidence indicating that in many cases the actual catalytic species
results from the decomposition of pincer complexes [62, 76, 77, 97, 100, 101, 103].
This conclusion can probably be extended to all systems that achieve exceptionally
high TON numbers, such as 2 and 3, since the rate of the processes based on
Pd(II)/Pd(IV) cycles would be always limited by the low reactivity of Pd(II) toward
aryl halides. The observed influence of pincer ligands on the catalytic activity or the
ability to catalyze difficult couplings (e.g., with aryl chlorides) can be rationalized
on the basis of their ability to regulate the production of the actual catalytic species
[11, 12, 96]. This, however, does not prevent the possibility that, in some specific
cases, pincer complexes could act as true molecular catalysts for the Heck reaction
or other closely related processes. In recent years, a couple of examples have been
provided that demonstrate this possibility, as discussed below.

The facile intramolecular oxidative addition of aryl halide which leads to Pd(IV)
complex 22 (see Scheme 2.5) provided the basis for the development of a special type
of Pd(II)/Pd(IV) Heck reaction [58, 109]. Although 22 fails to react with methyl acry-
late at room temperature, an insertion reaction leading to the corresponding Heck
product takes place in the presence of AgClO4, which removes a iodide ligand gen-
erating the required coordination vacancy. Thus, complex 22 (10 mol%), or its Pd(II)
precursor 20, catalyzes a Heck-type coupling of 2-iodobenzoic acid with methyl
acrylate, driven by iodide precipitation with silver salts (Eq. (2.10)). The reaction
is completed within about 3.5 h at room temperature and, in contrast with the
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typical Heck process, does not require added bases. Standard poisoning tests ruled
out catalysis by palladium nanoparticles or other ligand-free palladium species. For
example, the catalytic process is not quenched by mercury (Hg : Pd= 4000 : 1) or by
0.5–1 equiv of CS2, PPh3, or thiophene. Significantly, a strong drop in the catalytic
activity was observed when the catalyst concentration was decreased from 10%
to 1%, which is in stark contrast to the characteristic increase of TON numbers
with dilution observed in reactions catalyzed by Pd nanoparticles. The proposed
reaction mechanism is shown in Scheme 2.13. NMR monitoring of the reaction
mixture showed that the catalyst remains mainly as a species identified as the
solvated pincer complex [(ONC)Pd⋅S]+, 39. The latter is gradually converted into
39′, a related cationic species arising from the hydrolysis of the ketal group of the
pincer ligand. It was shown that independently prepared 39 and 39′ are catalytically
competent in this reaction. Therefore, both of them can be considered as the
resting states of two independent catalytic systems, each of them based on its own
ONC pincer system. Oxidative addition of the C–I bond leads to the corresponding
Pd(IV) intermediate, which in the presence of AgClO4 reacts with the olefin with
consecutive insertion and β-hydrogen elimination to afford the organic product.
Although this variation of the Heck reaction is probably of little practical interest,
it represents the first authenticated example of a catalytic process involving aryl
halide addition to a Pd(II) center. It is interesting to recall here that the cationic
nature of the resting state is in good agreement with Frech’s calculations for the
PCP system, in the sense that the catalytic action of the pincer complex is facilitated
by loss of the halide ligand. Noteworthy, the ClO4

− counteranion employed in this
system has a critical role, and attempts to replace it by OTf− lead to a less stable
catalytic system that operates through nanoparticles (positive Hg test).

Replacing aryl halides for bis(aryl)iodonium salts, Szabó [110] has developed
another interesting variation of the Heck reaction that takes advantage of the
known ability of these reagents to oxidatively add to Pd(II) centers (Scheme 2.14).
The reaction is catalyzed by palladium acetate, or by pincer complexes with POCOP
(40) or NCN (8) ligands at mild temperature (50 ◦C), using NaHCO3 as a base.
The existence Pd(IV) intermediates is supported by negative mercury drop tests
(150 equiv Hg/Pd). 31P NMR spectra of reaction mixtures confirmed that the
metal-pincer molecular framework of 40 remains unaltered after the substrates
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Scheme 2.14 Redox Heck-type coupling of iodonium salts and alkenes.
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have been fully converted. The efficient conversion of functionalized substrates
such as allyl acetates or bromoaryliodonium reagents constitutes further evidence
in favor of a Pd(II)/Pd(IV) cycle, since their functional groups would react with Pd(0)
and are incompatible with a conventional Heck reaction. Apart from its mechanistic
interest, the conversion of such functional substrates exemplifies the potential of
Pd(IV)-based catalysis to expand the range of applications of Pd-catalyzed coupling
reactions in organic synthesis.

2.3.3
C–C Cross-Coupling Reactions

Nickel and palladium pincer complexes are largely complementary in their applica-
tions in cross-coupling reactions. Palladium derivatives, introduced first, typically
catalyze Suzuki, Stille, or Negishi reactions, involving sp2C–sp2C couplings of
aryl halides and aryl- or alkenyl-based soft nucleophiles, or Sonogashira couplings
of alkyl halides and alkynes (a sp2C–spC coupling) [14, 15]. Nickel pincer com-
plexes have found very interesting applications in Kumada-type reactions for the
formation of sp2C–sp3C or sp3C–sp3C bonds, which rely on Grignard reagents as
nucleophiles [17, 18].

As observed in Heck reactions, most C–C cross-couplings catalyzed by Pd
pincer complexes require high temperatures (>100 ◦C) and achieve very high
TON numbers at very low catalyst loads. This reaction profile suggests that also
in cross-coupling reactions Pd pincer complexes behave as precursors for metal
nanoparticles or other pincer ligand-free species. A typical example of this is
the Suzuki synthesis of biaryls catalyzed with the complex 40-TFA (see formula
in Scheme 2.14), reported by Bedford in 2000 [111], which achieves TONs up
to 2× 105 at 130 ◦C. Special pincer ligands with long [112] or hemilabile side
arms [113, 114], designed to decrease the thermal stability of their complexes,
give rise to Pd catalysts that operate at lower temperatures. In some of these
reactions, the formation of black Pd material can be observed visually [112]. In
some cases, the mercury drop and selective poisoning tests confirmed that either
metal nanoparticles [115] or soluble Pd(0) species [116] are responsible for the
observed catalytic activity. However, the results of such tests are not always clear-
cut and the possible contribution of the molecular pincer complex as catalyst
cannot be dismissed. Frech [117, 118], notes that the kinetics of Suzuki coupling
reactions catalyzed by PCP pincer complexes with phosphoramidito (-NPR2) arms
exhibit a sigmoidal form that is typical of the generation of Pd nanoparticles, but
the course of the reaction is not altered by Hg, nor is it improved by nanoparticle
promotors (tetrabutylammonium salts). Mechanistic tests also leave some room
for the contribution of molecular Pd catalysts in the case of the Suzuki coupling
of aryls catalyzed by pincer complexes 41 [72] and 35-TFA [74], reported by Frech
and Wendt, respectively. Formation of catalytically active nanoparticles has been
excluded in the case of 41, since this catalyst is not affected by small amounts of PPh3

or thiophene, and a nanoparticle stabilizer (tetrabutylammonium bromide) inhibits
rather than promotes the reaction. The activity of 35-TFA is only slightly affected
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by the presence of mercury, which suggests that neither nanoparticles nor soluble
Pd(0) species are involved in this case. With the chiral complex 42, Nishiyama
[119] provided a convincing argument for the involvement of the full metal-pincer
moiety in the catalysis. This complex catalyzes the Suzuki coupling of binaphthyls
with a significant enantiomeric excess (Eq. (2.11)), which is possible only if the
chiral ligand remains attached to the active species. Asymmetric induction is not
observed with related chiral Pd pincer complexes that presumably act as precursors
of ligand-free catalytic species [120].
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Nickel pincer complexes have been applied mainly in Kumada and less frequently
in Negishi-type cross-coupling reactions. Some derivatives containing carbon-
bound PCP [54, 121, 122] or PCN [123] pincers have been successfully tested
in Kumada biaryl synthesis, but amido-type anionic pincer ligands have been
more widely applied for this purpose (Eqs (2.12)–(2.14); FG = Functional Group).
Representative examples of this structural type are the PNP or PNN complexes
43 and 44, invented by Liang [124, 125], and the derivative 45, termed Nickamine
by Hu [17]. Other nickel catalysts containing exotic pincer ligands conformed by
a central amido moiety and different side arm donors have also been tested [126,
127]. Nickamine is a versatile catalyst for the cross-coupling of functionalized,
nonactivated haloalkanes [69, 128, 129] and polyhaloalkanes [68] with alkyl and
aryl Grignards (including Knochel-type functionalized reagents) [68, 69, 128–130],
as well as alkynylmagnesiums [131]. Nickel catalysts allow the presence hydrogen
atoms on the β positions of both the nucleophile and the electrophile. Significantly,
most cross-coupling reactions catalyzed with Ni-pincer complexes take place at
ambient temperature or below and are characterized by moderate TON numbers
that are compatible with molecular mechanisms. Decomposition of the pincer
framework appears less likely under such mild conditions, and in some cases
mercury drop tests have been used to confirm that metal nanoparticles are not
involved in these catalytic processes [130].
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Mechanistic proposals for cross-coupling reactions catalyzed by pincer ligands
encounter similar problems as those discussed for the Heck reaction in the
preceding section. For palladium complexes, the most obvious possibility is a
Pd(II)/Pd(IV) cycle. Frech has investigated the mechanism of Negishi cross-
coupling reactions catalyzed by the Pd-PCP complex 41 (Scheme 2.15). He found
that this compound catalyzes the coupling of aryl halides with arylzinc reagents
(Negishi coupling) but, surprisingly, is not active with Grignard reagents (Kumada
coupling). This compound reacts either with phenylmagnesium or diarylzinc
reagent to afford the phenylnickel complex 41-Ph. Treating the latter with an excess
of ZnCl2 leads back to 41, indicating that Pd/Zn transmetallation is a reversible
process. It was also shown that, under the reaction conditions (NMP, 100 ◦C), 41-Ph
reacts with a fivefold excess of aryl bromide (Br-Ar, Ar= p-bromoanisole), yielding
the coupling product Ar-Ph (dotted arrow). Although this result might suggest that
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Scheme 2.15 Mechanism of the Negishi reactions catalyzed by complex 41.
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41-Ph is an intermediate in the coupling reaction, this is ruled out because 41
would then be active in the Kumada coupling. On the basis of DFT calculations,
it was suggested that the Neguishi coupling reaction involves the Pd(II)/Pd(IV)
cycle shown in the right side of the scheme. As already mentioned in preceding
sections, calculations show that direct oxidative addition of aryl bromide to 16-
electron [(PCP)Pd-X] complexes, for example, 41 or 41-Ph, are thermodynamically
disfavored processes. However, the oxidative addition reaction would be less
endothermic for the cationic 14-electron intermediate [(PCP)Pd]+, arising from
halide dissociation from the initial Pd complex. The Pd(II)/Pd(IV) cycle would
be completed with consecutive arylation of the Pd(IV) by the organozinc reagent
and reductive elimination, which releases the cross-coupled product. These results
provide an explanation as to why 41 is active in the Negishi reaction but inactive in
the Kumada coupling. The difference lies in the reversibility of the reaction of 41
with organozinc compounds, in contrast to the irreversibility of the reaction with
Grignard reagents. The latter prevents the generation of significant amounts of the
key cationic species [(PCP)Pd]+, disabling the Pd(II)/Pd(IV) cycle. Significantly,
transmetallations from arylboronic acids [72, 74] and organostannanes [132] to
Pd pincer complexes have been shown to be reversible, which allows a similar
mechanism for Suzuki or Stille cross-coupling reactions.

One of the less obvious aspects of the preceding mechanism is the reason that
prevents complex 41-Ph in participating in the catalytic process, since it was shown
that this compound does in fact react with aryl halides affording the corresponding
biaryls and 41. Frech estimates that, if this reaction does actually take place under
the catalysis conditions, it would be responsible at best for a small part of the
total activity. The reaction of 41-Ph with aryl halides is an example of exchange
reactions, briefly mentioned in Section 2.2.1 (see Eq. (2.7)), that many pincer
complexes undergo with different types of electrophiles (including aryl halides) to
afford the corresponding cross-coupling products, usually with excellent selectivity
[72–74]. Combining this exchange reaction with a transmetallation step leads to the
alternative two-stage mechanism depicted in Scheme 2.16, which differs from that
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Scheme 2.16 Basic two-stage transmetallation/exchange mechanism for cross-coupling
reactions catalyzed by pincer complexes.
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shown in Scheme 2.15 in that the attack by the nucleophile precedes the reaction
with the electrophilic partner. This mechanism does not require the reversibility of
the transmetallation step, and for this reason is particularly well adapted to explain
the various types of Kumada couplings catalyzed by nickel pincer complexes. In
these reactions, the nickel catalyst rests as a σ-alkyl or aryl species [69, 130].
Noteworthy, Ni alkyl complexes supported by amido-type pincers are resistant to
β-hydrogen elimination, in good agreement with the ability of these compounds to
couple aliphatic Grignard reagents [125, 133, 134].

In most cases, both the transmetallation and the exchange processes are appar-
ently simple processes involving no detectable intermediates. However, while the
transmetallation step is mechanistically simple, the exchange reaction is complex
(in the sense that it comprises two or more elemental steps) and can proceed
through different mechanisms, summarized in the three main types shown in
Scheme 2.17. Path OA corresponds to the oxidative addition/reductive elimination
route, which finds some support in the Pd(IV) chemistry discussed in Section 2.2.1.
As previously discussed, direct oxidative addition of aryl or vinyl halides is, in gen-
eral, disfavored for most Pd(II) pincer complexes, but it can be feasible in specific
cases (see Section 2.2.1). This is likely to be the case in a Negishi cross-coupling
of aryl iodides catalyzed by an electron-rich Pd complex containing a dianionic
pincer ligand, described by Lei [135]. It has also been suggested that the exchange
step could take place without redox change on the metal center if it takes place
through a concerted route C, involving a four-membered cyclic transition state [73,
74]. Some reactions of Pd pincer ligands, such as exchange reactions of η1-allyl
complexes [(PCP)Pd–CH2CH=CH2] [136], or the hydrogenolysis of hydroxide or
alkoxides [(PCP)Pd–OR] to afford HOR and [(PCP)Pd–H] [79], might proceed
through non-redox mechanisms. However, these are special cases, because the
exchanged ligands (η1-allyl, alkoxo) have a special reactivity of their own, and no
mechanistic evidence has been provided in favor of this type of mechanisms when
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the exchange with electrophilic reagents involves simple σ-alkyl or aryl ligands, as
required by the two-stage mechanism shown in Scheme 2.16. Thus, the most likely
mechanism for these reactions is a free-radical process triggered by single-electron
transfer, designated SET in Scheme 2.17. Milstein [75] found that the reaction of
PCP palladium complex 2-Ph with methyl iodide or iodoarenes affords mixtures
of cross- and homocoupling products, and attributed this lack of selectivity to the
generation of free radicals through an SET mechanism. As discussed in Section
2.3.1, SET reactions have special relevance for the chemistry of Ni pincer com-
plexes. Zargarian [54] has shown that the ability of Ni complexes with PCP ligands
to catalyze Kumada cross-couplings reactions correlates with the Ni(II)/Ni(III)
oxidation potential of such complexes.

Hu [68, 128] has investigated the exchange of the Nickamine derivatives 45-Me
and 45-Et with alkyl halides. These reactions afford the corresponding coupled
products R-Me or R-Et. Chloroform and dichloromethane react with remarkable
selectivity with 45-Me, yielding isobutene and propane, respectively [68]. As expected
for a radical mechanism, the rate of these reactions decreases in the presence
of 2,2,6,6-tetramethylpiperidin-1-yl)oxy (TEMPO), a radical trap. Furthermore,
treatment of 45-Me with bromomethylcyclopropane, a well-known radical probe,
yields the rearranged open-chain product 1-pentene (Eq. (2.15)). The high selectivity
of these coupling reactions suggests that the radical pair formed in the SET
reaction collapses into a high-valent (formally a Ni(IV)) species, which decomposes
by reductive elimination. This leads to the catalytic cycle shown in Scheme 2.18
for the Kumada reaction. Accordingly, when 45 catalyzes Kumada coupling of
bromomethylcyclopentane with Grignard reagents, the corresponding open-chain
olefin products are obtained. However, if similar experiments are carried out
with 5-bromo-1-pentene (another radical probe that cyclizes to afford cyclopentyl
products), mainly ‘‘normal’’ products, instead of the expected products with a cyclic
structure (non-transposed linear olefins) were obtained (Eqs (2.16) and (2.17)).
Cyclopropymethyl and 1-pentenyl radicals are ‘‘radical clocks’’ with characteristic
rearrangement rate constants of 108 and 105 s−1, respectively. Hence, the capture
of the free radical by the Ni(III) intermediate complex must be slower than the
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Scheme 2.18 Catalytic cycle for the Kumada reaction catalyzed by Nickamine (compound
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rearrangement of the cyclopropylmethyl radical but faster than that the cyclication
of 1-pentenyl to cyclopentyl, which effectively prevents the latter process from
taking place.
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BrNiNMe
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Very recently, Hu [129] has shown that cross-coupling reactions of alicyclic
alkyl halides with Grignard reagents catalyzed with nickel catalysts exhibit a
remarkable diastereoselectivity which depends markedly on the structure of the
catalyst. Nickamine (45) has better performance than a second catalyst, 46 bearing
a bidentate amino-amido ligand. The influence of the catalyst structure suggests
that the diastereoselectivity of the reaction originates in the coordination sphere of
the metal, that is, after capture of the radical by the transient Ni(III) intermediate
has taken place, as shown in Scheme 2.19.

The Nickamine catalyst alone does not catalyze the coupling of aromatic
Grignard reagents with alkyl halides, but becomes active in the presence of
polydentate nitrogen bases (e.g., tetramethylethylenediamine or bis[2-(N,N-
dimethylaminoethyl)]ether) [130]. Bidentate base auxiliaries were also found to
be effective for the coupling of alkyl halides with alkynyl Grignards [131]. The
cause of the lack of activity of Nickamine with aryl Grignards can be traced to the
failure of arylnickel derivatives such as 45-Ph to undergo exchange reactions with
alkyl halides [69]. Electrochemical studies show that one-electron oxidation of alkyl
complexes (e.g., 45-Me) takes place more readily than that of 45-Ph, which may be
the cause of the lower reactivity of the latter. It is likely that the role of the nitrogen
base is to enhance the nucleophilicity of the Grignard reagent by chelating the
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Scheme 2.19 Diastereoselective Kumada couplings catalyzed by complexes 45 and 46.

magnesium atom. This would enable the formation of small amounts of an
electron-rich anionic species [(NNN)NiR2]− (R= aryl or alkynyl) which can be
more readily oxidized by the alkyl halide. The anionic intermediate has not been
detected by NMR, which indicates that its formation is thermodynamically uphill.
Liang [125] found a similar situation in a Kumada biaryl synthesis catalyzed by a
Ni complex with a hybrid PNN pincer ligand.

Although neutral pincer ligands are outside the scope of this chapter, a brief
reference to terpyridine nickel catalysts studied by Vicic [137–139] in necessary in
closing this section. The author reported that terpyridine monomethylnickel com-
plexes 47, formally Ni(I) complexes, are competent catalysts for the Kumada-type
coupling of alkyl halides and alkyl Grignard reagents. Mechanistic investigations
led to the original mechanistic proposal shown in Scheme 2.19, which was later
adapted to the Nickamine catalyst, 45 [138]. Since the apparent oxidation state of
Ni in 47 is +I and +II in 45, the oxidations states of the successive intermediates
[(NNN)Ni(R2)(X)] and [(NNN)Ni(R2)(R1)(X)] are, respectively, +II and +III for the
terpyridine system and +III and +IV for Nickamine-based intermediates. Appar-
ently, the redox sequence fits better the known organometallic chemistry of Ni for
47 than for Nickamine. However, a detailed analysis of the electronic structure of
47 revealed that this type of compounds should be regarded as Ni(II) complexes
containing a radical-anion terpy ligand rather than genuine Ni(I) complexes [139].
Other nitrogen ligands used in Ni-catalyzed cross-coupling reactions, for example,
2,6-bisoxazolinylpyridines (Pybox ligands), also exhibit a similar non-innocent behav-
ior [140]. Ligand non-innocence allows redox changes to be ligand-centered as well
as metal-based processes [141]. It also casts doubt on the actual oxidation state of
the metal, in the sense that unusual formal oxidation states of the metal center
can be deceptive (Figure 2.4). For example, in complex 17, the PCP pincer ligand
has undergone oxidation, therefore the effective oxidation state of the metal (II) is
lower than the formal one (III) [57]. Therefore, it is not impossible that the unusual
Ni(IV) suggested for the Nickamine system could be stabilized by partial oxidation
of the NNN pincer ligand. It is thus important to stress that pincer ligands can have
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Figure 2.4 Formal and effective oxidation states of Ni in complexes 47 and 17.

a very active role in catalysis, which goes beyond the stabilization of intermediates
and can directly influence the ability of metal complexes to go through the different
stages required to complete the catalytic process.

2.3.4
Carbon–Heteroatom Coupling Reactions

A number of carbon–heteroatom bond formation reactions are catalyzed by nickel
or palladium pincer complexes. Some of these reactions operate through non-redox
mechanisms analogous to that shown in Scheme 2.16, with a concerted exchange
step (see route C, Scheme 2.17). For example, Szabó [142] has described an
elegant method for the direct synthesis of propargylstannanes or propargylsilanes
from propargyl halides catalyzed by the pincer complex [(NCN)Pd–Br], 8-Br,
in which the distannanes or disilanes Me3E–EMe3 (E=Sn or Si) act as the
organometallic transfer reagent. In this case, the exchange step involves the
reaction of the corresponding [(NCN)Pd–ER3] intermediate with propargyl halide.
DFT calculations for the stannylation reaction show that the transition state for
this exchange resembles that of a typical SN2 reaction, except that the electron pair
used by the attacking nuleophile is the one engaged in the sigma-Pd-Sn bond.
A non-redox mechanism was also proposed for the exchange of alkyl iodides or
bromides with silver fluoride, catalyzed by Ni and Pd fluoride pincer complexes
with PCP ligands [67]. However, there are other cases in which mechanism of
carbon–heteroatom bond formation requires redox capability of the pincer-complex
catalyst. A good example is the hydrodehalogenation of alkyl and aryl halides with
a combination of sodium alkoxide and the Nickamine catalyst (45), reported by
Hu [143] (Eq. (2.18)). The scope of the reaction is very broad, and includes the
selective reduction of C–X bonds (X=Cl, Br, I) in the presence of different FGs.
The mechanism involves the generation of the nickel hydride intermediate 45-H
by successive X/OR metathesis with sodium alkoxide (NaOR2), and substitution of
the alkoxo group by hydride effected with a silane. Next, 45-H undergoes exchange
reaction with the organic halide, affording the hydrodehalogenated product and
halide complex. The latter reaction was studied using pure samples of 45-H. By
using radical probes, such as bromomethyl cyclopropane, it was shown that this
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reaction takes place through an SET mechanism involving free radicals. Morales-
Morales [70] has described the thiolation of phenyl iodides with dithiols and zinc,
depicted in Eq. (2.19), catalyzed by the Ni phosphinito POCOP complex 48. Since
the reaction involves the combined use of oxidizing organic disulfides (RSSR) and
reducing reagents (Zn), it is tempting to suggest that the pincer complex must be
undergoing some type of redox change. A Ni(I)/Ni(II) cycle has was suggested,
invoking the formation of a reduced, T-shaped [(POCOP)Ni(I)] intermediate, which
is subsequently oxidized to the Ni(II) thiolate complex [(POCOP)NiSR]. This,
in turn, exchanges with the aryl iodide, affording Ar-SR and [(POCOP)Ni–I].
The competitive formation of biphenyl as a minor byproduct can be readily
accommodated in this mechanistic proposal. Guan has reported recently the
related thiolation shown in Eq. (2.20), catalyzed by the closely related catalyst 48.
However, a mechanistic study showed that the phosphinite pincer complex is not
stable under the basic conditions and decomposes releasing KP(O)Me2 and PPh3.
That 49 is not the actual catalyst of this reaction is supported by the fact that this is
catalyzed more efficiently by a combination of Ni(cod)2 and HP(O)Me2 [71].

NMe2

N Ni

NMe2

Cl

45

Ni

O

R2P PR2

O

X

R = Ph, 48

R = Me, 49

R-X + H-SiR1
3 + NaOR2 R-H + R2O-SiR1

3 + NaX
45

R = alkyl, aryl; X = Cl, Br, I (2.18)

Ph-I + 1/2 RS-SR + 1/2 Zn
48

Ph-SR + 1/2 ZnI2 (2.19)

Ph-I + RSH + KOH
49

Ph-SR + KI + H2O (2.20)

Very recently, Lei [144] has shown that a highly nucleophilic Pd complex
containing a dianionic thioimido pincer ligand catalyzes the cyclization of 2-iodoaryl
thioamides. The author suggests that the mechanism of this reaction could involve
either an SET mechanism or intramolecular oxidative addition of the aryl iodide
moiety to the Pd(II) center. The latter possibility (Scheme 2.20) is supported
by its similarity to the intramolecular oxidative addition of 2-iodoarylcarboxylates
reported almost simultaneously by Vicente [58].

Szabó has developed C–X bond formation reactions involving C–H bond activa-
tion and Pd(II)/Pd(IV) cycles, using iodonium salts as oxidants. One of them is a
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special version of the acyloxylation reaction (Scheme 2.21), which allows the syn-
thesis of allyl acetates or benzoates directly from the olefin and the corresponding
iodobenzene dicarboxylate. This reaction is catalyzed with similar efficacy either by
palladium acetate or a Pd pincer complex with of type 8-Br [41]. Isotopic labeling
experiments carried out with the latter catalyst were used to demonstrate that this
reaction involves intramolecular C–H activation and formation of a Pd(IV)-η3-allyl
intermediate. The organic product is released in a reductive coupling step that has
an immediate precedent in the decomposition of Pt(IV) and Pd(IV) pincer com-
plexes with carboxylate derivatives investigated by Canty and van Koten [35] (see
Scheme 2.4). A related reaction is the alkene borylation depicted in Scheme 2.22,
which takes place when iodonium TFA is used in combination with diboron dip-
inacolinate, B2(pin)2 [145]. The scope of this borylation reaction is limited to cyclic
olefins and some terminal alkenes. However, as compared to other methodologies
for C–H activation/borylation, this one has the advantage of avoiding the formation
of boranes as byproducts. Boranes add to the olefin, affording irresoluble mixtures
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of alkyl- and alkenylboranes. Although the mechanism of this reaction was not stud-
ied in detail, it is likely that a Pd(IV) intermediate reacts with the diboron reagent,
to afford a boryl complex. This intermediate undergoes a sequence alkene insertion
into the Pd–B bond and β-hydrogen elimination reminiscent of the Heck reaction.

2.4
Concluding Remarks

Nickel and palladium complexes of anionic pincer ligands constitute a family of
extremely effective and versatile catalysts for a number of C–C and C–X bond
formation processes. Many of these processes, such as the Heck reaction or a variety
of cross-coupling reactions, require the ability of the catalyst to undergo redox
changes. In general, this type of compounds cannot be readily reduced without
decomposition, and therefore they cannot perform through the usual M(0)/M(II)
cycles. The nature of the mechanisms of these processes has been intensely debated.
It is now widely assumed that, in the Heck as well as some cross-coupling reactions,
the role of anionic pincer ligand complexes is limited to acting as precursors for
minute amounts of metal nanoparticles or pincer ligand-free soluble species
that perform as highly active catalysts, particularly in the case of Pd complexes.
However, apart from imparting extreme stability to their M(II) complexes, anionic
pincer ligands can also stabilize infrequent oxidation states of both nickel and
palladium, which enables molecular catalysis processes taking place through
unusual mechanisms. The discovery of these nonconventional catalytic routes has
been fostered, to a large extent, by the impressive advance that the chemistry of
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group 10 complexes has experienced in recent years. A good example of this is the
discovery of oxidative addition reactions of iodonium reagents to Pt(II) or Pd(II)
centers, which led to the development of conceptually new processes involving
Pd(IV) intermediates, such as the Heck reaction, acetoxylation, or borination of
C–H bonds. Nickel or palladium pincer complexes can also undergo reversible SET
reactions, enabling M(II)/M(III) or M(II)/M(III)/M(IV) catalytic cycles that operate
in various cross-coupling or radical addition reactions. Although the participation
of the unusual M(I) oxidation state in processes catalyzed by Ni or Pd complexes
with anionic pincer ligands is still hypothetical, the recent discovery of several M(I)
derivatives of this type suggests that new processes including this oxidation state
could be discovered soon. Furthermore, the role of pincer complexes may exceed
the passive stabilization of the metal center as they can exhibit a non-innocent
behavior, enabling what may appear as an apparently unusual redox behavior.
Doubtless, complexes with anionic pincer ligands represent an opportunity for the
design of innovative developments in catalysts, whose development we have just
started to witness.
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Öfele, K., Brossmer, C., Beller, M., and
Fischer, H. (1996) J. Mol. Catal. A., 108
(2), 51.

20. (a) Shaw, B.L. (1998) New J. Chem., (2),
77; (b) Shaw, B.L., Perera, S.D., and
Staley, E.A. (1998) Chem. Commun.,
(13), 1361.
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24. Böhm, V.P.W. and Herrmann, W.A.
(2001) Chem. Eur. J., 7 (19), 4191.
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70. Gómez-Benı́tez, V.,
Baldovino-Pantaleón, O.,
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129. Pérez-Garcı́a, P.M., Di Franco, T.,
Orsino, A., Ren, P., and Hu, X. (2012)
Org. Lett., 14 (16), 4286.

130. Vechorkin, O., Proust, V., and Hu,
X. (2009) J. Am. Chem. Soc., 131 (28),
9756.

131. Vechorkin, O., Godinat, A., and Hu, X.
(2011) Angew. Chem. Int. Ed., 50 (49),
11777.

132. Cotter, W.D., Barbour, L., Mcnamara,
K.L., Hetcher, R., and Lachicotte, R.J.

(1998) J. Am. Chem. Soc., 120 (42),
11016.

133. Liang, L.C., Chien, P.S., and Lee, P.Y.
(2008) Organometallics, 27 (13), 3082.

134. Breitenfeld, J., Vechorkin, O.,
Corminboeuf, C., Scopelliti, R., and
Hu, X. (2010) Organometallics, 29 (17),
3686.

135. Wang, H., Liu, J., Deng, Y., Min, T.,
Yu, G., Wu, X., Yang, Z., and Lei, A.
(2009) Chem. Eur. J., 15 (6), 1499.

136. Solin, N., Kjellgren, J., and Szabó, K.J.
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3
Appended Functionality in Pincer Ligands
Cameron M. Moore and Nathaniel K. Szymczak

3.1
Introduction

As highlighted throughout this book, pincer-based metal complexes are capable
of promoting remarkable reactivity toward small molecule substrates, and the
utility of undecorated variants of this ligand framework should be apparent. To
engage further substrate activation pathways, multifunctionality can be introduced
within the secondary coordination sphere environment of a pincer-derived ligand.
Secondary interactions are ubiquitous in biological systems and are responsible for
promoting enhanced reactivity in many metalloenzymes, where a combination of
hydrogen-bonding, steric, and electrostatic interactions are used synergistically to
augment reactivity profiles [1, 2]. To emulate these principles, a growing number
of synthetic complexes have targeted multifunctional ligand ensembles to directly
probe how changes within a molecule’s secondary coordination sphere can be
used to influence and further modulate subsequent reactivity [3]. In addition
to enhanced substrate activation, secondary coordination sphere interactions in
synthetic systems have been utilized for the ground-state stabilization of otherwise
unstable or reactive intermediates, and the combination of both of these strategies
can be exploited for small molecule transformations [4].

In this chapter, we aim to introduce the reader to the motivations and strategies for
appending cooperative functional groups (loosely termed functionality throughout
this chapter) onto pincer-based ligand platforms, which are poised to cooperatively
interact with a metal-coordinated substrate. Throughout this chapter, we highlight
specific examples of rational ligand design that lead to measurable changes in
chemical bonding and reactivity. The emphasis of our discussion will be on
approaches to achieve directed interactions with metal-bound substrates and the
ramifications on reactivity to which these interactions lead. A brief description
of our nomenclature and overarching motivations for appending functionality,
however, will first be discussed.

Pincer and Pincer-Type Complexes: Applications in Organic Synthesis and Catalysis, First Edition.
Edited by Kálmán J. Szabó and Ola F. Wendt.
c© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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3.1.1
Design Criteria

The title of this chapter merits the question, ‘‘what defines functionality’’? For the
purposes of this discussion, we have limited our definition of functionality to a
group, or groups, of polarizable units with an orientation suitable for cooperative
substrate-directed interactions. In most cases, directed interactions should be
considered to be toward a metal-bound substrate, but in some instances (i.e.,
supramolecular self-assemblies and sensors) metal ions may be absent from our
discussion.

Pincer ligand frameworks are ideally suited for ‘‘decoration,’’ since these often
rigid and redox-robust scaffolds preclude unproductive interaction of appended
polar functional groups with the transition-metal center. Two limiting distinc-
tions regarding the position of functionality relative to the plane defined by the
donor atoms of the pincer framework can be made: functionality coplanar to the
pincer chelate (Figure 3.1a), and functionality not coplanar to the pincer chelate
(Figure 3.1b). In some cases, these distinctions may become less straightforward,
especially in the case of trigonal-bipyramidal coordination geometry, and these
aspects will be treated in more detail where necessary.

3.1.2
Motivations

In contrast to unmodified pincer ligands, comparatively few examples of pincer
ligand frameworks appended with polar functionality have been reported. The
overarching goals associated with such modifications are diverse and span the
fields of catalysis, supramolecular assembly, and molecular recognition.

3.1.2.1 Transition-Metal Catalysis
Metal complexes featuring directed secondary coordination sphere interactions are
highly topical for complexes containing bidentate [5], tripodal [4], or phosphine
ligands [6], which can cooperatively promote a variety of catalytic transformations
and/or stabilize highly reactive intermediate species. In contrast, only limited
examples of catalysis involving pincer-ligated adducts that contain an appended
functionality have been reported. One of the premier examples of cooperative
catalysis that utilizes a pincer-derived framework for substrate-directed oxidation
is the dimanganese complex 1 reported by Crabtree and Brudvig [7] (Figure 3.2).

ME ME

X
= Lewis or Brønsted acid/base

(a) (b)
E

or ME

XE

E E

EE

E = N, C, P, S
X

Figure 3.1 Representation of functionality coplanar (a) and not coplanar (b) to the pincer
chelate.
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Figure 3.2 Selective C–H oxidation by a Mn-terpy complex featuring a remote molec-
ular recognition site. (Reproduced from Ref. [8] with permission of The Royal Society of
Chemistry.)

The design strategy of 1 features an oxidatively stable terpyridine ligand appended
with a remote molecular recognition site (Kemp’s triacid fragment) capable of
binding a substrate such as ibuprofen, through hydrogen-bonding interactions,
thus directing selective C–H oxygenation.

Oxygenation of ibuprofen using 1 as a catalyst and peroxomonosulfate as an
oxidant provided >98% regioselectivity at the remote benzylic carbon with up to
700 turnovers. The substrate recognition is achieved through two hydrogen bonds
between carboxylic acids of the substrate and the catalyst (Figure 3.2), which is
preserved throughout the C–H oxidation reaction [8]. In support of a cooperative
binding event that precedes substrate oxidation, the addition of exogenous
carboxylic acids competitively inhibits the regioselectivity of ibuprofen oxygenation
[9]. Furthermore, when the pendent carboxylic acid groups are removed from
the terpyridine scaffold, the regioselectivity for oxygenation is diminished. This
example highlights the potential of using secondary interactions to direct reactivity.

3.1.2.2 Supramolecular Architectures
Several elegant examples of appended pincer frameworks can be found in the field of
supramolecular chemistry, where tridentate ligands have been used to design func-
tional three-dimensional architectures, both in the presence and absence of metal
ions [10, 11]. The ability to predict structural conformations a priori remains a key
challenge within this field [12]. One strategy to overcome the apparent lack of pre-
dictability of self-assembly is to utilize noncovalent interactions to ‘‘guide’’ assembly
into a predicted structure. For example, complementary hydrogen-bonding interac-
tions between two molecules of a highly decorated terpyridine-derived framework
generate 2, a columnar helical scaffold in the solid state (Figure 3.3a). The
appended NH2 functionality engages in intermolecular hydrogen-bonding interac-
tions with the pyridine groups of another molecule, and the fixed orientation of
the three pyridine rings within each ligand serves to propagate a helical structure.
Further utility of this system may be limited by its synthesis (eight steps, 5%
overall yield) [13]. Complex architectures featuring pincer-type compounds have
also been utilized as dynamic chemical devices which can respond to external
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‘‘butterfly-type’’ motion of a bis(porphyrin)terpyridine complex to give a species capable of
through-space energy transfer (b).

stimuli, reminiscent of biological systems that undergo molecular-level changes to
induce reactive states [14, 15]. Lehn and coworkers have designed a sophisticated
porphyrin-functionalized terpyridine-based ligand to study metallation-triggered
geometry changes (3, Figure 3.3b) [10]. In addition to conformation modulation
mediated by ligand-binding events, efficient through-space energy transfer between
the two porphyrin substituents was achieved when a metal ion was coordinated to
the terpyridine chelate (3-Zn). The coordination of a metal ion at the terpyridine
induces a change in geometry and orients the two porpyhrin groups within close
proximity to one another (Figure 3.3b).
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The highly complex systems presented by supramolecular architectures demon-
strate the ability to control individual components within a larger molecular
ensemble. The functions of these supramolecular motifs often mirror the func-
tions found in biological enzymes, that is, the unique ability to bind and orient
molecules (or substrates) in a specific manner to achieve a more reactive state.
These concepts parallel the efforts of organometallic chemists to perform selec-
tive reactions on challenging substrates. Incorporating design elements found in
supramolecular chemistry enables the possibility to confer enzymatic-type func-
tion, such as specificity and high reaction rates, to synthetic systems [16]. Crabtree
and Brudvig’s dimanganese system exemplifies these principles upon which fur-
ther systems may find inspiration. Our following discussions will focus on pincer
systems where the functionality has been installed adjacent to the metal binding
site, as opposed to remote sites, and the associated directed interactions that these
functional groups provide to metal-bound substrates.

3.2
Appended Functionality Coplanar with the Pincer Chelate

3.2.1
Systems that Incorporate 2,2′:6′,2′′-Terpyridine

Pincer-based ligands that incorporate the 2,2′:6′,2′′-terpyridine (terpy) unit are
attractive platforms upon which a diverse array of functional groups can be
appended. Transition-metal complexes supported by terpy and terpy-based ligands
have been used in a wide array of applications, including sensitizers for solar
cells [17] and as catalysts for water oxidation [18, 19], cross-coupling reactions [20],
hydrosilylation of alkenes [21, 22], and transfer hydrogenation [23–25]. In addition
to the high rigidity of the terpy scaffold, which serves to lock appended groups
in place (limiting intramolecular chelation and inhibiting undesired structural
reorganization), the ability to exploit highly modular synthetic routes (early stage
or late-stage ring assembly) contributes to the versatility of this ligand class.

3.2.1.1 Synthetic Strategies
The preparation of substituted terpyridine frameworks is well documented. Typical
substitution patterns focus on functionalization at the 4′-positions [26, 27]. Here,
we will focus on preparations of terpyridines specifically modified at the 6- and
6′-positions, because substituents at these positions are positionally disposed to
interact with metal-bound substrates. For clarity, this section will be limited to
discussions of two common strategies for the synthesis of appended terpyridine
ligands, namely early and late-stage ring assembly approaches.

Early Stage Ring Assembly A highly useful synthon for the further modification of
the terpyridine framework is 6,6′′-dibromo-2,2′:6′,2′′-terpyridine, which is commer-
cially available. Standard cross-coupling methodologies can be readily employed
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Figure 3.4 Cross-coupling approach to functionalize 6,6′-dibromoterpyridine.

with this substrate to introduce the desired functionality within a symmetric terpy
ligand (Figure 3.4), and this approach has been utilized to synthesize terpy scaffolds
for a wide variety of applications [25, 28–30].

Another class of useful terpy synthons are carbonitrile-substituted terpyridines.
Incorporation of a carbonitrile group at the 6- and 6′-positions of terpy can be
achieved from the pyridine di-N-oxide, using a modified Reissert–Henze reaction
with Me3Si(CN) and an acyl-chloride to provide the 6,6′-di(carbonitrile)terpyridine
(4) [31, 32].

Further elaboration of 4 can be accomplished to install assorted functional
groups of relevance for proton-transfer relays (Figure 3.5). For example, hydrolysis
provides the dicarboxylic acid-appended terpy 5 [32], reduction with borane and
hydrolysis yields the aminomethyl-terpy 6 [33], addition of azide provides the
tetrazole-substituted terpy 7 [32], and treatment with hydrazine yields 8 [34].
Compounds 5–7 have been utilized as ligands for studying luminescence in
lanthanide complexes [32, 33], but to our knowledge, have not yet been described
in the catalysis literature.
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Figure 3.5 Utility of carbonitrile-terpyridines for functionalization.
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Figure 3.6 Kröhnke method for the synthesis of functionalized terpyridines.

Late-Stage Ring Assembly When an asymmetric terpy scaffold is desired, selective
functionalization of a single Ar–X bond in terpy is difficult to achieve using cross-
coupling and/or nucleophilic aromatic substitution, and late-stage ring assembly
is particularly useful. This approach typically relies on the Kröhnke method (or
variations thereof), which is a robust methodology and involves the construction of
the central pyridine by aza-ring closure of a 1,5-diketone intermediate, generated
following the condensation of pyridinium and ammonium salts (Figure 3.6) [35].

3.2.1.2 Appended Lewis Acid/Bases
We recently initiated efforts within our own laboratory to synthesize terpy-based
ligands that incorporate appended Lewis acid/base pairs [36]. Motivated by metal-
free systems of ‘‘frustrated Lewis pairs’’ (FLPs) which bind and form adducts with
small molecules, we sought to couple the reactivity of FLPs to a transition-metal
fragment to afford a metal Lewis acid/base triad (LABT). The combination of both
partners with a transition-metal center opens up the possibility to synergistically
use these systems for further activation and/or redox transformations – currently a
limitation of metal-free FLP systems.

This concept is illustrated in Figure 3.7, where interaction of a hypothetical
molecule ‘‘A=B’’ with the metal and FLP fragments in the secondary coordination
sphere facilitates polarization of the A–B bond. Further weakening of the A–B
bond may be promoted by interaction of a filled d orbital on the metal into anti-
bonding orbitals of the A–B bond. Coupling these interactions with the ability of a
redox-active metal center to promote proton and electron transfer events could lead
to the release of the reduced A–B species. We are targeting this strategy to promote
atypical reductive reactivity of typically inert substrates. To test these hypotheses,
we have synthesized ligand architectures based on the terpyridine framework. Our
first-generation design features a boronic ester and a morpholine group, as weakly
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Figure 3.8 Reactivity of a vanadium complex featuring Lewis pairs in the secondary coordi-
nation sphere along with the solid-state structures of 9 (left) and 10 (right) [36].

Lewis acidic/basic partners appended to the terpy scaffold (Figure 3.8), synthesized
by a late-stage ring assembly.

The ability of the appended functional groups to interact with a metal-bound
substrate was confirmed by the interrogation of the associated V(III) adducts [36].
The structure of the VCl3 adduct (9) contains an axial chloride ligand distorted
toward the boronic ester group. The B1–Cl1 distance is consistent with a weak
B–Cl interaction, and is further supported by the low degree of pyramidalization
at boron (ΣBα = 349.8(12)◦). The appended functionality was confirmed as the
major driver for these distortions: when the Lewis acid and base groups were
replaced by CH3 units, the axial chloride ligand was roughly equidistant from
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both appended methyl groups. To synergistically engage both appended Lewis
partners, hydrazine adducts were targeted, and a highly unusual complex (10)
was obtained that featured deprotonated hydrazine in an unprecedented side-on
coordination, stabilized by Lewis acid/base and hydrogen-bonding interactions.
The N1–B1 separation is consistent with an elongated single bond, while the
N3–H2 and N3–N2 separations are indicative of hydrogen bonding. This complex
also mediates N2-centered redox reactivity, and in the presence of CoCp*

2 and
collidinium hydrochloride as a reductant and proton donor, respectively, ammonia
was confirmed as a reduction product. The side-on binding mode and N–N bond
scission reaction is of potential relevance to the N2-fixation cycles since hydrazine
is a known byproduct of N2 reduction to ammonia by V-nitrogenase [37]. Future
work on this scaffold will target redox transformations of other small molecule
substrates amenable to reductive activation, for instance, CO2, N2, and CO, and seek
to elucidate the intimate role of each Lewis partner to effect substrate activation.

3.2.1.3 Appended Hydrogen-Bond Acceptor/Donors
Complementary to Lewis acidic/basic groups, Brønsted acid/bases have also been
incorporated within the secondary coordination sphere of pincer frameworks
[38–40]. Incorporation of a Brønsted acid/base functionality may be pursued to
provide sites for proton transfer to/from metal coordinated substrates and/or to
modify electronic properties of a metal–ligand complex. Commonly, such archi-
tectures are designed with the intent of ground-state stabilization of coordinated
substrates, such as metal-coordinated water or hydroxo molecules [41–43]. Recent
reviews have detailed the effects of hydrogen bonding on metal–aquo ligands, espe-
cially within the context of hydrolysis reactivity [44, 45]. A particularly noteworthy
example of a terpy-like framework appended with Brønsted acid/base functionality
was reported by Anslyn and coworkers [46], who appended guanidinium groups
to interact with metal-coordinated substrates. The zinc(II) complexes 11 and 12
(Figure 3.9) were examined for their reactivity in the stoichiometric hydrolysis
of adenylyl (3′→5′) phosphoadenine (ApA). The enhancement in ester hydrolysis
from the secondary coordination sphere interactions was confirmed by comparison
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11 12

N N

N N

Figure 3.9 Zinc(II) complexes reported by Anslyn and coworkers and their rate constants
for the hydrolysis of ApA at pH 7.4 [46].
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with an analogous ligand structure that replaces the guanidinium units with
functionally inert CH3 groups (the rate of hydrolysis of ApA by 11 was about 3300
times greater than that of 12).

Hydrolysis reactions measured as a function of pH of ApA by 11 established an
optimal rate at a pH of 7.4, consistent with a zinc-bound hydroxo (pKa independently
measured as 7.3 in 11) as the active species in the hydrolysis reaction. Although the
pKa of the zinc-bound aquo ligands in 12 was not determined, the guanidinium
groups of 11 are thought to increase the rate of hydrolysis by (i) using noncovalent
interactions to (a) acidify the zinc-bound aquo ligand and (b) bind and orient the
phosphate groups during hydrolysis and/or (ii) acting as a general acid/base to
facilitate proton transfer during hydrolysis. The impressive rate enhancement of
ApA hydrolysis by appending guanidinium groups in the secondary coordination
sphere demonstrates the effectiveness of this approach.

Appended functionality was also investigated as a means to mediate further
transformations of a metal-coordinated aquo ligand. For instance, one of the first
mononuclear ruthenium complexes reported for water oxidation was complex
13 by Zong and Thummel [47] (Figure 3.10). The ligand was prepared from
a Friedländer condensation with 2-aminonicotinaldehyde and the corresponding
2,6-diacetylpyridine. Of particular note with regard to this chapter is that only
the aquo complex (in contrast to the chloro) was produced under the reaction
conditions from RuCl3⋅3H2O.

The axial water ligand was shown to participate in hydrogen-bonding interac-
tions with the nearby naphthyridine nitrogen atoms, which likely affords increased
stabilization compared to a chloro ligand, which cannot engage in similar secondary-
sphere interactions. The role, if any, of the hydrogen-bonding interactions to
promote water oxidation is not well resolved, and recent reports demonstrate similar
activity for water oxidation using several alternative mononuclear polypyridine com-
plexes without additional assistance from the secondary coordination sphere [48].

We recently initiated studies using transition-metal complexes supported by the
6,6′-dihydroxyterpyridine (dhtp) ligand (14, Figure 3.11). This ligand is distinct
from other terpy-based ligands described in this chapter because, in addition to
presenting proton donors and acceptors that can interact with a metal-coordinated
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(3) NH4PF6

N

N N
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Py

Py

HH

(2) 4-R-pyridine
     EtOH, Et3N

N

N N

NN

13

2+

Figure 3.10 Mononuclear ruthenium(II) water oxidation catalysts reported by Thummel and
coworkers.
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Figure 3.11 Proton-responsive ligand field of a hypothetical M-dhtp complex.

substrate, disparate ligand fields can be concomitantly conferred to a transition
metal via two stable tautomeric forms. In biological systems, the 2-hydroxypyridine
motif can be found in the Fe–S cluster-free hydrogenase metalloenzymes, which
exploit the H2 heterolytic cleavage reaction for substrate reduction [49]. Although
the discrete mechanism by which H2 is activated/utilized is currently an unresolved
matter, the tautomeric duo 2-hydroxypyridine and 2-pyridone may participate to
facilitate H2 cleavage and transfer [49, 50].

The more stable ‘‘dione’’ tautomer (14) of the free ligand is favored in solution
and the solid state. However, tautomerization can be induced upon metallation to
afford the neutral ‘‘dihydroxy’’ tautomer. When coordinated to a metal fragment,
this tautomerism provides a modifiable ligand field depending on the protonation
state of the dhtp ligand. The neutral dihydroxy tautomer serving as an L3-type ligand
and the dianionic dione tautomer providing an LX2-type coordination (Figure 3.11).

One consideration that must be taken into account when preparing transition-
metal complexes of pincer ligands with appended polar functional groups is the
formation of dimers and higher order oligomers. Polar functional groups serve
as reasonable ligands themselves and, although rigid pincer frameworks provide
a means to preclude interactions from these groups with a transition-metal ion
in an intramolecular manner, intermolecular interactions can prove difficult to
avoid. Subtle changes in metallation conditions can provide a means to control the
formation of unwanted products, and an alternative and more robust strategy to
avoid these complications is to include steric bulk around the polar functionality.
As an example of the former strategy, reaction of dhtp with RuCl2(PPh3)3 in the
presence of sodium hydroxide provides 15, as established by NMR spectroscopy and
X-ray diffraction (Figure 3.12). The dimer is held together with hydrogen-bonding
interactions of the bridging aquo-ligand and coordination of one pyridone oxygen
to an adjacent ruthenium center. This bridging arrangement is kinetically inert and
resists dissociation even under forcing conditions (Moore, C.M. and Szymczak,
N.K. unpublished results).

In contrast, in the absence of a base, and through the use of a more polar
solvent, reaction of dhtp with RuCl2(PPh3)3 produces a monomeric species (16,
Figure 3.12). Under the aforementioned conditions, the dhtp ligand tautomerizes
upon metallation to afford a neutral terpy scaffold with appended hydroxyl groups.
Notably, the solid-state structure of 16 displays hydrogen-bonding interactions
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between the hydroxyl groups of dhtp and the Ru-bound chloride ligand. The copla-
narity of the metal-coordinated substrate and the appended O/OH groups suggests
that minimal structural reorganizational is required for a proton-transfer event.
To confirm the design strategy, catalysis involving proton transfer was targeted,
and Ru-dhtp complexes were found to mediate ionic hydrogenation reactions. The
complex, Ru(dhtp)(PPh3)2Cl (16) efficiently catalyzes the transfer hydrogenation
of a variety of ketones, using 2-propanol as an H2 surrogate [25]. High chemoselec-
tivity was realized in the presence of substituted alkenes, and selective reduction of
carbonyl groups was achieved in the presence of nonpolar olefins, consistent with
an ionic-type hydrogenation pathway. These findings are consistent with an outer-
sphere hydrogenation pathway where hydride/proton delivery is achieved through
the transfer from the Ru-hydride and 2-hydroxypyridine motif, respectively, and
experiments are ongoing in our laboratory to confirm this hypothesis.

Similar to dhtp pincer ligands, terpyridine ligands containing amine groups
at the 6- and 6′-positions provide a complementary platform that contains
hydrogen-bonding functionality with a decreased propensity for tautomeriza-
tion [51]. Interestingly, the platinum(II)-methyl complex containing this terpy
pincer ligand (17, Figure 3.13) can insert O2 into the Pt–C bond and form a
platinum(II)-methylperoxo species (18), which releases formaldehyde to afford a
platinum(II)-hydroxo complex (19). A key intermediate in this transformation was
identified. The amino groups of the terpyridine ligand participate in hydrogen-
bonding interactions with the proximal oxygen atom of the methylperoxo unit.
These interactions can be visualized in the solid state by X-ray crystallography, and
were also demonstrated to persist in solution using NMR experiments.

The O2 insertion reaction is light-dependent: the reaction proceeds to completion
within minutes under ambient light, but only 50% conversion is obtained after
prolonged reactions times in the absence of light. When the analogous unsubsti-
tuted terpyridine complex ([Pt(terpy)Me][SbF6], 20) is subjected to similar reaction
conditions, no O2 insertion products are observed. This finding is rationalized
by examination of the electronic absorption spectra and photophysical proper-
ties of 17 and the terpyridine analog 20. While the terpyridine analog 20 is not
photoluminescent at room temperature, the substituted terpyridine complex 17
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Figure 3.13 Insertion of O2 into a Pt–CH3 bond to produce a peroxo-species stabilized by
hydrogen bonding. Decomposition results in the ultimate formation of a Pt–OH species.
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exhibits photoluminescence under similar conditions. Additionally, the extinction
coefficient for the metal-to-ligand charge-transfer band in the electronic absorption
spectrum of 17 (∼400 nm) is an order of magnitude greater than that of the parent
complex 20. These findings led Britovsek and coworkers to suggest that the observed
reactivity of 17 is due to its ability to act as a photosensitizer for 3O2 to afford
1O2, the latter of which can insert into the Pt–Me bond. An important, and not
unexpected, conclusion that can be drawn from this study is that the introduction of
the functionality within pincer-derived ligands can modify not only the secondary
coordination sphere properties but also photophysical properties of resulting com-
plexes [52]. As such, the enhanced reactivity of 17 over 20 can be attributed to
the synergistic ability to photosensitize O2 concomitant with the ground-state
stabilization of the Pt-methylperoxo unit through hydrogen-bonding interactions.

3.2.2
Pyridine-2,6-Dicarboxamide Systems

Pyridine-2,6-dicarboxamide ligands are a versatile class of pincer ligands [53] that
present a dianionic ligand field upon metal coordination and can be appended
with a wide range of substituents around the flanking amide donor units. Limited
monomeric transition-metal complexes supported by pyridine-carboxamide
ligands with appended functionality have been structurally characterized. This is in
large part due to the propensity of these ligands to form multinuclear species (see
below). Steric protection can inhibit higher nuclearity structures, but strategies
to place these groups typically increase the synthetic complexity, and is likely a
reason that so few monomeric pincer complexes exist in this class that feature
appended functionality.

To enforce a monomeric complex of a pyridine-carboxamide ligand decorated
with pyridine bases (21, Figure 3.14), methyl groups at the 6-positions of the
pyridine groups were effectively used to sterically block intermolecular association
[54]. The utility of the appended functionality within this system was highlighted
within the context of Ru-mediated nitrite conversion to nitrosyl. Reaction of 21
with RuCl2(PPh3)3 produces a ruthenium pincer adduct (22), where intramolecular
proton transfer afforded the pendent pyridinium groups. The solid-state structure
of 22 reveals that these pyridinium groups participate in hydrogen-bonding inter-
actions with the ruthenium-bound chloride ligand. These secondary interactions
were targeted to promote further reactivity of small molecules; for instance, the
addition of nitrite furnished the ruthenium-nitrosyl complex 23, presumably via a
hydrogen-bonded intermediate. A traditional route to ruthenium-nitrosyls involves
the reaction of ruthenium-nitrite complexes with an exogenous acid. In this case,
the pyridinium units likely serve as internal acids to promote the conversion
of nitrite to nitrosyl. The relative ease of the synthesis of 21 (one step) along
with the potential to promote intramolecular proton transfer events in the sec-
ondary coordination sphere makes future catalytic studies with this architecture
intriguing.
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3.3
Appended Functionality Not Coplanar to the Pincer Chelate

3.3.1
ENE Pincer Systems

ENE pincer systems (E = NR2 or PR2) containing a central pyridine ring
have become prominent catalysts for numerous ‘‘hydrogen-borrowing’’ reactions.
These systems exploit aromatization/dearomatization of the central pyridine for
metal–ligand bifunctionality, and examples that incorporate appended functional-
ity have recently appeared [55, 56]. A remarkable mode of C–C bond formation
was recently reported via nucleophilic attack of a deprotonated methylene side arm
on an electrophile such as CO2, accompanied by concomitant aromatization of
the central pyridine [57, 58]. This mode of action was independently reported by
two groups. Milstein and coworkers [59] disclosed this reaction as an equilibrium
process when using a symmetric pincer ligand (24, E=E′ =PtBu2, Figure 3.15). In
a related study, Sanford and coworkers [60] reported that the nonsymmetric pincer
ligand (25, E=NEt2, E′ =PtBu2) provides two distinct Ru-bound carboxylate com-
plexes when exposed to an atmosphere of CO2, consistent with single carboxylation
events on each of the methylene side arms.

These two products have distinct stabilities: the kinetic product (adjacent to
PtBu2) undergoes facile exchange with isotopically labeled 13CO2, whereas the
thermodynamic product (adjacent to NEt2) does not, and was stable toward exposure
to vacuum. In the context of appended functionality, these reactions represent an
intriguing approach to introduce a carboxylate group within the pincer framework.
Although the emphasis of these reactions has been on their unique C–C bond-
forming mechanism, the ligand architectures accessed through this transformation
are appealing to promote further small molecule manipulations. The carboxylate-
appended pincer frameworks bear resemblance to Hangman porphyrin systems
in which carboxylic acid groups were utilized as proton relays [61]. Thus, these
ligands are well suited to provide a new platform to examine catalytic reactions that
feature a proton-transfer and/or proton-coupled electron-transfer processes for the
conversion of small molecule substrates [62, 63].
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Figure 3.15 Formation of carboxylate compounds from CO2 (a) and a hypothetical metal
fragment supported by a pincer ligand with an appended carboxylic acid (b).
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In addition to the reactivity directed at the methylene spacer in ENE pincers
that contain a central pyridine unit, alternative catalytic reactivity can be promoted
when the central N donor is a secondary amine. Although the N–H group of
the central donor is not strictly ‘‘appended functionality,’’ these systems merit
discussion in the light of recent reports where this N–H group serves to direct
reactivity [64–66]. A notable example was described by Crabtree and Hazari [67]
for CO2 hydrogenation catalysis. The N–H functionality on a PNP pincer-ligated
Ir(H)3 fragment was found to substantially decrease the energy required for CO2

insertion into an Ir–H bond. For example, insertion of CO2 into the Ir–H bond
trans to the central pyridine ring in 26 has a free-energy change of +65.5 kJ mol−1,
while insertion of CO2 into the mutually trans Ir–H bonds is more favorable
(ΔG◦ = 3.1 kJ mol−1; Figure 3.16a), and likely due to the potent trans hydride lig-
and. In contrast, insertion of CO2 into the Ir–H bond trans to the N–H group in
27 has a higher energetic barrier than the pyridine variant (ΔG◦ = 76.8 kJ mol−1),
which is consistent with the weaker trans-directing ability of the secondary amine.
Unlike 26 where insertion of CO2 into the mutually trans Ir–H bonds is identical,
insertion of CO2 into the Ir–H bond in 27 nearest to the N–H group is energeti-
cally downhill (−20.4 kJ mol−1), in contrast to the other mutually trans Ir–H in 27
(+11.6 kJ mol−1). Thus, the presence of the N–H group lowers the overall energy
of CO2 insertion by ∼30 kJ mol−1. This computational finding was supported with
the structural characterization of the CO2 insertion product (Figure 3.16b), which
showed hydrogen-bonding interactions between the formate carbonyl and the pin-
cer N–H group. In addition to lowering the barrier of CO2 insertion into a metal
hydride, the adjacent NH group has been implicated as an active participant to assist
in the heterolytic cleavage of H2 for hydrogenation reactions promoted by metal
ENE pincer (PNP and SNS) complexes [68–70]. As such, these systems are promis-
ing multifunctional catalysts for transformations involving H2 activation/delivery
strategies.
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3.3.2
PCP Pincer Systems

Unlike the majority of pincer ligands presented up to this point, which are pre-
dominantly planar, Gelman [71–73] recently reported PCsp3P pincer constructs
that are three dimensional. These ligands are based on dibenzobarrelene frame-
works, and can be synthesized using highly modular Diels–Alder cycloaddition
chemistry [74], which allows easy access to sterically and electronically varied sets
of ligands within the same architecture. To highlight the potential of metal–ligand
cooperativity within these systems, hydroxymethylene groups were incorporated
within an Ir-PCP pincer to interact with metal-bound substrates (Figure 3.17)
[75]. Solution-state NMR studies revealed an intramolecular close contact between
the Ir–H and the methylene side arm in 28. This species is only transiently
stable, and upon standing, H2 is eliminated to form the ‘‘arm-closed’’ species,
29, presumably through an intermediate dihydrogen-bonded adduct (28′). The H2

addition/elimination reaction is kinetically reversible, and the utility of this reaction
was exploited for catalytic alcohol dehydrogenation. Both primary and secondary
alcohols were dehydrogenated in the absence of an exogenous hydrogen acceptor
to give esters and ketones, respectively. The structural versatility offered by this
system, as well as the robustness presented by the highly aromatic scaffold, makes
these systems exciting for future applications in catalysis.

3.3.3
PEP Pincer Systems

The central atom of a pincer ligand can be modified with acidic and/or basic
groups, which may later engage in cooperative metal/ligand interactions. As noted
previously for the case of the N–H unit in ENE pincers, a central phosphorus or
sulfur can be further elaborated in PEP pincers (where E=P, S).

A recent example demonstrated that modification of the central atom of the pincer
with acidic and basic functionality was possible with a mononuclear PPP pincer
iridium(I) complex (Figure 3.18) [76]. In contrast to a meridional geometry typical
of pincer ligands, the phosphido ligand in 30 is pyramidalized and, accordingly,
affords a facial coordination mode. The geometry about the central phosphorus
atom is consistent with predominantly σ-bonding character of the Ir–P unit,
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Figure 3.17 Acceptorless dehydrogenation of alcohols by Gelman’s Ir-PCP-pincer complex.
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with an exposed lone pair. Further reactivity at this site provided pincer ligand
manifolds that contain pendent acidic and basic groups. For example, 30 reacts
with exogenous electrophiles, such as AuCl (31), BH3⋅SMe2, and NH4PF6, to
provide discrete Lewis acid/base adducts. Alternatively, reaction with the O atom
transfer reagent, trimethylamine-N-oxide, furnished the phosphine oxide complex
32, which highlights the ability of the phosphido unit to support both Lewis
acidic and basic groups in the secondary coordination sphere of the PPP pincer
framework. Further reactivity studies were hindered by the tight binding of the
cyclooctadiene ligand, which could not be eliminated under reductive conditions.

Although subsequent reactivity of the modified PPP ligands was not reported
in this system, a related PP(O)P ligand featuring a central phosphine-oxide was
recently reported by Bourissou and coworkers [77] (Figure 3.19a). Entry into the
square-planar palladium(II) complex 34 can be achieved by formal insertion of
the P–C bond of the free ligand 33 into a palladium(0) complex. The ability of
the phosphine-oxide group in 34 to act as a Brønsted base was demonstrated by
protonation using triflic acid to give the hydroxyl-phosphine complex, 35. The
addition of triflic acid to 34 modifies the ligand field of the central phosphorus
atom from an X-type to an L-type donor, and is reversible using a sufficiently strong
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base such as DBU (1,8-diazabicycloundec-7-ene). Phosphine oxides and sulfoxides
are both potent hydrogen-bond acceptor units, thus pincer-based PEP ligands that
contain a central sulfoxide unit are highly complementary to the phosphine oxide
PP(O)P ligands shown above. A PS(O)P pincer ligand was recently reported, in
addition to its group 9 and 10 transition-metal complexes (Figure 3.19b) [78].
Similar to the PP(O)P ligands, the PS(O)P ligand supports meridional and facial
coordination modes. Addition of Brønsted acids to iridium(I) complexes containing
the PS(O)P ligand (36) results in the oxidative ligation of H+ to afford an iridium(III)
hydride species (37). This finding suggests that the sulfoxide moiety in PS(O)P
complexes has minimal Brønsted basicity, relative to the Ir(I) center. Protonation
in this case is also reversible, and deprotonation affords a meridional isomer (38).
Thus, the protonation/deprotonation sequence can be effectively used to induce
facial/meridional isomerization. The utility of the proton-responsive phosphine
oxide in 34 and the S=O functionality in 38 currently have limited demonstrated
proficiency; however, these platforms might find application in catalytic cycles that
feature proton-transfer events coupled with changes in the ligand field properties
of a substrate. For this reason, future studies targeting proton-transfer reactivity in
this complex, and related complexes, would be compelling.

3.3.4
Pyridine-2,6-Diimine Systems

Like Gelman’s PCsp3P pincer ligands, pyridine-2,6-diimine (PDI) ligands are a
highly modular class of pincer ligands derived from commercially available starting
materials [79]. An additional attribute of this ligand class is the non-innocent nature
of the scaffold with respect to redox chemistry [80–82]. The synthesis of PDI
ligands is amenable to the facile introduction of functionality in a symmetric and
nonsymmetric manner, and can typically be achieved on multi-gram quantities.
Symmetric PDI ligands featuring pendent Lewis basic (hydrazone) and acidic
(pinacol boronate ester) sites have been reported with their iron(II) complexes,
which were examined as catalysts for ethylene oligomerization [83, 84]. The specific
role of the pendent functional groups during catalysis is not fully understood,
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but it appears to contribute to enhanced thermal stability of the catalysts. A
related nonsymmetric PDI ligand that features a pendent amine was reported by
Gilbertson and coworkers [85] for metal–ligand cooperativity (39, Figure 3.20).
In this case, the amine side arm is flexible and can engage in interactions with
metal-coordinated substrates. The amine unit can be readily protonated, which
presents a potent hydrogen-bond donor group capable of further interactions with
coordinated ligands, for example, metal halides. Intramolecular proton transfer
was also possible in this system, and was effected from a transiently formed
iron(II)-aquo complex, which allowed the isolation of a rare iron(II)-hydroxo
species, 40. Of particular note, the subsequent hydrogen-bonding interaction with
the protonated amine serves to stabilize the iron(II)-hydroxo complex. The highly
flexible pendent amine is uniquely poised to act as a proton relay and/or to
separately interact with a metal-coordinated substrate at two distinct sites. These
features, in addition to possible participation in proton-coupled electron transfer
reactions via ligand-centered redox events, make this a promising scaffold for
further catalytic studies.

3.4
Future Outlook and Summary

Pincer frameworks provide a unique ligand scaffold that is amenable for further
elaboration with appended functional groups, in large part due to the rigid nature
of most pincer frameworks. Functionality can be directed collinear or orthogonal
to a metal-coordinated substrate, and these distinct secondary structures can be
targeted for substrate specificity within multifunctional architectures. Because of
the potential coordinating ability of the introduced functionality, the selection
of the metallation conditions requires careful attention to limit multinuclear
metal–ligand ensembles. Once metallated, the appended functionality can serve to
tune a ligand’s physical properties and/or promote proton/electron transfer, which
may concomitantly modify a pincer’s ligand field strength. The recent explosion in
reports of cooperative ligand frameworks demonstrates a high interest in the area
of metal–ligand multifunctionality and, because of their geometrical constraints
as well as unique tunable reactivity, pincer-based ligands are poised to continue to
emerge as premier platforms upon which further elaboration is possible to uncover
new reactivity profiles for small molecule activation.
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4
C–C, C–O, and C–B Bond Formation by Pincer Complexes
Including Asymmetric Catalysis
Kálmán J. Szabó

4.1
Introduction – Pros and Cons of Using Pincer Complexes in Catalysis

Transition-metal catalysis has become one of the most powerful methodologies
in organic synthesis [1, 2]. The main reason is that metal catalysts are able to
transform organic substrates efficiently with high selectivity. The selectivity is
very often controlled by the choice of the metal and the ligand applied in the
catalytic process. In particular, palladium catalysis has been very successful in
these applications, and by using ligand control remarkable selectivity including
enantioselectivity can be achieved [1, 2]. The application and understanding of the
rules of ligand control is usually difficult and requires sophisticated modeling and
mechanistic studies. A basic problem is that, under the catalytic reactions, the
ligands can coordinate and dissociate from the central metal atom, and therefore
it is unclear which ligand exerts control in the selectivity-determining step of
the reaction. In this respect, application of tridentate pincer complexes could be
beneficial [3–10]. In these species, three of the coordination sites of the Pd(II) atom
are occupied by the pincer ligand, and one coordination site is available for the
organic substrate (Figure 4.1). The complex is usually very stable and has a well-
defined stoichiometry. In most reactions, the pincer ligand and metal are firmly
held together by the chemical reactions. The central Pd–C bond is usually electron
rich, and the side arms can be easily varied. The steric and electronic effects of the
side arms can be efficiently propagated to the reaction center. The Pd–C and Pd–Q
bonds are forced to trans positions, and therefore reductive elimination (requiring
cis position) can be avoided.

The above benefits of the application of pincer complexes are, of course, counter-
balanced by a couple of disadvantages as well. Synthesis, and in particular the tuning
of the reactivity and selectivity, of pincer complexes requires extra efforts. Although
many pincer complexes, in particular Pd(II) complexes, are highly stable, change of
the oxidation state of the metal atom may lead to stability issues. A typical problem
is the reduction of Pd(II) to Pd(0) in pincer complexes. The Pd(0) form easily
undergoes irreversible decomposition involving dissociation of the ligand [11, 12].

Pincer and Pincer-Type Complexes: Applications in Organic Synthesis and Catalysis, First Edition.
Edited by Kálmán J. Szabó and Ola F. Wendt.
c© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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PdMe2N NMe2

Q

Central Pd–C bond (electron donating)

Tunable side arms

Reaction center trans to the Pd–C bond

Tunable positions

Figure 4.1 Example of a pincer complex catalyst.

This chapter focuses on some recent examples of the application of pincer
complexes as catalysts in organic synthesis of C–C, C–O, and C–B formation
reactions. We will show that these complexes can be employed as excellent catalysts
or catalyst precursors, and they may help to explore important mechanistic details
in catalytic processes. The examples mainly come from palladium chemistry, and,
of course, this chapter does not fully cover this area.

4.2
Reaction of Imines and Isocyanoacetates

4.2.1
Stereoselective Synthesis of Imidazolines

The first example of the application of pincer complex catalysts for selective
synthesis involves aldol type of reactions involving imines and isocyanoacetates.
In aldol [13–27] and Michael addition [13, 28–34] reactions, palladium pincer
complexes have usually been employed as Lewis acid catalysts, for the first time
by Richards and coworkers [13, 28]. This also means that the palladium(II) atom
in these processes is not involved in redox reactions, and therefore reduction to
palladium(0) does not happen. The aldol and the Michael reactions are useful C–C
bond-forming reactions. In these processes, new stereocenters are generated, and
therefore the processes can be used for stereoselective synthesis. A typical example
is the reaction of sulfonimines (2) with isocyanoacetate (3) to form imidazoline (4)
derivatives. The imidazolines can be easily hydrolyzed to diamino acid derivatives
in a one-pot process (Figure 4.2) [24].

NH NH

Ar COOMe

Ts

O
5

Q

NTs

+

1 mol% [1]cat

THF/20 °C/2 h
20 °C/THF

N N

Ar COOMe

Ts

2 3 4

H2O/Al2O3CN COOMe
PdZ Z

Q

R

1

Figure 4.2 Pincer complex-catalyzed synthesis of imidazoline derivatives from sulfonimines
and isocyanoacetates [24].
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Table 4.1 Dependence of the stereoselectivity on the applied catalyst [24].

N N N N

Ph COOMe

Ts

Ph COOMe

Tssyn: anti

Pd-catalyst

Pd (OAc)2

O O

PdPh2P PPh2

OCOCF3

1a

O O

PdPh2P PPh2

OCOCF3
1c

COOMe

PdPhSe SePh

1d

PdPhSe SePh

OCOCH3

OCOCH3

1e

OMe

PdMeS SMe

CH3CN

1f

PdMe2N NMe2

Br
1g

BF4

O O

PdPh2P PPh2

Cl
1b

Yield (%)

1 : 2

10 : 1 98

82

7 : 1 99

8 : 1 99

1 : 3 98

1 : 4 99

2 : 3 98

2 : 3 98
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When the cyclization reaction was performed in the presence of Pd(OAc)2 using a
phenyl sulfonimine (2, Q=Ph) substrate, the imidazoline product (4, Ar=Ph) was
formed with poor regioselectivity (Table 4.1). However, use of the PCP complex 1a
led to excellent regioselectivity with a syn/anti ratio of 10 : 1. This indicates that pin-
cer complexes are more efficient catalysts for the cyclization reactions than simple
palladium salt, as both the selectivity and the yield could be improved using 1a.

An interesting feature of this study is the investigation of the effects of the
counterions, the heteroatoms in the side arms, and the aromatic substituents on
the selectivity. Replacement of the trifluoroacetate (TFA) (1a) to chloride (1b) leads
to a decrease of the selectivity. This indicates that weakly coordinating ligands have
a favorable effect on the selectivity and reactivity of the complex. Considering that
palladium is supposed to act as a Lewis acid in the cyclization reaction, the effects
of an electron-withdrawing group (COOMe) in the para position of the aromatic
ring (1c) were also tested. However, the presence of the COOMe group did not
improve the selectivity compared to the unsubstituted complex 1a. Changing the
heteroatom in the side arm from phosphorous (1a) to selenium (1e) considerably
changed the selectivity. In contrast to the syn preference when using PCP complexes
(1a–c), with the selenium complex 1d the anti product formed in larger amounts.
However, this anti selectivity was much lower than the syn selectivity with the PCP
complexes. Interestingly, Pd(OAc)2 also gave the anti form in larger amount with
poor selectivity. Change of the side arms to sulfur (1f) or nitrogen (1g) containing
groups also leads to poor anti selectivity. It can be concluded that change of the
π-acceptor phosphorous atom in the side arms to σ-donor selenium, sulfur, and
nitrogen ligands (Table 4.1) leads to a decreases the syn/anti selectivity of the above
(Figure 4.1) cyclization reactions. This change of selectivity indicates mechanistic
changes in the reaction (see below).

The reaction had a broad synthetic scope, as imines substrates with aromatic
(4a–d), heteroaromatic (4e), and vinyl (4f) substituents gave high yield. Using the

N N

COOMe

COOMe

COOMe

MeO

COOMe

Ts

F

Ts N N

COOMe

Ts

N N
Ts Ts N N

COOMe
Ph

S

N N

Ph

S

O

O

4b 11 : 14a 9 : 1
2 : 1 (using 1e)

4c

4d 4e 4f

7 : 1

8 : 110 : 18 : 1

Figure 4.3 Synthetic scope of the reaction. Unless otherwise stated, the syn/anti ratio was
obtained with 1a as catalyst. The yields are in the range 93–99%.
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PCP complex 1a as a catalyst, high syn/anti selectivity was obtained (Figure 4.3).
The electron-withdrawing substituent in the aryl group of the imine leads to a
slight decrease of the selectivity (4a), while electron-donating substituents (4b, 4e)
give as high selectivity as that of the phenyl group. Interestingly, in the presence
of a bulky naphthyl group (4c) the selectivity deceases, even if the bulky group is
attached to the nitrogen of the imine (4d).

4.2.2
Application of Chiral Pincer Complexes

As the reaction creates two stereogen carbons, it was appealing to develop an
asymmetric version of the transformation. A particularly important reason is that
the imidazoline product can easily be hydrolyzed to amino acids (Figure 4.2),
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Figure 4.4 Chiral pincer complexes used as catalysts for the cyclization reaction.
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Figure 4.5 Enantioselectivity of the amino acid derivatives achieved by chiral pincer com-
plexes 6–9.

and thus the procedure would be suitable for the synthesis of enantio-enriched
amino acids. Therefore, chiral pincer complexes 6–9 (Figure 4.4) were employed
to carry out asymmetric cyclization of 2 and 3 (Figure 4.5) [25]. These studies
show that bisphenanthroline complexes, with bulky annelated phenyl groups 6a,b,
are more efficient in inducing enantioselectivity than 1,1′-bi-2-naphthol (BINOL)
based complexes 7–9. The best enantioselectivity (86% ee) was achieved using
the complex 6a. Unfortunately, the high regioselectivity obtained with the achiral
analogs 1a–c was lowered, and 6a resulted in a 1 : 1 mixture of syn and anti
stereoisomers. Interestingly, the enantioselectivity (Figure 4.5) obtained for the syn
isomer (86% ee) is significantly higher than for the anti isomer (28% ee). When 6b,
the enantiomer of 6a, was used, the enantioselectivity slightly decreased. The main
diastereomer was still the syn form but as expected the configuration of the major
enantiomer (72% ee) was the opposite of the major enantiomer formed using 6a
(Figure 4.5). Interestingly, when S-Ph-substituted BINOL-based complex 7 was
used, the diastereoselectivity increased benefiting the anti diastereomer. However,
the enantioselectivity was lower than with bisphenanthroline complex 6a. When
the size of the substituent was decreased, or unsubstituted BINOL was employed
in the side arms, the enantioselectivity was further decreased.

These studies show that variation of the steric bulkiness of the chiral ligands
in the side arms strongly influences the selectivity of the cyclization reactions.
However, obtaining full control over both the stereo and enantioselectivity of the
reaction is still very challenging.
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4.2.3
Mechanistic Considerations

A particularly interesting feature of the above reaction is the change of the stereose-
lectivity of the process upon changing the heteroatoms of the side arms (Table 4.1).
In case of PCP complexes 1a–d, a syn selectivity was obtained, while with σ-donor
groups in the side arms 1a–g, the stereoselectivity was reverted and decreased.

Szabó and coworkers [24] studied the mechanistic details of the cyclization
reaction using PCP complex 1a as catalyst. It was found that 1a reacts with 3 even
in the absence of the imine component 2 forming a new complex 10 (Figure 4.6).
This complex was isolated and its structure determined by X-ray diffraction.
Subsequently, complex 10 was reacted with imine 2, which led to the expected
cyclized product 4. The integrity of pincer complex 1a was preserved and it could
be recovered without any decomposition after the reaction (Figure 4.6). This and
the fact that PCP complex could also be recovered after the catalytic process [24]
show that the palladium atom of 1a does not undergo reduction to Pd(0), as this
reaction would involve disintegration of the complex.

Based on the above results, a catalytic cycle was suggested for the cyclization
reaction (Figure 4.7). Accordingly, complex 10 is the key intermediate of the process.
Coordination of the isocyanate to the palladium atom facilitates the deprotonation
of the CH2 group of 3. The carbanion center of 11 undergoes nucleophilic attack of
the imine carbon leading to complex 12, which after ring closure and deprotonation
gives the final product and regenerates the catalyst. The stereo and enantioselectivity
(with 6–9) of the process is determined by formation of 12 from complex 11.
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Figure 4.6 Cyclization proceeding via the pincer complex intermediate 10.
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Figure 4.7 Suggested mechanism of the cyclization.

van Koten and coworkers [35] have shown that isocyanoacetate complexes with
weakly coordinating side arms (such as 1e–g) undergo insertion into the Pd–C
bond, which leads to loss of the integrity of the pincer complex. This may explain
the change of the stereoselectivity while using 1e–g in condensation reactions.

4.3
C–H Functionalization of Organonitriles

4.3.1
Allylation of Imines

Another interesting application catalyzed by a palladium pincer complex for the
transformation of sulfonimines involves allylation with allyl cyanides in the pres-
ence of a weak base (NaHCO3) [36]. In this process, the allylic C–H bond adjacent
to the CN group is replaced by a new C–C bond with excellent regioselectivity
(Figure 4.8). The reactions proceed under mild conditions, typically at room tem-
perature. Probably the most important feature of the reaction is that it requires the
use of a very weak base (NaHCO3). Application of stronger bases, such as Cs2CO3,
leads to allylic rearrangement of the product 15 by the formation of vinyl-CN
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Figure 4.8 C–H functionalization-based allylation of sulfonimines.

derivatives [37]. The reaction is catalyzed by PCP complex 1a, while common
palladium catalysts, such as Pd(PPh3)4, Pd2(dba)3 (dba, dibenzylideneacetone),
Pd(OAc)2, or Pd(TFA)2, are inactive.

Although, the regioselectivity of the process is excellent, the stereoselectivity
is poor, which is probably due to the small size (and thus the poor directing
ability) of the CN group. Interestingly, the variation of the pincer complex catalysts
slightly changes the stereoselectivity. When the PCP catalyst 1a was replaced by the
SCS catalyst 1f, the diastereoselectivity remained the same (cf. entries 1 and 2 in
Table 4.2) but when the SeCSe catalyst 1h was applied the stereoselectivity decreased
(entry 3). For aryl-substituted sulfonimines, a faster reaction occurred with electron-
withdrawing groups, such as 2b, than with electron-donating substituents 2c (cf.
the reaction times in entries 4 and 5). The reaction works smoothly even with vinyl
(2d) and alkyl (2e) sulfonimines (entries 6 and 7). The substrate scope involves both
the parent allyl-CN (14a) and its substituted analogs, such as 14b–d [36].

It is interesting to note that the same reaction catalyzed by palladium pincer
complex can also be carried out using allylstannane derivatives [38]. A clear
advantage of the above procedure (Figure 4.8) is that it does not require a tedious
trialkyl tin prefunctionalization of the allylnitrile derivatives.

According to the mechanistic rationale given for the process [36], the reaction
is supposed to proceed by NaHCO3-aided deprotonation of the allyl-CN substrate,
which is assisted by the palladium atom of 1a (Figure 4.9). This process generates
η1-allyl complex 16, which readily reacts with electrophiles [39–41], such as 2a. η1-
Allyl palladium complexes preferentially react at the γ-position of the allylic moiety
(17) to give the complex 18 [41, 42], which after decomplexation gives product 14a.

4.3.2
Benzyl Amine Synthesis

A related study was carried out using benzyl-CN substrates and imines. The
reaction was readily catalyzed by the PCP complex 1a in the presence or absence of
NaHCO3 (Figure 4.10) [43].
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Table 4.2 Catalytic allylation of imines with allyl cyanides.

NTs

Ph

Entry Substrates T (oC)/ t (h) Products Yield

901 20/5
Ph

NHTs

3 8120/4

14a

14a

2a

2a

15a

15a

CN

CN

3 : 2

1 : 1

Catalyst

1h

1a

2 8320/52a 15a 3 : 21f

NTs

4 20/114a

2b

3 : 21a

F

NHTs

15b
CN

F

91

NTs

5 20/514a

2c

3 : 21a

MeO

NHTs

15c
CN

OMe

91

NTs

7 20/1214a

2e

1 : 11a

NHTs

15e

CN
90

8 40/14

14b

3a 1 : 11a
Ph

NHTs

15f
CN

98CN

9 20/4

14c

3a 1 : 11a Ph

NHTs

15g
CN

97
CN

NC NC

dr

NTs

Ph
6 20/1414a

2d

2 : 11a

15dCN

93

NHTs

Ph

14a

10 20/20

14d

3b 3 : 21a

NHTs

15h

CN

94

F

CN
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Figure 4.9 Suggested mechanism of the allylation of imines.
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Figure 4.10 Pincer complex-catalyzed coupling of benzyl cyanides with sulfonimines.

The reaction proceeds under mild conditions, similar to the above catalytic
transformations of sulfonimines. A relatively low diastereoselectivity occurred
for coupling of the parent benzyl nitrile 19a with 2a (Table 4.3). However, the
stereoselectivity increased for ortho-substituted derivatives 19b–f. The degree of
stereoselection was increased with increasing bulkiness of the ortho substituent,
as shown for halogenated derivatives 19b–e (entries 2–5). The lowest selectivity
was obtained for the fluoro derivative 19b (4.6 : 1), while the highest selectivity
(10 : 1) occurred for the iodo derivative 19e. Interestingly, the C–I bond remained
unchanged in this process, suggesting that the Pd(0) species (which readily
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Table 4.3 Catalytic benzylation of sulfonimines.

NTs

Ph

Entry Substrates Temperature ( oC)
/time (h)

Product Yield

991 20/15

2 956/68

19a 2a

2a

20a

CN 2 : 1

4.6 : 1

Catalyst

1a

1a

dr

19b

CN

20b

3 9920/162a 8.4 : 11a

19c
20c

Ph

TsHN

CN

4 8320/162a 10 : 11a

19d

CN

20d

Ph

TsHN

CN

5 9920/152a 10 : 11a

19e

CN

20e

Ph

TsHN

CNI

Br

F

Cl

Br

I

7 8320/242a 10 : 11a

19f

CN

20f

TsHN

Ph

CN

6 7020/162a 10 : 11f2e 20e

Ph

TsHN

CN

Ph

TsHN

CN F

NTs

918 20/1819a

2b
20g

1.4 : 11a

Chex

TsHN

CN

CN

Cl

undergoes oxidative addition to the C–I bond) did not form. The reaction also
proceeded with high stereoselectivity for the naphthyl derivative 19f (entry 7) as
well, indicating the importance of the steric factor in the diastereoselection process.

Aliphatic sulfonimines also reacted smoothly, but the stereoselectivity with
19a was poor. Variation of the pincer complex catalyst did not change the
stereoselectivity (cf. entries 6 and 7). The reaction did not proceed while using
commonly used (non-pincer) catalysts [43].
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Figure 4.11 Asymmetric benzylation of sulfonamides.

An asymmetric version of the process was also developed (Figure 4.11) [43]. In
this process, the BINOL-based catalyst 9 gave promising levels of enantioselectivity
but the stereoselectivity of the reaction was poor.

The mechanism of the reaction was supposed to be similar to that of the allylation
process. Deprotonation of benzyl cyanides requires very strong bases (pKa = 21.9)
[44]. However, coordination of the CN group to the palladium atom of 1a allows
easy deprotonation even with very weak bases, such as NaHCO3. The next step is
a nucleophilic attack of the carbon atom of the imine group, which leads to C–C
bond formation. This step determines the stereoselectivity of the process [43].

4.4
Reactions Involving Hypervalent Iodines

A particularly interesting catalytic feature of the above-discussed pincer complexes
(1a–h) is that they comprise a Pd–C bond, rendering the Pd(II) atom electron rich.
This allows oxidation of the Pd(II) atom to Pd(IV) without losing the pincer integrity
of the complex [45–48]. This property can be exploited in catalytic applications,
allowing a Pd(II)/Pd(IV) redox cycle [49–53]. Usually, oxidation of Pd(II) to Pd(IV)
species requires strong oxidants, such as peroxides and hypervalent iodines. In the
following section, we will show a couple of examples of the application of pincer-
complex catalysis under oxidative conditions, in which a Pd(II)/Pd(IV) redox cycle
is achieved. Another interesting application of pincer complexes is the relative ease
by which the Pd(IV) oxidation state of the metal atom can be detected using 1H
NMR spectroscopy.

4.4.1
Arylation of Alkenes Using Pincer Complex Catalysis

Heck coupling is probably the most established catalytic method for the coupling of
aryl compounds with alkenes [1, 54]. However, Heck coupling reactions are based
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Figure 4.12 Arylation of allyl acetates.

on a Pd(0)/Pd(II) redox cycle, meaning that certain functionalities that may undergo
oxidative addition with Pd(0) are not tolerated. Typically, such functional groups
are allylic acetates and aryl halides, which otherwise serve as prefunctionalized
substrates in palladium-catalyzed allylic substitutions or cross-coupling reactions.

A possible solution for functionalization of allylic acetates involves the application
of hypervalent iodones (21) as aryl source in the presence of a weak base (NaHCO3)
and pincer complex (1a) catalysis (Figure 4.12) [49]. Under these conditions, a
regioselective arylation of the alkene takes place without altering the allylic acetate
functionality.

After the reaction, the applied pincer complex 1a can be recovered without any
change, and the so-called mercury drop test [55] was negative. These findings
suggest that the redox coupling took place via a Pd(II)/Pd(IV) mechanism without
the involvement of Pd(0) species. The reaction has a broad synthetic scope,
indicating that even diacetates 22a,b smoothly undergo the desired coupling
reaction (Table 4.4). Not only acetate but even COOEt or alkyl groups are tolerated
in the allylic position (entries 5 and 6). A further attractive feature of the method
is that aryl bromides can be transferred using hypervalent iodine 2c, as Pd(0)
species does not interfere with the cross-coupling process (entries 3 and 5–7).
Based on the above experimental findings, a plausible catalytic cycle was suggested
for the process (Figure 4.13) [49]. Probably the most important step is the oxidative
addition of the hypervalent iodine to the PCP Pd(II) pincer complex catalyst to
give the Pd(IV) complex 24. This complex may react in the subsequent reaction
steps, which are probably similar to the classical Heck coupling. The last step
is the reduction of the Pd(IV) complex to the Pd(II) precursor of the catalytic
cycle.

Density functional theory (DFT) modeling studies [56] pointed out the relatively
high activation energy of the oxidative addition. Since carbopalladation of 24 is prob-
ably fast, complex 24 could not be detected. However, in the acetoxylation and the
C–H borylation studies, the more strongly oxidizing iodine was used instead of 21,
and detection of the Pd(IV) intermediate could be realized (Sections 4.4.2 and 4.4.3).
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Table 4.4 Application of palladium pincer complexes for arylation reactions.

941

OAc OAc

Ph
OAc OAc

895

OAc

OAc

Br

Entry Substrate Product Yield (%)

907

836 OAc

COOEt

Br

913

OAc

OAc

Br

942

914
OAc

OAc

Ph

OAc

OAc

21a

21a

21c

21c

21c

21b

21a

Ar2IX

22a 23a

22a 23a

22a
23b

22b 23c

22b
23d

22c
23e

Br

OAc OAc

22d
23f

OAc

COOEt

4.4.2
Acetoxylation with Hypervalent Iodines

Palladium-catalyzed allylic C–H acetoxylation (acyloxylation) of alkenes is one
of the synthetically most established C–H functionalization methods [57–62].
These reactions are conducted under oxidative reaction conditions. In the most
commonly used approach, the reaction proceeds via a Pd(II)/Pd(0) catalytic cycle
and benzoquinone (BQ) is used for reoxidation of Pd(0) and activation of the
nucleophilic (acetate) attack [61, 62].

Application of BQ as oxidant and activator imposes some limitations to the
reaction. Also, the active intermediate of the process is an allyl palladium(II)
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Figure 4.13 Plausible mechanism of the arylation using hypervalent iodines.
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Figure 4.14 C–H acetoxylation with NCN complex 1g.

species, which is reluctant to undergo reductive elimination without any activator
(e.g., BQ). A possible alternative is implementing a Pd(II)/Pd(IV) redox cycle. This
can be realized using strong oxidants, such as hypervalent iodine 29, in the process
(Figure 4.14) [50].

The reaction can be performed for a wide range of substrates, such as 28
(Figure 4.14), using Pd(OAc)2 or the NCN pincer complex 1g as catalyst. In
these procedures, 1g performs nearly as good as Pd(OAc)2. However, using the
pincer complex catalyst useful mechanistic information can be obtained. When the
reaction of 1g with hypervalent iodine 29 was monitored by 1H NMR spectroscopy,
systematic changes of the NMR shifts were observed. The signals for the CH2

and CH3 protons of the side arms of 1b appeared as singlets resonating at 4.04
and 3.01 ppm, respectively (Figure 4.15). This arises from the fast inversion of the
nitrogen atoms of the side arms, lending a time-averaged C2v symmetry to the
complex. Addition of 29 to the CDCl3 solution of 1b led to a color change from pale
yellow to amber. Notable changes in the 1H NMR spectrum were (i) the splitting of
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Figure 4.15 Systematic changes of the 1H NMR shifts of the NCN complex 1g indicating a
Pd(II)-to-Pd(IV) oxidation.

the CH3 signals into two distinct sharp singlets resonating at 2.88 and 3.24 ppm,
and (ii) the emergence of two doublets (J = 14 Hz) at 4.46 and 4.37 ppm.

These results suggest that, under the applied catalytic conditions, the palladium
atom of the catalyst 1g is oxidized to Pd(IV) forming complex 31. Thus pincer
complex 1g proved to be a useful handle for the detection of the Pd(II)-to-Pd(IV)
oxidation [47]. Based on the above experiments, a plausible mechanism could be
given for the palladium-catalyzed allylic C–H acetoxylation with hypervalent iodines
(Figure 4.16) [50]. According to this mechanism, the first step is the oxidation of
the Pd(II) atom of 1g to Pd(IV) to give complex 31 (Figure 4.15). This is followed by
coordination of alkene 28 and, via deprotonation, formation of allyl palladium(IV)
complex 33. This complex undergoes reductive elimination without any kind of
external activation, as the high oxidation state of palladium can be regarded as an
activation method.
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OCOCH3MeOOC

X

Figure 4.16 Suggested catalytic cycle of the C–H acetoxylation.
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4.4.3
C–H Borylation of Alkenes

C–H borylation is a widely used methodology for the synthesis of organoboronates
[63–65]. Most of the applications have been presented for the synthesis of aryl-
boronates. However, functionalization of alkenes has also attracted much interest
[66, 67]. In most applications, iridium catalysis was used. However, in case of
alkenes, borohydride forms as a side product of the C–H borylation, which
undergoes hydroboration with alkenes. This side reaction can be avoided using pal-
ladium catalysis under oxidative conditions. In a practically useful implementation
of this reaction, pincer-complex catalysis (1g) was applied (Figure 4.17) [51]. The
reaction can be carried out under mild reaction conditions at room temperature
using the neat alkene 34 as solvent. In this reaction, hypervalent iodine 36, the
TFA analog of 29, was employed. In the absence of 36, borylation reaction did
not occur.

The reaction works for both cyclic (34a–c) and acylic (34d,e) alkenes (Table 4.5).
In most processes, the product is a vinyl boronate (37a–d). However, the C–H
functionalization of cycloheptene gives allyl boronate 38. The mild neutral reaction
conditions allow the synthesis of silyl and boronate functionalized species 37c,d
as well.

The first step of the reaction is oxidation of the palladium(II) central atom
of 1g to Pd(IV) by 36 (Figure 4.18). This process can be followed by 1H NMR
spectroscopy similar to the acetate analog (Figure 4.15). This step is followed by
transmetallation of B2pin2 35 with 37 to give complex 38, which subsequently
undergoes alkene coordination (39), insertion (40), and reductive deprotonation to
give organoboronate 37.

The reaction is also catalyzed by Pd(OAc)2 but the yields are much lower than
with 1g. Furthermore, application of the pincer complex 1g allows the observation
of the Pd(II)-to-Pd(IV) oxidation by 1H NMR monitoring of the systematic changes
of the NMR shifts and coupling constants (see Figure 4.15).

R2 R2

R1
Bpin

R1

34

PhI(OCOCF3)2 36
20 °C,16 h

PdMe2N NMe2

Br

+ Bpin Bpin

35

[1g]cat.

37

+ CF3OCO-Bpin

Figure 4.17 C–H borylation with NCN pincer complex 1g.
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Table 4.5 Examples for C–H borylation.

Entry Substrate Product Yield (%)

731

612

3

4

865

57

51

34a

34b

34c

34d

34e

37a

37b

38

37c

37d

Bpin

Bpin

Bpin

Bpin

Bpin

Me3Si Me3Si

pinB pinB

4.5
Summary and Outlook

By this chapter we wished to present some interesting application of palladium
pincer complex catalysis for organic synthesis. A clear advantage of using pincer
complexes is their well-defined metal/ligand stoichiometry. In particular, for
palladium complexes, the integrity of the pincer complex is usually preserved during
the catalytic process. This ensures that electronic/steric tuning implemented in the
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Figure 4.18 Mechanism suggested for the C–H borylation.

pincer ligand is transmitted to the metal atom, the active site of the catalyst, under
the entire catalytic process. This is particularly useful for design of new asymmetric
catalytic transformations, as shown in Sections 4.2.2 and 4.4.2. Pincer complexes
usually decompose when the central atom is reduced to Pd(0), therefore Pd(0)/Pd(II)
redox cycle-based transformations cannot be catalyzed by pincer complexes but
these species may serve as catalyst precursors. However, the Pd(IV) state of the
pincer complexes is stable. Thus, by using strong oxidants, such as hypervalent
iodines, a Pd(II)/Pd(IV) redox cycle can be implemented with a preserved pincer
complex architecture (Sections 4.4.1 and 4.4.2). In these processes, the pincer
complex may serve as useful handle for the 1H NMR monitoring of the formation
of the Pd(IV) species. Pincer complexes have proven to be useful catalysts in C–H
functionalization based processes, as shown in Sections 4.3.1, 4.3.2, 4.4.1, and 4.4.2
and diastereoselective synthesis (Section 4.2.1).

In the future applications, we will see generation of new pincer complexes in
important application areas of organic synthesis, such as C–H functionalization
and C–C and C–B bond-forming reactions. There is still a large unexploited
potential for using pincer complexes in asymmetric catalysis. Design of the catalytic
processes can be considerably facilitated by the rigid, well-defined structure of the
chiral pincer complexes. The development of new catalytic procedures in pincer
complex chemistry is, of course, very much dependent on the appearance of new
powerful techniques for the synthesis of new pincer architectures. This makes
pincer complex catalysis a fruitful interdisciplinary area of organic, organometallic,
and inorganic chemistry.
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5
Nickel-Catalyzed Cross-Coupling Reactions
Anubendu Adhikary and Hairong Guan

5.1
Introduction

Transition-metal-catalyzed cross-coupling reactions represent one of the most
versatile and commonly utilized methods for the construction of carbon–carbon
and carbon–heteroatom bonds. Their importance in modern organic synthesis has
been highlighted by the 2010 Nobel Prize in Chemistry, which was awarded jointly
to Heck, Negishi, and Suzuki for their pioneering contributions to the development
of palladium-catalyzed C–C cross-coupling reactions. While palladium remains the
metal of choice for catalyzing most of this type or related transformations, in recent
years there has been intense interest in designing nickel-based catalysts for various
cross-coupling reactions. If the cost of ligand is not overwhelmingly high and if
the activity of a nickel catalyst can rival that of a palladium catalyst, the benefit
of employing the former becomes obvious: nickel is significantly less expensive
and more abundant than palladium. For the coupling of alkyl halides bearing
β-hydrogens in particular, nickel catalysts are usually better choices because the
key intermediates, nickel-alkyl species, are less prone to β-hydrogen elimination
[1, 2]. In addition, one-electron process is more prevalent for nickel complexes,
providing unique catalytic pathways that may not be readily accessible with the
palladium analogs. A number of reviews and perspective articles have appeared in
the literature emphasizing the new development of nickel-catalyzed cross-coupling
reactions [3–8]. Coinciding with the advancement in this emerging field, the
past decade has seen an explosive growth in pincer and pincer-type complexes as
excellent catalysts for a wide range of synthetic applications. This chapter, therefore,
will be focused specifically on cross-coupling reactions promoted by nickel pincer
complexes and their derivatives. Special attention will be paid to the mechanistic
aspects of these reactions. For the convenience of discussion, this chapter is
organized according to the classification of different cross-coupling reactions.

Pincer and Pincer-Type Complexes: Applications in Organic Synthesis and Catalysis, First Edition.
Edited by Kálmán J. Szabó and Ola F. Wendt.
c© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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5.2
Carbon–Carbon Bond-Forming Reactions

5.2.1
Kumada–Corriu–Tamao Coupling

The coupling of an aryl or alkyl halide with a Grignard reagent is among the
earliest known cross-coupling reactions. Although it was dated back to a 1941
study by Kharasch and Fields showing that FeCl3, NiCl2, and, especially, CoCl2
catalyzed the reaction of aryl Grignard reagents and organic halides [9], the
more synthetically useful protocols were concurrently developed by the research
groups of Corriu [10] and Kumada [11] in the early 1970s. Interestingly, the
original Kumada–Corriu–Tamao coupling reactions were actually catalyzed by
nickel complexes, namely Ni(acac)2 (acac, acetylacetonate) and Ni(dppe)Cl2 (dppe,
1,2-bis(diphenylphosphino)ethane). However, because of the high reactivity of
Grignard reagents, for much of the modern history of cross-coupling reactions,
Kumada–Corriu–Tamao coupling was not a preferred strategy for making C–C
bonds as far as functional group tolerance was concerned [12]. Lowering the reaction
temperature could render Grignard reagents compatible with more functional
groups but make it more challenging for an organic halide to undergo oxidative
addition (Scheme 5.1). Nevertheless, in the past a few years, significant progress has
been made in developing highly active nickel systems for Kumada–Corriu–Tamao
reactions, many of which use nickel pincer complexes and in some cases really
showcase the advantages of employing such catalysts.

LnM

R1 R2R1 X R2 MgY+

LnM
R1

X

R1 R2
R1 X

LnM
R1

R2

LnM

R2 MgYXMgY

Oxidative

addition

Transmetallation

Reductive

elimination

Scheme 5.1 A general mechanism for metal-catalyzed Kumada-Corriu-Tamao coupling reac-
tions.

In 2003, Liang and coworkers [13] synthesized the nickel complex 2a bearing
a tridentate amido diphosphine ligand (known as a PNP-pincer ligand) from the
corresponding chloride complex 1a and nBuMgCl (Scheme 5.2). The isolation of
this nickel alkyl species is notable, as β-hydrogen elimination to yield a nickel
hydride complex might have been anticipated. Even more remarkable, similar
complexes 2b and 2c (in benzene) are stable at 80 ◦C for at least 3 days [14].
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N

PR2

PR2

Ni Cl N

PR2

PR2

Ni

nBuMgCl
N

PPh2

PPh2

Ni Me

3a

N

PPh2

PPh2

Ni X

MeMgCl

R′X

R = Ph (a), iPr (b), Cy (c)

2a–c1a–c

Scheme 5.2 Synthesis and reactivity of nickel PNP-pincer complexes.

Mixing the nickel methyl complex 3a with various organic halides generates
nickel halide complexes, suggesting that C–C bond formation can be carried
out in a catalytic manner. Indeed, complexes 1a–c are all excellent catalysts
for Kumada–Corriu–Tamao coupling of p-tolylmagnesium bromide with PhI
(Eq. (5.1)). Unfortunately, for the coupling of alkyl Grignard reagents, substantial
amounts of homocoupling products (close to 50%) have been observed (Eq. (5.2)).
Attempts to use alkyl halides as electrophiles have not been successful either; only
10% of the starting materials are converted to the cross-coupling products. In any
case, the employment of alkyl nucleophiles in this case is noteworthy and may have
influenced the later development of other nickel pincer catalysts for this type of
cross-coupling reactions.

I
1 mol% 1a–c

MgBr +
Toluene, 25 °C (5.1)

1 mol% 1a–c

THF, 60 °C
R′MgCl +

X = Br, IR′ = Et, nBu

+X R′

(5.2)

In 2008, Zargarian et al. [15] prepared several diphosphine-derived PCP-type pincer
complexes of nickel (Figure 5.1) and explored their catalytic application to the
coupling of MeMgCl and PhCl in tetrahydrofuran (THF). In the presence of
0.5 mol% 4b under refluxing conditions, toluene can be obtained in 42% gas
chromatography (GC) yield (84 turnovers). By comparison, compound 4d with
more bulky tBu substituents is less reactive and compound 5b with an aromatic
pincer backbone is almost inactive. Mechanistic study of the catalytic process
suggests that nickel methyl species is the resting state of the catalysis. Exactly

Ni

PR2

PR2

Br

R = iPr (4b), tBu (4d)

Ni

P(iPr)2

P(iPr)2

Br

5b

Figure 5.1 Diphosphine-derived nickel PCP-pincer complexes.
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how the C–C bond is formed, or whether a Ni(IV) intermediate is ever involved
in the reaction, remains uncertain. The relative catalytic activity of these pincer
complexes, however, correlates nicely with the order of electron richness of the
metal centers (4b> 4d> 5b), as measured by their oxidation potentials from cyclic
voltammetry data. For the reaction catalyzed by 4b or 4d, a small amount of Ph–Ph
has also been detected, implying that a radical intermediate may be involved in
the catalytic process. More recently, the Zargarian group [16] has examined the
catalytic activity of a bis(phosphinite)-based POCOP-type pincer complex (1 mol%
loading) for Kumada–Corriu–Tamao coupling reactions. Similarly, mixtures of
cross-coupling and homocoupling products have been obtained.

Xia and coworkers [17] have recently demonstrated that nickel complexes with an
iminophosphinite-based pincer ligand catalyze the coupling of PhMgBr and aryl
chlorides. The iPr-substituted complex 6b is more reactive than 6a (Eq. (5.3)), which
has been explained by the higher donor ability of P(iPr)2 as compared to PPh2.
In the presence of either catalyst, however, the expected cross-coupling products
are contaminated with homocoupling byproducts, with an approximately 8 : 1 ratio
favoring the former.

R′ = CH3, CH3O

+Cl
2 mol% 6a or 6b

THF, rt 22 h

Ph

R′

R′

R′ R′
R = Ph (6a)

iPr (6b)

Ni

O PR2

N

Cl
iPr

iPr

PhMgBr +

(5.3)

Shortly after Liang’s report [14] on the PNP-pincer system, Wang and Wang
[18] demonstrated that nickel complexes supported by a nonsymmetric amido
diphosphine ligand were effective catalysts for the coupling of aryl Grignard
reagents and aryl halides to form Csp2 –Csp2 bonds. When aryl iodides are employed
as the coupling partners and the complex 7a or 7b is used as a catalyst (0.5 mol%
loading), quantitative formation of the products can be observed within 12 h (Eq.
(5.4)). These complexes also catalyze the coupling of more challenging substrates
such as PhCl and p-MeOC6H4Cl, but a higher catalyst loading (2.5 mol%) is needed
to achieve high yields. Generally speaking, complex 7b is more active than 7a in
catalyzing the coupling of aryl chlorides, although their reactivity difference in
promoting the reaction of aryl iodides is not obvious.

Ph2
P

N PR2

Ni

Cl

Ph

R = Ph (7a), iPr (7b)

I

0.5 mol% 7a or 7b

MgBr

+

Toluene, rt ∼ 12 h
R′

R′ = H or MeO

R′

(5.4)
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Ar = 2,6-iPr2C6H3 (9)

Ar = Ph (10)
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Ar = 2,6-iPr2C6H3 (12)

Figure 5.2 Phosphinimine-based nickel pincer complexes.

In the same study [18], phosphinimine–phosphine pincer complexes 8–12 and
a bis(phosphinimine)-based pincer complex 13 (Figure 5.2) were tested for cat-
alytic coupling of p-MeC6H4MgBr and p-RC6H4I (R=H or MeO). These pincer
complexes are far more reactive than any of the amido diphosphine-based pin-
cer complexes mentioned above (1a–c, 7a–b). Especially in the case of 13, the
catalyst loading can be lowered to 0.005 mol%. Interestingly, for the coupling of
p-MeC6H4MgBr and PhCl, complex 13 shows comparable activity to 7b, 8, and 12,
but lower activity than 9–11, which cannot be straightforwardly rationalized.

Further structural modifications have been made to these amido diphosphine-
or phosphinimine-based nickel pincer complexes to tune the catalytic activity.
Complexes 14–19 depicted in Figure 5.3 represent a new class of pincer complexes
lacking the enamine moiety that is characteristic of complexes 8–13 [19]. The
reactivity order in coupling p-MeC6H4MgBr with p-MeOC6H4I (0.005 or 0.01 mol%
catalyst) is 14∼ 17∼ 19> 15> 16∼ 18. When PhCl is used as the coupling partner
for p-MeC6H4MgBr (2 or 4 mol% catalyst), the reactivity order is somewhat different:

Ph2
P

N PPh2

Ni
Cl

Ph

N
PPh2

Ni
Cl

Ph

Ph2
P NAr

Ar = p-MeC6H4 (17)

Ar = 2,6-iPrC6H3 (18)

Ph2
P

N PPh2

Ni
Cl

Me

N
PPh2

Ni Cl

Ph

Ph2
P N

p-Tolyl

14 15 16

19

Ph2
P

N PPh2

Ni
Cl

Ph

Figure 5.3 Different phosphine- or phosphinimine-based nickel pincer complexes.
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O
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Figure 5.4 Nickel pincer complexes bearing a phosphine oxide or phosphine sulfide.

15∼ 17∼ 19> 14> 18> 16. Explaining the reactivity differences is not an easy task;
however, the large chelate ring in complex 16 and the sterically demanding
phosphinimine aryl group in complex 18 appear to consistently decrease the
efficiency of the catalysts.

A more recent report from the Wang group [20] has focused on derivatives of
complex 14 featuring phosphine oxide or phosphine sulfide donors. Comparing
their catalytic performance in coupling p-MeC6H4MgBr with PhCl reveals that the
PNO pincer complexes 22–24 are more active than the PNS pincer complexes 20
and 21 (Figure 5.4) [21]. The higher catalytic activity of 22–24 has been attributed
to the more facile dissociation of the Ni–O bond (than the Ni–S bond) to create the
necessary vacant coordination site for catalysis. With these PNO-pincer complexes,
the scope of the electrophiles has been further expanded to heteroaryl and alkenyl
chlorides. Using LiCl as an additive, ZnCl2 as a co-catalyst, and THF-NMP (NMP,
N-methyl-2-pyrrolidone) as a mixed solvent, this research group has demonstrated
that even aryl chlorides bearing Grignard-sensitive functionalities are acceptable
substrates (Eq. (5.5)). With added ZnCl2, whether these reactions should still be
categorized as Kumada–Corriu–Tamao coupling or, instead, they should be called
Negishi coupling is debatable.

Cl

2–5 mol% 22 or 23

2 mol% ZnCl2
1 equiv LiCl

MgBr +
THF–NMP, 25 °C, 4 h

R′ R′

R R
R′ = ketone, ester,
amide, acetal, CF3

(5.5)

Phosphine oxides and nitrones are isoelectronic with each other (Figure 5.5) and,
therefore, an OCO-type nickel pincer complex such as 25 is closely related to the
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P O P O N Ocf.
− −+ +

Figure 5.5 Nitrones being isoelectronic with phosphine oxides.

PNO-pincer complexes [22]. For the coupling of PhMgCl and PhBr, an impressively
high turnover number of 950 000 has been achieved using only 0.0001 mol% catalyst
25 (Eq. (5.6)). The same compound also catalyzes the coupling of other aryl bromides
or PhCl with aryl Grignard reagents very effectively. However, for the coupling
of PhCH2MgCl, in addition to the desired PhCH2Ar, 6–9% of the final products
are PhCH2CH2Ph (Eq. (5.7)). Of particular interest is that this homocoupling
byproduct originated from the Grignard reagent rather than the electrophile as
described in Eq. (5.2), suggestive of a different mechanistic pathway.

Ni

N

O

N

O

OH2

t
Bu

t
Bu Br

25

PhMgCl + PhBr
0.0001 mol% 25

Toluene, 70 °C, 50 h
Ph Ph

TON = 950,000

+ −

(5.6)

PhCH2MgCl + ArX
0.01–1 mol% 25

Toluene, 70 °C

PhCH2 Ar

PhCH2 CH2Ph

+

X = I, Br (5.7)

Recent interests in N-heterocyclic carbenes (NHCs) have prompted several research
groups to synthesize NHC-derived nickel pincer complexes for various catalytic
applications. Cationic NHC-based nickel pincer complexes 26–28 (Figure 5.6)
have been reported to have good catalytic activity in coupling ArMgBr with aryl
chlorides [23]. For the room temperature reaction involving PhCl, 1 mol% catalyst
is sufficient, whereas for the more challenging substrates p-MeOC6H4Cl and
o-MeC6H4Cl, 2 or 4 mol% catalyst is needed to ensure high yields, and in some
cases a higher temperature of 80 ◦C is also required. The CNN-pincer complexes

26

N

PH2P

Ni
Cl

N

N
N Me I

27

N

Ph2P

Ni
Br

PPh2

N
N Bn Br

28

N

Ph2P

Ni
Cl

N

PPh2

N
N

iPr
I

+

−
+

−
+

−

Figure 5.6 Cationic nickel pincer complexes bearing N-heterocyclic carbene and phosphin-
imine moieties.
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26 and 28 are slightly more reactive than the CNP-pincer complex 27, which has
been rationalized by the higher tendency of N-based pincer arms to dissociate from
the nickel centers. A related neutral CNN-pincer complex 29 is much more reactive
than these cationic complexes but comparable to PNO nickel complexes 22 and
23 [24]. A wide variety of aryl Grignard reagents and aryl chlorides can be used
for cross-coupling reactions and the catalytic system is compatible with functional
groups such as CN, NEt2, and OMe. Aryl fluorides are also viable electrophiles,
although the catalyst loading is typically in the range of 2–5 mol% compared to
0.5–1 mol% for the coupling of aryl chlorides (Eq. (5.8)).

N

Ph2P
N

Ni Br

N
N Bn

29

F

F2 ArMgBr +

4–5 mol% 29

THF, 25 or 70 °C

Ar

Ar

(5.8)

Nickel pincer complexes containing NHC donors but without the phosphinimine
moiety have also been developed as catalysts for Kumada–Corriu–Tamao reactions.
Inamoto and coworkers [25] have reported that cross-coupling of p-MeC6H4Br and
PhMgBr (or PhMgCl) can be catalyzed by 0.1–5 mol% bis(carbene)-based nickel
pincer complex 30. However, at least 10% of the products are identifiable as the
homocoupling byproduct Ph–Ph. This specific catalytic system is applicable to
various aryl bromides, chlorides, and fluorides, and tolerant to functional groups
such as OMe, CF3, OTBS, TBS (tert-butyldimethylsilyl acetal), and pyridyl ring (Eq.
(5.9)). In contrast, NH2 and OH groups interfere with the cross-coupling reactions.

N Ni

N

N
N

N

Br

Me

Me

BrX

R

Ar

R

X = Br, Cl, F

+ ArMgBr

(or PhMgCl)

5 mol% 30

THF, rt 0.7–6 d

30

−
+

(5.9)

The Chen group [26] has recently synthesized nickel complex 31 (Figure 5.7) with an
NHC-tethered phenanthroline ligand. They have hypothesized that the NHC donor
would increase the electron density at the nickel center while the phenanthroline
unit could easily dissociate one of the N donors (presumably the outer one) to
create a vacant coordination site, thereby facilitating the catalysis. This compound
has proven to be a good catalyst (1 mol% loading) for the coupling of aryl chlorides
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Figure 5.7 N-heterocyclic carbene ligated nickel pincer complexes.
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Figure 5.8 Five-coordinate nickel pincer complexes bearing a dicarbene ligand.

with p-MeC6H4MgBr at room temperature. Substrates bearing CN, OMe, pyridyl,
and pyrimidinyl groups have been successfully tested for the catalytic reactions.
The same research group has also prepared the nickel pincer complexes 32 and 33
(Figure 5.7) via chloronickelation of an alkyne linking two NHC units [27]. These
catalysts show better reactivity than 31 in aryl–aryl coupling; 0.5 mol% catalyst is
usually sufficient to reach full conversion of the starting materials. In the case
of coupling p-FC6H4Cl with p-MeC6H4MgBr, C–C bond formation takes place at
both halogenated sites.

Another NHC-based nickel pincer system involves five-coordinate nickel com-
plexes with a bis(benzimidazolin-2-ylidene)pyridine ligand (Figure 5.8). The cor-
responding four-coordinate cationic complexes (analogous to 31) have been
synthesized via salt metathesis, but catalysis-wise they do not offer any advantages
[28]. Complexes 34 and 35 have showed moderate catalytic activity (5 mol% loading)
for the coupling of aryl bromides and chlorides with PhMgBr or p-MeC6H4MgCl
at 30 ◦C. The GC yields for these reactions are less than 60%, mainly due to
homocoupling of the Grignard reagents. Complex 34 is slightly more reactive than
complex 35, but neither of them is as efficient as the bis(imidazol-2-ylidene)pyridine
complex 30.

For all the catalytic systems discussed so far, the mechanistic details are not
well understood. It is generally agreed that oxidation of the nickel center should
be a critical step in nickel-catalyzed cross-coupling reactions, and therefore an
electron-rich metal center would be ideal for catalysis. As argued by some of the
studies [20, 23], facile dissociation of one of the pincer arms could be equally
important. Degradation of Ni(II) pincer complexes to the more active Ni(0) species
is also possible, and may be necessary, although there is no definitive evidence
suggesting that this is the case for any of the reactions mentioned above. Moreover,
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N

NMe2

NMe2

Ni Cl

36

Figure 5.9 Amido bis(amine)-ligated nickel pincer com-
plex.

it is not unreasonable to propose a Ni(II)/Ni(IV) catalytic cycle, given the fact that
Ni(IV) complexes are known in the literature [29].

Replacing the phosphorous or NHC donors with relatively hard amine donors
can potentially stabilize Ni(IV) intermediates and promote the catalytic reactions, if
indeed they are involved in catalytic cycles. Guided by this hypothesis, Hu et al. [30]
have designed a nickel catalyst 36 (Figure 5.9) with an amido bis(amine) (NNN-
pincer) ligand. Viewed as potential intermediates of Kumada–Corriu–Tamao
reactions, various nickel alkyl (or aryl) complexes have been isolated from the
reaction between 36 and Grignard reagents including those containing β-hydrogens.
A later study has revealed that the stability is a result of the thermodynamics and
not kinetics [31]. The β-hydrogen elimination from a nickel propyl complex to
generate a nickel hydride species is reversible, and the equilibrium predominantly
lies on the side of the former (Eq. (5.10)). In any case, these alkyl complexes react
with alkyl halides readily to release molecules with newly formed Csp3 –Csp3 bonds
and regenerate 36 (or its derivatives with other halides), proving the principle that
cross-coupling reactions can be done catalytically with 36.

N

NMe2

NMe2

Ni N

NMe2

NMe2

Ni H +

(5.10)

The initial catalytic study of 36 was focused on dual coupling of nBuMgCl to
CH2Cl2 (Eq. (5.11)), which gives rise to nBuCH2

nBu [30]. This catalytic system
is also applicable to other linear-chain alkyl magnesium chlorides as well as
(CH3)2CHCH2MgCl, but not very effective for secondary and tertiary alkyl Grignard
reagents [32]. The catalytic reaction with PhCH2MgCl does not lead to the cross-
coupling product but to the homocoupling product PhCH2CH2Ph. Interestingly,
coupling of Ph2CCl2 with MeMgCl catalyzed by 3 mol% 36 generates Ph2C=CPh2

in 70% yield, suggesting that a radical mechanism is operative. One of the potential
applications for this type of reactions is to convert halogenated wastes to less toxic
non-halogenated chemicals. As demonstrated in a recent study by Ghosh et al.
[33], an anionic NNN-pincer complex 37 catalyzes the cross-coupling of Grignard
reagents and CCl4 (or CHCl3, CH2Cl2) with turnover frequencies as high as 724 h−1

(Eq. (5.12)).
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nBuMgCl + CH2Cl2
12 mol% 36

1 : 25
−20 °C, 5 min

nBuCH2
nBu

82% GC yield (5.11)

RMgCl + CCl4
0.41 mol% 37

rt, 20 min N Ni

N

N

O

O

Cl

iPr

iPr

iPr

iPr

Li

−
+

37

RCH3 + RCH2R

+ R3CH + CR4
4 equiv

(5.12)

The more synthetically useful application is for the coupling of nonactivated, func-
tionalized alkyl halides with Grignard reagents. The Hu group [32, 34] has shown
that a diverse array of primary alkyl iodides and bromides can be successfully
coupled to primary alkyl Grignard reagents at −35 ◦C (Eq. (5.13)) when dimethylac-
etamide (DMA) is used as the solvent and 3 mol% 36 is employed as catalyst. The
low temperature provides high compatibility with sensitive functionalities such as
chloride, ester, amide, nitrile, thioether, acetal, heterocycle, and ketone. A hydroxy
group can also be tolerated, although one extra equivalent of Grignard reagent
is needed as a sacrificial reagent. The results for allylic and benzylic halides or
α-halocarbonyl compounds, on the other hand, are unsatisfactory. Coupling of alkyl
halides with aryl Grignard reagents under the same conditions is problematic too,
producing the cross-coupling products in low yields. However, replacing the sol-
vent DMA with THF and adding 30 mol% tetramethylethylenediamine (TMEDA)
or 60 mol% bis(2-dimethylaminoethyl) ether (O-TMEDA) drastically improves the
yields (Eq. (5.14)) [35]. Under the modified catalytic conditions, even functionalized
aryl Grignard reagents can be used to couple with a wide range of alkyl iodides and
bromides.

alkyl1-X + alkyl2-MgCl
DMA, −35 °C

3 mol% 36

30 min

alkyl1

X = Br, I

alkyl2

(5.13)

alkyl-X + aryl-MgX′

3 mol% 36

30 mol% TMEDA

THF, rt, 1 h
alkyl

X = Br, I

aryl

(5.14)

It should be mentioned that both protocols work well with a variety of primary
alkyl iodides and bromides, but with a very limited number of secondary alkyl
halides. The reaction of secondary alkyl iodides such as iPrI, 3-iodopentane, and
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iodocyclopentane with nC8H17MgCl (or nBuMgCl) produces negligible or low
yields of cross-coupling products, although Hu and coworkers [36] have solved
this problem by using a non-pincer-based catalytic system. In contrast to these
secondary alkyl halides, catalytic reactions involving cyclohexyl iodides or bromides
or analogous substituted tetrahydropyrans are not only high yielding but also highly
diastereoselective (Eqs (5.15) and (5.16)) [37]. A radical pathway has been proposed
to explain the high selectivity for trans-1,4- and cis-1,3-disubstituted products as well
as the observation that diastereoselectivity is independent of the cis/trans ratios of
the starting materials.

alkyl1

X

+ alkyl2MgCl

X = I, Br

9 mol% 36

DMA/THF, −20 °C
30 min or rt

alkyl1

alkyl2

dr > 90 : 10 (5.15)

DMA/THF, −20 °C
30 min or rt

A

alkyl1

+ alkyl2MgCl
9 mol% 36

A

alkyl1

X

A = CH2, O; X = I, Br
alkyl2

dr > 90 : 10 (5.16)

The Hu group [38] has further extended this chemistry by investigating the cross-
coupling of primary alkyl iodides and bromides with alkynyl Grignard reagents
catalyzed by 36 (Eq. (5.17)). Electrophiles including primary alkyl chlorides and
secondary alkyl iodides (e.g., iodocyclohexane) are not viable coupling partners
for this methodology. Once again, high functional group tolerance has been
observed. Of particular note is the successful coupling of substrates bearing a
thioether moiety, which can be an issue for the alternative Sonogashira coupling
reactions.

5 mol% 36

alkylX +
1.5–3.0 equiv O-TMEDA

THF, rt, 1–6 h
X = I, Br 45–91% yield

R MgBr

R = alkyl, aryl

R alkyl

(5.17)

All the experimental evidence for the NNN-pincer system is consistent with a
generalized mechanistic scheme illustrated in Scheme 5.3. The interaction between
36 and a Grignard reagent leads to the rapid formation of a nickel alkyl, aryl, or
alkynyl species A. In a number of the aforementioned studies [30, 32, 35, 38], these
types of intermediates have been synthesized independently and have proven to
be catalytically competent. From A, an alkyl halide R′X′ and a Grignard reagent
RMgY can add to the nickel center in either order, resulting in an intermediate B
which is formally a Ni(IV) species unless the pincer ligand (L2X) is redox active.
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(L2X)NiR

(L2X)Ni(R′)R(X′)

36

R-R′

R-MgY

R′X′

R′X′

(L2X)Ni(R′)R2

[(L2X)NiR2][MgY]

RMgY

RMgY

R′X′

X′MgY

RMgY

X′MgY

A

B

Scheme 5.3 Mechanism for Kumada-Corriu-Tamao coupling reactions catalyzed by 36.

Reductive elimination of the cross-coupling product from B regenerates the catalyst
A and closes the catalytic cycle. The activation of an alkyl halide proceeds via single-
electron transfer (SET) followed by the combination of a nickel-centered radical
and an organic radical, which has been supported by radical clock experiments and
the diastereoselective alkyl–alkyl coupling reactions shown in Eqs (5.15) and (5.16).
The role of amine additives (TMEDA and O-TMEDA), however, remains unclear.
It has been suggested that the coordination of the additives to Mg increases the
nucleophilicity of Grignard reagents and may also help to stabilize functionalized
Grignard reagents.

5.2.2
Suzuki–Miyaura Coupling

Suzuki–Miyaura coupling reaction is one of the most useful strategies to form
C–C bonds, especially for the synthesis of biaryl compounds. The high availabil-
ity, high air and moisture stability, and low toxicity of organoboron compounds
make this method very attractive for both industrial and laboratory use. In con-
trast to well-developed palladium-catalyzed Suzuki–Miyaura coupling reactions,
application of nickel complexes for this specific catalytic process is relatively
unexplored. Several nickel-based systems such as Ni(dppe)Cl2/phosphine [39],
Ni(COD)2/PCy3 (COD, 1,5-cyclooctadiene) [40, 41], and Ni(PCy3)2Cl2 [42, 43]
have been developed to catalyze Suzuki–Miyaura-type reactions. Despite these
advancements, there is much room for improvement, particularly on increas-
ing the catalytic efficiency so that the catalyst loading can be further reduced
from the typical level of 5 or 10 mol%. The use of pincer complexes can poten-
tially address this issue, as demonstrated in many other types of cross-coupling
reactions.

The Inamoto group [25, 44] has reported the first study of nickel pincer-catalyzed
Suzuki–Miyaura reactions. In the presence of 1 mol% 30, aryl bromides and
activated aryl chlorides can be coupled with PhB(OH)2 to generate the desired
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diaryl products in high yields (Eq. (5.18)). For the reaction of p-BrC6H4CN, an
activated aryl bromide, the catalyst loading can be reduced to 0.1 mol% without
sacrificing the yield. Functional groups such as nitrile, ester, ketone, silyl ether,
NH2, and heterocycle are tolerated under the reaction conditions. Compared to 30,
the mixture of Ni(acac)2 and pyridine-linked bis(imidazolium) salt does not show
any catalytic activity, clearly highlighting the importance of having a presynthesized
pincer complex as the catalyst.

X

R

Ph

R

X = Br, Cl

+ PhB(OH)2

1 mol% 30

K3PO4

Dioxane, 120 °C

(5.18)

Further modification of the catalyst structure has been made by introducing
different substituents on NHCs or by expanding the chelate ring size from five
to six (Figure 5.10). Complexes 38–41 are all efficient catalysts (1 mol%) for the
coupling of aryl bromides and chlorides with arylboronic (or alkenylboronic) acids
(Eq. (5.19)) [45]. Complexes with two five-membered metallacycles (38 and 39)
are more active catalysts than those with two six-membered metallacycles (40 and
41). Crystal structures of these nickel pincer complexes suggest that the nickel
centers in 38 and 39 are more crowded, which is expected to favor the reductive
elimination step. Surprisingly, when aryl tosylates are used in place of aryl halides
as the electrophiles, complexes 40 and 41 become better catalysts than 38 and 39 as
well as the methyl-substituted complex 30 [46]. This has been explained as due to
the change in the rate-determining step of the catalytic cycle, the details of which,
however, remain to be uncovered. Nevertheless, the Suzuki–Miyaura coupling of
aryl tosylates with various arylboronic or alkenylboronic acids can be smoothly
catalyzed by 5 mol% 40 in dimethoxyethane (DME) at 120 ◦C in a sealed tube. The
scope of the electrophiles has been expanded to activated alkenyl tosylates as shown
in Eq. (5.20). Coupling of aryl mesylates is more challenging, which often gives low
yields under the same catalytic conditions. Fortunately, switching the solvent from
DME to dioxane improves the catalytic efficiency significantly and allows several

N Ni

NN

N N

Cl

R

R

N Ni

N

N
N

N

Cl

R

R

BF4

R = Mesityl (38)

R = 2,6-iPr2C6H3 (39)

BF4

R = Mesityl (40)

R = 2,6-iPr2C6H3 (41)

++ − −

Figure 5.10 Carbene-based nickel CNC-pincer complexes.
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aryl mesylates to be coupled with different boronic acids.

X

R

R
X = Br, Cl

1 mol% 38–41

sBuOH

100–120 °C

R′+

R'

B(OH)2

K3PO4

(5.19)

Z

OTs
5 mol% 40

K3PO4

DME, 100–120 °C+ ArB(OH)2

R

R′ O

Z = O, NMe

Z

Ar

R

R′ Osealed tube

(5.20)

Tu et al. [47] have reported a more active nickel pincer catalyst 42 (Eq. (5.21)), derived
from pyridine-linked bis(benzimidazolium) bromide, for the Suzuki–Miyaura
coupling of aryl tosylates and mesylates. The hypothesis is that the benzimidazole-
based NHCs are strongerσ-donors and weaker π-acceptors than the imidazole-based
NHCs, and therefore can promote catalytic reactions through the increase of
electron density at the nickel center. The coupling of aryl tosylates and mesylates
with PhB(OH)2 is thus accomplished with 2 mol% 42 combined with a catalytic
amount of PPh3. The same protocol can also apply to the coupling of aryl bromides
and chlorides. The role of added PPh3 has been identified as a way to suppress the
unwanted homocoupling process.

2 mol% 42

10 or 20 mol% PPh3

K3PO4

Dioxane, 100 °C, 24 h

ArOTs N

Ni

NN

N N

Br BuBu

Br

or
ArOMs

+ PhB(OH)2
Ar Ph

42

−
+

(5.21)

Beyond NHC-based nickel pincer systems, the Morales-Morales group [48] has
examined the catalytic capability of bis(phosphinite)-based nickel pincer complex 43
in the cross-coupling of PhB(OH)2 and aryl bromides with varying electronic prop-
erties (Eq. (5.22)). As one might anticipate, substrates with electron-withdrawing
groups (R=NO2, CN, COCH3, CHO, and Cl) lead to higher conversions than
those with electron-donating groups (R=CH3, OCH3, and NH2). The possibility
of nanoparticles (released from catalyst degradation) catalyzing the reactions has
been ruled out on the basis of a negative mercury test.
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1 mol% 43

Na2CO3

DMF, 110 °C, 15 h

Ni

O

O

PPh
2

PPh
2

Cl

43R

Br

+ PhB(OH)2

R

Ph

(5.22)

5.2.3
Negishi Coupling

Organozinc reagents are much milder nucleophiles than their corresponding
Grignard and organolithium reagents, making Negishi coupling one of the more
attractive C–C bond-forming reactions when functional group tolerance is con-
sidered. Compared to Suzuki–Miyaura (or Hiyama) coupling, Negishi coupling
does not require a Lewis or Brønsted base, which could erode stereoselectivity in
asymmetric cross-coupling reactions. Not surprisingly, Negishi coupling has been
the subject of intensive studies while exploring the catalytic applications of nickel
pincer or pincer-like complexes.

As part of the efforts to develop efficient nickel catalysts for various cross-
coupling reactions, the Wang group has shown that phosphinimine-derived or
related nickel pincer complexes 7–13 [49] and 26–28 [23] catalyze the coupling of
aryl chlorides and arylzinc chlorides at 70 ◦C. Using the coupling of PhZnCl and
p-Me2NC6H4Cl as the benchmark reaction [49], complexes 11 and 13 have proven
to be more active than 7–10 and 12. The cationic NHC-based complexes 26–28 also
appear to be less reactive than 11 and 13, judging by the catalyst loading required
for a number of reactions. In all cases, reactivity trends for different substrates
are the same; the Negishi reaction is favored by electron-deficient electrophiles
(Ar–Cl) and electron-rich nucleophiles (Ar′–ZnCl). An ortho substituent on either
substrate leads to a slower catalytic reaction. Catalytic reactions promoted by 13
are generally conducted with 0.01–0.05 mol% catalyst, and functional groups such
as ester, amide, ether, amine, and ketone are tolerated (Eq. (5.23)). Substrates
containing nitrile groups or heteroaromatic rings (e.g., furan) can be used as
well, but they require a higher catalyst loading (>0.2 mol%) and in a few cases
a high temperature (100 ◦C), possibly due to the coordination of heteroatoms to
the nickel center. Substrates bearing NO2 or CHO groups fail to react and form
cross-coupling products. A mechanism analogous to the one shown in Scheme 5.1
has been proposed by the authors, and the oxidative addition of Ar–Cl has been
postulated to take place at a Ni(I) center following the reduction of the starting
Ni(II) complexes with organozinc reagents.

0.01–0.05 mol% 13

THF/NMP (1 : 1)

70 or 100 °C, 3.5–40 h

Ar Cl + Ar′-ZnCl Ar Ar′

(5.23)

Compared to these phosphinimine-derived nickel pincer complexes, the PNS- and
PNO-pincer complexes 20–24 show much higher activity, as Negishi coupling
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reactions can be performed at room temperature [20]. The PNO-pincer systems
are more effective than the PNS pincer systems, and give similar reactivity order
as observed in Grignard reactions (Eq. (5.5)). The catalyst loading is in the
0.02–5 mol% range depending on the structures of the substrates, and the scope
of the catalytic reactions is comparable to that of phosphinimine-based pincer
systems. As a representative example, 1,3,5-trichlorobenzene has been successfully
coupled with p-MeC6H4ZnCl at ambient temperature using 1 mol% 23 (Eq. (5.24)).

1 mol% 23

THF/NMP (1 : 1)

25 °C, 12 h

+ Ar ZnCl

Cl

Cl Cl

Ar

Ar Ar

Ar = p-MeC6H4 (5.24)

A very recent study from the Wang group [50] has focused on the coupling of aryl
zinc chlorides with aryl ammonium salts, which are more challenging substrates
for cross-coupling reactions but offer new opportunities for C–C bond formation.
After some catalyst screening, they concluded that the PNN-pincer complex 44
can effectively catalyze the Negishi coupling of aryl ammonium salts to produce
various diaryl compounds (Eq. (5.25)). The effects of counter anions have been
examined, and halides work better than weak coordinating anions such as BF4

−

and TfO−. The latest development in this chemistry has involved quinoline-based
nickel catalysts 45–48 (Figure 5.11), among which complex 46 is the most active
one for the catalytic reaction between aryl ammonium salts and ArZnCl [51]. This
five-coordinate nickel complex, however, does not appear to perform better than
the four-coordinate pincer complex 44 in terms of catalytic efficiency.

Ph2
P

N

Ni
Cl

Ph

N

44

NMe3

R
+

I
ZnCl

R′

1 mol% 44 THF/NMP (1 : 1)
85 °C, 12 h 

R

R′

−
+

(5.25)

Bis(oxazoline)pyridine (Pybox) and terpyridine (terpy) belong to the family of
tridentate ligands that are often excluded from the discussions on pincer chemistry.
However, recent studies have shown that in some cases they are redox-active
[52, 53] and exhibit properties closely resembling those of pincer ligands. Thus,
cross-coupling reactions catalyzed by nickel complexes containing these ligands
are also discussed in this chapter.
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Figure 5.11 Quinoline-based nickel pincer complexes.

Since 2003, the Fu group has published a series of papers involving Negishi
coupling of various organic halides with a special interest in forming Csp3 –Csp3

bonds. Their initial study dealt with the cross-coupling of primary and secondary
alkyl halides with alkylzinc halides [54]. An extensive catalyst optimization has
revealed that Ni(COD)2 mixed with 2 equiv of sBu-Pybox catalyze the targeted
Negishi reactions in good yields (Eq. (5.26)). Functional groups tolerated in
this particular catalytic system include sulfonamide, ether, acetal, ester, amide,
imide, and ketone. Later on, efforts were directed to addressing the issue of
enantioselectivity during the coupling of secondary alkyl species. For different
electrophiles, fine-tuning of the catalytic conditions (nickel precursor, catalyst
loading, Pybox ligand, solvent, and temperature) led to the formation of Negishi
coupling products in high yields and high enantioselectivity. As summarized in
Figure 5.12, a diverse array of activated electrophiles including α-bromo amides
[55], α-bromo ketones [56], benzylic halides [57], allylic chlorides [58], and propar-
gylic compounds [59, 60] are all viable substrates for highly enantioselective
Negishi coupling reactions. All these processes are stereo-convergent, meaning
that both enantiomers of the electrophile are converted to the same product. As
expected, many functional groups are tolerated, illustrating the broad utility of this
methodology.

N

N

OO

N

sBu sBu
sBu-Pybox

alkyl1-X + alkyl2-ZnX

4 mol% Ni(COD)2

8 mol% sBu-Pybox

DMA, rt, 20 h
X = I, Br

alkyl1-alkyl2

62–88% yield

(5.26)

The alkyl nucleophiles used in the reactions shown in Eq. (5.26) and Figure 5.12
are all prepared from primary alkyl halides. Similar reactions with secondary
alkylzinc reagents are more difficult, not only because of the increased steric
hindrance but also because of the possibility for a secondary metal-alkyl species to
undergo isomerization. For the coupling of propargylic electrophiles specifically,



5.2 Carbon–Carbon Bond-Forming Reactions 135

N

N

OO

N

13 mol% (S)-iPr-Pybox

DMA, 0 °C

X

R

X = Br, Cl

5.5 mol% (S)-BnCH2-Pybox

4.0 equiv NaCl

DMA/DMF, −10 °C

R

R′

R′′
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X

alkyl

R

Reactants
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N

OO

N
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N

OO
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H
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N

N

OO
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Pr i
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Pr
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10 mol% NiCl2 ⋅glyme 5 mol% NiCl2 ⋅glyme
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13 mol% (R)-iPr-Pybox
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O

R

Br

PhPh

OMeMeO

+ alkyl ZnBr

alkyl ZnBr

alkyl ZnBr+ Ar′ZnI +
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Conditions
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Figure 5.12 Nickel-catalyzed enantioselective Negishi coupling reactions.
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the Fu group [61] has solved this problem by employing NiCl2⋅glyme and terpy
(or 2,6-bis(N-pyrazolyl)pyridine for sterically more demanding substrates) as the
catalytic mixture (Eq. (5.27)). Functional group tolerance for this method is high.
For example, an unactivated alkyl chloride moiety is unaffected by the catalytic
conditions. The Biscoe group [62] has also examined the cross-coupling of secondary
alkylzinc reagents using aryl iodides as the electrophiles, instead. After considerable
screening, they identified NiCl2/terpy in THF as the optimal catalyst system for
the Negishi coupling reactions (Eq. (5.28)). Functional groups tolerated under the
catalytic conditions include aldehyde, ester, phenol, aniline, alkyne, heterocycle,
and boronic ester. The extent of alkyl isomerization during the reactions is
minimal, reflecting the ability of the ligand to maintain the meridional configuration
throughout catalysis.

N NN

NN

X

alkyl

R

10 mol% NiCl2·glyme

10 mol% terpy

DMA, rt

+
X = Br, Cl IZn

alkyl

alkyl alkyl

R

alkyl

alkyl

5 mol% NiCl2·glyme

5 mol%or

Conditions

Conditions:

THF, rt

R = TIPS, tBu

(5.27)

ArI + R
R′ R′

R′ZnI

2–5 mol% NiCl2
2–5 mol% terpy

THF, 40–80 °C R

Ar R

Ar

+

> 100 : 1 (5.28)

A further synthetic application of nickel-catalyzed Negishi reactions has been
demonstrated by Gagné and coworkers for the synthesis of C-alkyl [63] and C-aryl
glycosides [64] from acetate-protected α-bromo or benzyl-protected α-chloro sugars.
For the coupling of alkylzinc bromides, NiCl2⋅DME with the unsubstituted PyBox
ligand in DMI (N,N′-dimethylimidazolidinone) works the best at the catalytic con-
ditions, whereas for arylation reactions Ni(COD)2/tBu-terpy in dimethylformamide
(DMF) proves to be a more effective catalytic system (Scheme 5.4). The compet-
ing β-OP and β-H elimination processes are negligible for most substrates. The
diastereoselectivity observed in these reactions is substrate- and catalyst-dependent.
Moderate to high α-selectivity has been obtained for C-mannosides in both alkyla-
tion and arylation reactions. In contrast, the formation of C-glucosides catalyzed
by Ni(COD)2/tBu-terpy often leads to the β-anomers.

The mechanisms for Negishi reactions catalyzed by a Ni(0) or Ni(II) species
combined with a terpy- or Pybox-type ligand warrant some discussion. If the
conventional cross-coupling mechanism (similar to the one shown in Scheme 5.1)
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10 mol% NiCl2·DME

15 mol% Pybox
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POX = Br, OP = OAc

X = Cl, OP = OBn

N

N

OO

N

Pybox

N

N N

tBu

tButBu

tBu-terpy

Scheme 5.4 Nickel-catalyzed Negishi cross-coupling approach to C-glycosides.

is operative here, a Ni(0)/Ni(II) catalytic cycle is expected. An alternative
mechanism analogous to what Hu has proposed for Kumada–Corriu–Tamao
coupling (Scheme 5.3) would invoke a Ni(II)/Ni(IV) catalytic cycle. In contrast to
both mechanistic scenarios, Vicic et al. [65] have shown that mixing Ni(COD)2

with terpy (or tBu-terpy) and CH3I (or EtI) produces (terpy)NiI, for which the
formal oxidation state of nickel is +1. This complex and nickel methyl complex
49 are active catalysts for Negishi coupling reactions forming Csp3 –Csp3 bonds,
suggesting that they may be involved in the catalytic cycle [66]. A stoichiometric
reaction between 49 and 1-iodoheptane produces octane in 90% yield (Eq.
(5.29)). Interestingly, the reaction between the cationic Ni(II) complex 50 and
heptylzinc bromide gives octane in only 8% yield (Eq. (5.30)), implying that this
transmetallation step is not catalytically relevant. These results, along with radical
clock experiments and the observed homocoupling byproducts, have led to a
mechanistic proposal illustrated in Scheme 5.5 [52]. An important implication is
that intermediate C (or 49), as confirmed by electron paramagnetic resonance
(EPR) and density functional theory (DFT) studies, is a Ni(II) species with a
reduced terpy ligand. Therefore, the subsequent reaction with R′I appears to
be a ligand-based reduction process, generating an organic radical that can
potentially undergo dimerization or radical isomerization prior to its combination
with the nickel center. Reductive elimination of the cross-coupling product from
the resulting intermediate D generates (terpy)NiI, which can close the cycle by
reacting with an organic zinc reagent. The essential steps of this mechanism
have been successfully modeled by DFT calculations [67], although there are
some variations for the mechanism. For instance, the interaction between
C and R′I can occur through an inner-sphere iodine abstraction rather than an
SET process. A similar computational study of Pybox-based chiral systems has
supported the same reaction pathway [68]. The stereo-convergence observed in
those asymmetric Negishi reactions can be easily rationalized, as the same radical
species should be generated from both enantiomers.
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N

N N
Ni

R

N

N N
Ni

R

I

+

N

N N
Ni

R R′

N

N N
Ni

I

R R′

RZnBr

R′I

R′ ·

I

C

D

−

+

−

Scheme 5.5 Catalytic cycle for Negishi reactions catalyzed by terpy-ligated nickel com-
plexes.

N

N N
Ni

CH3

CH3(CH2)6I
CH3(CH2)6CH3

90%

tBu

tButBu

49

THF, rt

(5.29)

N

N N
Ni

CH3
I

CH3(CH2)6–ZnBr
CH3(CH2)6CH3

8%

tBu

tBu
tBu

50

THF, rt
+

−

(5.30)

This radical mechanism can be exploited for cascade catalysis if the rate of radical
cyclization (or other rearrangement reactions) for R′∙ is significantly faster than the
rate of R′∙ attack on nickel. Cárdenas and coworkers [53] have proved this concept
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by developing nickel-catalyzed cyclization/cross-coupling reactions of iodoalkanes
with alkylzinc bromides. In addition to the example shown in Eq. (5.31), iodoalkanes
with different ring structures as well as the acyclic ones can be incorporated into
the synthesis. They have also calculated the structure of Me-Pybox nickel-methyl
complex and have found a similar electronic structure as proposed by Vicic [52] for
the (terpy)NiCH3 complex.

10 mol% Ni (pyridine)4Cl2

10 mol% (S)-sBu-Pybox

THF, 23 °C, 7 hO

I

O

+

BrZn O

O

O O

H

H

O

O

4 equiv
79%

(5.31)

5.2.4
Sonogashira Coupling

Coupling of aryl or alkenyl halides with terminal alkynes, the Sonogashira reaction,
is one of the most widely used methods for the synthesis of substituted alkynes
[69]. The use of nickel complexes to catalyze such a transformation is surprisingly
scarce. Beletskaya et al. [70] have reported that Ni(PPh3)2Cl2 and CuI co-catalyze the
cross-coupling of aryl iodides and aryl-substituted acetylenes. The catalytic system
shows moderate activity (5 mol% Ni and 5 mol% Cu) with a limited substrate
scope. Nickel particles (∼100 nm) also exhibit some catalytic activity (10 mol%) for
the Sonogashira coupling of aryl or alkenyl halides with various terminal alkynes
[71].

Hu’s NNN-pincer complex 36 is the only nickel pincer system that we are
aware of for Sonogashira coupling reactions [72]. This compound shows excel-
lent reactivity in catalyzing the coupling between primary alkyl halides and
alkynes with high functional group tolerance (Eq. (5.32)). For the reaction of
alkyl bromides and chlorides, a catalytic amount of an iodide salt (NaI or nBu4NI)
is needed as an additive, which presumably undergoes Br/I or Cl/I exchange
before the cross-coupling reaction takes place. The proposed mechanism is sim-
ilar to the one proposed for Kumada–Corriu–Tamao coupling (Scheme 5.3)
except that a nickel-alkynyl complex rather than a nickel alkyl species is the key
intermediate.

5 mol% 36

3 mol% CuI

0 or 20 mol% additive
1.4 equiv Cs2CO3

Dioxane

100 or 140 °C, 16 h

+ Ralkyl X

X = I, Br, Cl

Ralkyl

(5.32)
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5.2.5
Mizoroki–Heck Reaction

Coupling of aryl or alkenyl halides (or pseudohalides) with olefins, the
Mizoroki–Heck reaction, is another useful method for generating a new C–C
bond. The main steps of the catalytic cycle are oxidative addition of aryl or
alkenyl halides, insertion of olefins, and the subsequent β-hydride elimination.
This type of cross-coupling reactions is generally carried out using palladium
catalysts, but several nickel catalysts such as Ni(COD)2/dppf [73, 74], Ni[P(OR)3]4
(R=Ph, Et) [75], Ni(COD)2/PCy3−xPhx (x = 1, 2) [76], and Ni(PPh3)4/dppp (dppp,
1,3-bis(diphenylphosphino)propane) [77, 78] have also been reported. The success
of nickel pincer complexes in alkyl–alkyl coupling reactions has a lot to do with the
reluctance of nickel-alkyl species to undergo β-hydride elimination, which becomes
an indispensable step in Mizoroki–Heck reactions. Nevertheless, there have been
two studies in the literature using nickel pincer complexes for Mizoroki–Heck
reactions.

The Inamoto group [44] has reported that the NHC-based pincer complex 30 is an
effective catalyst for the cross-coupling of aryl halides and butyl acrylate (Eq. (5.33)).
This catalytic system is applicable to aryl iodides, aryl bromides, and activated aryl
chlorides, and compatible with functional groups including nitrile, ketone, and
aldehyde. Notably, the reaction of 4-bromobenzonitrile can be retarded by a drop
of mercury, suggesting that the catalytic system may be heterogeneous.

R

X

X = I, Br, Cl

+
OBu

O

5 mol% 30

3 equiv Na2CO3

3 equiv Bu4NI

5 equiv

DMF, 150 °C, 2–7 d

R

OBu

O

(5.33)

Mitsudo, Tanaka, and coworkers [79] have reported an air-stable cationic
bis(oxazoline)-based nickel pincer complex 51 as a catalyst for the coupling of
phenyl iodide and butyl acrylate (Eq. (5.34)). Stopping the reaction after 24 h gives
the cross-coupling product in 25% yield, which is less than half of the yield for
a 48 h reaction. This indicates an induction period during the catalytic reaction,
possibly due to the conversion of 51 to a true catalytic species.

PhI +
OBu

O

5 mol% 51

3 equiv Na2CO3

5 equiv

Refluxing DMF, 48 h

Ph OBu

+
−

O

BF4

82%

Ni

N

O

O

N

NCCH3

51

(5.34)
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5.2.6
Other Miscellaneous Cross-Coupling Reactions

The Hu group [80] has extended the catalytic application of complex 36 to the
coupling of heterocyclic compounds with various primary alkyl halides. The best
catalytic conditions involve 5 mol% 36 and 5 mol% CuI with excess tBuOLi as a
base in dioxane (Eq. (5.35)). Cross-coupling reactions take place without CuI, but
if added, the yields for these reactions will improve. For the coupling of alkyl
bromides and chlorides, 20 mol% NaI is also needed, possibly converting them to
the more reactive alkyl iodides. A broad range of functional groups including aryl
chloride, ether, thioester, nitrile, acetal, olefin, ester, ketone, indole, carbazole, and
furan show no interference with the C–C bond-forming reaction. Other oxazoles
as well as thiazole- and thiophene-based heterocyclic substrates can also be used
by this method. Mechanistic investigations have revealed two important pieces
of information: (i) heterocyclic substrates are deprotonated and transferred to
nickel, and (ii) catalytic reactions are heterogeneous and inhibited by elemental
mercury.

O

N
alkyl X

X = I, Br, Cl

+

5 mol% 36, 5 mol% CuI

1.4 equiv tBuOLi

0 or 20 mol% NaI

Dioxane, 140 °C, 16 h O

N
alkyl

(5.35)

Another type of cross-coupling reactions worth mentioning is the reductive coupling
of two different alkyl halides without converting one of them to an organometallic
species. The real challenge is to minimize the formation of homocoupling products.
With carefully chosen substrates and judicious choice of ligand, the Gong group
[81] has been able to directly couple two unactivated alkyl halides in moderate yields
(Eq. (5.36)). For almost all the examples presented, a secondary alkyl bromide and a
large excess of a primary alkyl halide were chosen for the cross-coupling reactions.
One might imagine that organozinc reagents can be generated in situ and therefore
the reactions illustrated in Eq. (5.36) are simply a variation of Negishi reactions
already demonstrated by Fu [54]. However, such a possibility has been ruled
out on the basis of the observation that the Negishi reactions are not kinetically
competitive. More recently, Gong et al. [82] have reported the reaction between alkyl
iodides or bromides and allylic carbonates with various substitution patterns using
slightly modified procedures (Eq. (5.37)). Likewise, the reaction of a pregenerated
alkyl-ZnX with an allylic carbonate is too slow to account for the cross-coupling
reactions shown in Eq. (5.37), thereby arguing against a Negishi-type mechanism.
The role of zinc is believed to reduce Ni(I) and Ni(II) intermediates to lower
oxidation states.
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N

N

OO

N

alkyl1-Br + alkyl2-X

10 mol% Ni (COD)2

8 mol% ligand
3 equiv Zn

DMA, 25 °C
alkyl1-alkyl2

3 equiv

X = I, ligand = (S)-sBu-Pybox

X = Br, ligand = (4-Cl)-H-Pybox

Cl

(4-Cl)-H-Pybox
(5.36)

N

N

OO

N

alkyl-X +

2 equiv
OMe

L

allyl OCO2Me alkyl allyl
Conditions

Conditions:

When X = I

10 mol% Ni(COD)2

15 mol% (S)-iPr-Pybox or L

30 mol% CuI
3 equiv Zn

DMA, 35 °C, 6 h

When X = Br

10 mol% Ni(COD)2

10 mol% tBu-terpy

1.5 equiv MgCl2
3 equiv Zn

DMA, 80 °C, 12 h

(5.37)
A closely related system has been reported by Weix et al. [83] for the cross-
coupling of RX (R= aryl, alkyl; X= I, Br) and allylic acetates bearing a wide
variety of functional groups. The best catalytic conditions have been identified
as 5 mol% NiCl2(DME)/tBu-terpy with 2 equiv of Zn in THF/NEP (3 : 1) (NEP,
N-ethylpyrrolidinone) at 40 ◦C. The same research group has also developed a
method for the synthesis of silyl enol ethers from reductive conjugate addition
of alkyl bromides or iodides to enones (Eq. (5.38)) [84]. Mechanistic studies have
suggested that Mn serves as a reducing reagent for Ni(II) intermediates rather than
as a precursor to R′MnX.

O

R
+ R′X + R′′3SiCl

OSiR′′3
R

R′

4 mol% Ni(acac)2

4 mol% tBu-terpy
2 equiv Mn

DMF, 40 °C, 2–24 h

X = Br, I (5.38)

For the formation of Csp –Csp3 bonds, Sun and coworkers [85] have established a
procedure for the coupling of primary alkyl halides and alkynyl lithium reagents
(Eq. (5.39)). The hypothesized catalytic cycle is very much like the one pro-
posed by Hu for Sonogashira coupling reactions (or analogous to Scheme 5.3),
although oxidation of Ni(II) to Ni(IV) is expected to be much more difficult for the
phosphinite-based pincer system than the electron-rich amine-based pincer system.

alkyl X

X = Cl, Br, I

+ R Li

R = Ph, Me3Si

0.5 mol% 52

NMP, rt
R alkyl Ni

O

O

PPh2

PPh2

Cl

52 (5.39)
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5.3
Carbon–Heteroatom Bond-Forming Reactions

Transition-metal-catalyzed cross-coupling of aryl or alkenyl halides with thiols or
their derivatives constitutes an efficient way to construct C–S bonds. The resulting
sulfide molecules are of high interest to the pharmaceutical industry. Nickel-
catalyzed C–S cross-coupling reactions are known but not common [86–89]. In
terms of catalysis of pincer-type complexes, the Morales-Morales group [90, 91]
has reported that coupling of iodobenzene and disulfides can be catalyzed by
bis(imino)-pyridine-based nickel complexes (Eq. (5.40)). The proposed mechanism
involves the formation of a 17-electron Ni(I) species from the reduction of a Ni(II)
intermediate with Zn. In a follow-up study, they have shown that complex 52 is a
more active catalyst than 53, particularly for the coupling of alkyl disulfides [92].
However, for the reaction with PhSSPh or a bulky alkyl disulfide such as tBuSStBu,
the yield is lower because of the competitive homocoupling of PhI.

I + 1/2 RSSR + Zn
0.12 mol% 53

DMF, 110 °C, 4 h
SR

R = alkyl, aryl

N

Ni NN

Cl

53

Cl

FF

F

F

F

F

(5.40)

We have recently demonstrated that 52 effectively catalyzes the cross-coupling of
aryl iodides and aryl thiols to produce diaryl sulfides in high yields (Eq. (5.41)) [93].
Our mechanistic investigations have confirmed that, during the catalytic reactions,
the pincer complex is degraded to structurally ill-defined but catalytically more
active species. The degradation process is initialized by the cleavage of O–P bonds
with KOH, leading to the release of Ph2POK, which could be the actual ligand
promoting the cross-coupling reactions.

ArI + Ar′SH

1 mol% 52

2 equiv KOH

DMF, 80–130 °C
ArSAr′

(5.41)

Another example of making carbon–heteroatom bonds through cross-coupling
catalysis has come out of Fu’s laboratory for the Miyaura borylation of alkyl halides
(Eq. (5.42)) [94]. Alkyl iodides and bromides bearing functional groups such as
olefin, carbamate, aniline, and amide are readily borylated with good isolated
yields. In contrast, the reactions with simple alkyl chlorides and tosylates give only
small amounts of cross-coupling products. The coupling of activated alkyl halides
(e.g., allylic or benzylic chlorides), on the other hand, is successful. Remarkably,
tertiary alkyl halides are also viable substrates as long as the catalytic loading
is raised to 10 mol%. The proposed mechanism is similar to the one proposed
for the Negishi reactions (Scheme 5.5). As an experimental evidence supporting
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the radical process, both exo and endo isomers of 2-bromonorbornane, when
subjected to the catalytic conditions, produce the borylated product with the same
diastereoselectivity (exo/endo ratio> 20 : 1)

alkyl-X + pinB–Bpin

5 mol% NiBr2⋅diglyme

6.6 mol% iPr-Pybox

1.3 equiv KOEt

iPr2O/DMA, rt
X = I, Br, Cl

alkyl-Bpin

1.4 equiv (5.42)

5.4
Summary and Outlook

In comparison to palladium chemistry, nickel-catalyzed cross-coupling reactions
remain a less explored area of research. The utilization of pincer or pincer-
type ligands, however, opens new doors to nickel catalysis by conferring unique
electronic properties at the nickel center, which otherwise may be unreactive. As
exemplified in Kumada–Corriu–Tamao reactions developed by Hu and Negishi
reactions developed by Fu, the lower tendency of nickel to undergo β-hydrogen
elimination offers a better chance to accommodate cross-coupling partners bearing
β-hydrogens. Radical processes that are more commonly observed in nickel systems
also provide the opportunity of conducting stereo-convergent reactions and add
more sophistication to synthesis through cascade catalysis.

As illustrated by other chapters of this book, a diverse array of pincer and pincer-
type ligands are known in the literature and can be incorporated to make new nickel
complexes. Their catalytic activity in various cross-coupling reactions is likely to
be the focus of future research. Another research direction that deserves more
attention is carbon–heteroatom bond-forming reactions; very few nickel pincer
complexes have been studied for these catalytic applications.
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6
PSiP Transition-Metal Pincer Complexes: Synthesis, Bond
Activation, and Catalysis
Laura Turculet

6.1
Introduction

Transition-metal-mediated reactivity plays a key role in addressing modern syn-
thetic challenges, specifically with respect to the development of new chemical
processes that are efficient, selective, high yielding, and environmentally friendly.
A starting point for the discovery of new and/or improved metal-mediated syn-
theses is the design of metal complexes that exhibit novel reactivity, and key to
this endeavor is the construction of new types of ancillary ligands that are able
to stabilize a reactive metal center in a unique coordination environment while
simultaneously conferring desirable reactivity properties. In this context, metal
complexes supported by pincer-type LXL ligands (Figure 6.1), which feature a cen-
tral anionic donor (X) flanked by two neutral donor groups (L), have been the subject
of intense study in recent years [1–5]. The phosphine-based PCP pincer complexes
A and B pioneered by Shaw [6–10] in the 1970s have been the most widely studied
complexes of this type, and have become ubiquitous in organometallic chemistry.
However, the modular nature of the tridentate pincer ligand design offers an
attractive means of manipulating the steric and electronic features of the ensuing
metal complexes. As such, significant effort has been devoted to the synthesis of
systems where strategic alterations have been introduced to the pincer framework,
including variation of the L donor fragments and of the ligand backbone [3, 4,
11–13]. By comparison, the central anionic donor (X) has largely been restricted
to the elements C and N, the latter exemplified by structures of the type C and D
[1–4, 14]. Thus, the study of pincer complexes that feature other types of central
donor groups is an emerging area, with examples of pincer ligation featuring
X=Si (see below), Ge [15, 16], Sn [15, 16], P [17–26], and B [27–33] (E–K) having
been recently reported. Of these alternative pincer designs, silyl-based pincer-like
bis(phosphino)silyl (PSiP) ligands, in particular those of types E and F, are the
most established and well studied. This chapter will review the chemistry of such
PSiP late transition-metal pincer complexes [34].

Silyl PSiP ligands were first reported by Stobart and coworkers [35, 36] in
the 1980s, who prepared a series of platinum group metal complexes supported
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Figure 6.1 Examples of LXL tridentate pincer ligation.

by bis(phosphino)silyl ligands featuring aliphatic and benzylic backbones. These
early studies primarily addressed the fundamental coordination chemistry of such
tridentate PSiP ligands. More recently, our group has developed PSiP (as well as
PSiN) [37] derivatives featuring a phenylene backbone (F) [38, 39], and we, along
with others, have begun exploring the reactivity and catalytic activity of such late
metal PSiP species. These latter systems lack β-hydrogens in the ligand backbone,
which removes the possibility of β-hydride elimination from the PSiP backbone.
Although these somewhat more rigid phenylene-based ligands feature an sp3-
hybridized central silyl donor, examples of both meridional and facial binding to a
metal have been observed.

In comparing PSiP pincer ligation with the closely related PCP derivatives, the
increased electron-donating character of Si relative to C is anticipated to lead to a
more electron-rich late metal center. In addition, the stronger trans-labilizing ability
of Si can better promote the generation of coordinatively unsaturated complexes
[40]. Such features may lead to significant structural and reactivity differences
between PCP- and PSiP-supported metal complexes. Indeed, PSiP ligation has
been utilized to prepare unprecedented four-coordinate trigonal-pyramidal Ru
complexes (see below), and computational studies have confirmed the key role
of the strongly σ-donating silyl group in enforcing the unusual coordination
geometry [41].
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6.2
PSiP Ligand Syntheses

Several approaches have been utilized for the synthesis of bis(phosphino)
hydrosilane precursors to PSiP pincer species. Two key steps in such syntheses
involve the formation of Si–C and P–C bonds. The former is achieved readily by
the reaction of an alkyl or aryl nucleophile (Grignard or organolithium reagent)
with a chlorosilane. The formation of P–C bonds in this context has been achieved
in a variety of ways, including P–H addition to bis(alkenyl)silanes, the alkylation of
chlorophosphines with Grignard or organolithium reagents, and Pd cross-coupling
catalysis. Once obtained, the metallation of such bis(phosphino)hydrosilane
precursors is attained via chelate-assisted SiH oxidative addition at an appropriate
late metal center.

Joslin and Stobart [42] were the first to report the synthesis of
bis(phosphino)silanes by a route involving anti-Markovnikov P–H addi-
tion of secondary phosphines to bis(alkenyl)silanes (prepared by the reaction of the
appropriate alkyl- or aryldichlorosilane with the corresponding Grignard reagent)
under photochemical conditions (Scheme 6.1). A variety of bis(phosphino)silanes
of the type (R2PCH2CH2(CH2)n)2SiR′H (1–9; R=Ph, Cy; n= 0–2; R′ =Me,
Ph) were synthesized by this approach. Yields ranging from 60% to 98% were
obtained upon UV irradiation for extended periods (e.g., 60 h for 1). In one
instance, the mono-addition product (Ph2PCH2CH2)(CH2=CH)SiPhH was
isolated in low yield and was subsequently reacted with Cy2PH to provide the
mixed bis(phosphinoethyl) analog (Ph2PCH2CH2)(Cy2PCH2CH2)SiPhH (10). The
mechanism of the P–H addition is proposed to involve nucleophilic attack by R2P∙

radicals on the terminal alkene carbon. Slower reactions were observed for R=Cy
versus R=Ph, as well as for allylsilane versus vinylsilane.
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Scheme 6.1 Photochemical synthesis of bis(phosphino)hydrosilanes.

In a subsequent report, Stobart and coworkers [35] also reported the synthesis of
a bis(phosphino)hydrosilane ligand precursor featuring a benzylic backbone (11,
Scheme 6.2). Two routes were reported for the synthesis of 11, both involving
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Scheme 6.2 Synthesis of a bis(phosphino)hydrosilane featuring a benzylic backbone.

the use of Grignard and/or organolithium reagents in order to form the desired
Si–C and P–C linkages. Lithiation of ortho-tolyldiphenylphosphine and subsequent
treatment with MeSiHCl2 afforded 11 in 38% yield. Alternatively, the reaction of (2-
bromobenzyl)magnesium chloride with MeSiHCl2 provided bis(2-bromobenzyl)-
methylsilane as a colorless oil, which after dilithiation and reaction with Ph2PCl
gave the desired product 11 contaminated with about 20% Ph2PnBu.

The synthesis of PSiP precursors featuring a phenylene ligand backbone
was reported initially by both our group and that of Milstein. Milstein and
coworkers [43] prepared the secondary silane (2-iPr2PC6H4)2SiH2 (12) from ortho-
dichlorophosphinobromobenzene, as shown in Scheme 6.3. The dichlorophos-
phine precursor is itself synthesized from 2-bromoaniline via a diazonium
intermediate [44]. In total, seven synthetic steps are required for the synthesis
of 12 by this route. By comparison, the synthesis of related PSiP ligand pre-
cursors of the type (2-R2PC6H4)2SiMeH (13, R=Ph; 14, R=Cy; 15, R= iPr; 16,
R= tBu) can be readily achieved in three steps by utilizing Pd-catalyzed P–C
cross-coupling of commercially available 2-bromoiodobenzene with a secondary
phosphine (Scheme 6.4) [38, 39, 45].
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Scheme 6.3 Synthesis of a PSiP precursor featuring a phenylene ligand backbone.
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Scheme 6.4 Synthesis of PSiP precursors utilizing Pd-catalyzed P–C cross-coupling.

6.3
Group 8 Metal PSiP Chemistry

The published chemistry of group 8 metal PSiP complexes is thus far restricted
to the synthesis of RuII complexes. PSiP complexes of RuII were first reported by
Stobart and coworkers, who studied the complexation of the bis(phosphinoalkyl)
silanes 1 and 5 with Ru carbonyl species. In an initial study, low yields of the
18-electron hydrido carbonyl complexes [κ3-(Ph2P(CH2)n)2SiMe]Ru(H)(CO)2 (17,
n= 2; 18, n= 3) were obtained upon reaction of either 1 or 5 with Ru3(CO)12

(Scheme 6.5) [36]. Complex 18 was crystallographically characterized and featured
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cis-disposed carbonyl groups and mer-type coordination of the PSiP ligand
(P–Ru–P angle of 174.5(2)◦) in the solid state. The hydride ligand was not
located, but clearly occupies the vacant coordination site trans to a carbonyl ligand
and cis to Si and is oriented syn relative to the Si–Me group. In a subsequent
report, the quantitative synthesis of 18 was achieved by the reaction of 5 with
Ru(PPh3)2(CO)3 [46]. The latter synthesis results in the formation of a mixture of
syn and anti diastereomers of 18. Although the syn isomer can be selectively crys-
tallized from this mixture, in solution it slowly reverts to an equilibrium mixture of
the two diastereomers. Rate data obtained for this isomerization process provided
activation parameters of ΔG≠

295 = 102(5) kJ mol−1, ΔH≠
295 = 113(7) kJ mol−1, and

ΔS≠
295 = 37(2) J K−1 mol−1. Despite repeated attempts, no evidence for the forma-

tion of the unsaturated five-coordinate species [κ3-(Ph2P(CH2)n)2SiMe]Ru(H)(CO)
was observed, suggesting that CO dissociation from 18 does not occur readily.
These data are consistent with an intramolecular pathway for the isomerization
process that does not involve CO dissociation. Two possible mechanisms for the
isomerization are (i) concerted exchange of H and CO and (ii) twisting of the Ru–H
bond around the Ru–Si axis. The former proposal of a concerted exchange of H
and CO may be accomplished via a trigonal twist and appears to be consistent with
the energetics of 18-syn/18-anti interconversion.

In a related study, Stobart and coworkers [47] found that the reaction of 5 with
mer-RuH(PPh3)3(CO)Cl afforded the five-coordinate monocarbonyl chloride 19
(Scheme 6.5). Treatment of 19 with CO led to the formation of the six-coordinate
dicarbonyl species 20. Crystallographic characterization of 19 indicated that the
complex adopts a Y-shaped coordination geometry in the solid state, featuring
trans-disposed phosphino groups in the axial positions. The chloride ligand is
oriented syn relative to the Si–Me group. The crystal structure obtained for 20
features octahedral geometry at Ru with mer coordination of the PSiP ligand and
trans-disposed carbonyl ligands. The formation of the trans-dicarbonyl isomer of
20 suggests that an approach involving the binding of CO trans to the highly
electron-releasing silyl group in 19 is disfavored, even though this binding site is
the most accessible from a steric perspective, which highlights how the electronic
influence of a silyl group can control substrate binding.

Interestingly, heating a toluene solution of 20 at reflux for 3 h led to the loss
of CO and regeneration of 19 as a mixture of syn and anti diastereomers (about
3 : 1 ratio; Scheme 6.5) [47]. In contrast, reflux of pure 19-syn did not result in
the formation of any 19-anti, nor was there any change in the 19-syn:19-anti
ratio on heating solutions that contained both species. Thus, it appears that the
interconversion between the two five-coordinate isomeric structures (19-syn/19-
anti) is effectively mediated in an associative manner by a coordinatively saturated
intermediate (20). This represents an unusual reversal of the mechanistic premise
that the isomerization of a rigid octahedral structure occurs dissociatively through
a stereochemically nonrigid unsaturated species.

The reactivity of the hydrido dicarbonyl complex 18 with water and O2 has been
explored (Scheme 6.6) [48]. Although 18 does not react with either water (100 ◦C,
17 h) or upon heating in dry piperidene, heating in wet piperidene (100 ◦C, 17 h)
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Scheme 6.6 Activation of water and O2 by a bis(phosphinoalkyl)silyl complex of Ru.

led to the formation of a new product (21) which decomposed upon isolation.
Treatment of 21 with CO or P(OMe)3 afforded the isolable analogs 22 and 23,
respectively. Crystallographic characterization of 23 revealed the formation of a
Ru-siloxo complex, where an oxygen atom has inserted in the Ru–Si linkage.
Although the mechanism for the hydrolysis of 18 has not been elucidated, the
requirement for a base in this transformation suggests that OH− attack at Si might
play a role in the observed reactivity.

Although 18 did not react in air in the solid state, slow (>7 days) oxidation
occurred in refluxing benzene solution under an ambient atmosphere to afford
the new product 24 (Scheme 6.6) [48]. Addition of P(OMe)3 to 24 afforded
the trimethylphosphite analog (25), which was crystallographically characterized.
Complex 25 features a Ru-siloxo linkage analogous to that observed for 23, as
well as insertion of a second oxygen atom into the Si-Me unit to generate a
methoxysilyl in a rare example of partial oxidation of a typically inert Si–C bond.
Interestingly, exposure of either 22 or 23 to O2 does not lead to the formation of
the Si–C oxidation products 24 or 25, respectively. Although the mechanism for
the formation of complexes 24 and 25 from 18 is not known, the authors propose a
pathway involving outer-sphere electron transfer to give a cationic RuIII analog of
18 and O2

−. Ensuing attack by superoxide at Si (or its addition across the Ru–Si
bond) could effect the observed double insertion of O into the Ru–Si and Si–C
linkages.

The activity of 18 in alkene oxidation catalysis was screened (Eq. (6.1)) [48].
Upon treatment of a cyclohexene/1,2-dichloroethane mixture with O2 at ambient
temperature and a catalyst loading of 0.05 mol%, about 15% conversion was
obtained in 4 h, typically 90% to 2-cyclohexen-1-one and 2-cyclohexen-1-ol with
about 10% cyclohexene oxide and a trace of trans-1,2-cyclohexanediol. Although
varying the pressure of O2 did not seem to drastically affect the outcome of the
reaction, significantly lower conversion was observed at a higher catalyst loading
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of 0.2 mol%. The reaction is shut down by the addition of 2,6-di-tert-butyl-4-
methylphenol. These observations are consistent with a catalyzed autoxidation
process.

0.05 mol% 18, O2, 4 h

1,2-Dichloroethane

O OH

O

OH

OH

+ + +

90% 10% Trace (6.1)

More recently, our group has reported on the synthesis and reactivity of RuII

complexes supported by phenylene-bridged PSiP ligands (Figure 6.1, F). Treatment
of 13 with RuCl2(PPh3)3 in the presence of Et3N resulted in formation of the
cyclometallated 16-electron Ru complex 26 (Scheme 6.7) [38]. The X-ray crystal
structure of 26 (Figure 6.2) confirms the formation of a five-coordinate fac-(PSiP)
complex with distorted square-pyramidal (Y-shaped) geometry at Ru, in which a
phosphine ligand arm occupies the apical coordination site while the Si donor is
positioned trans to Cl. These structural features differ somewhat from those of the
related complex 19, which features the PSiP ligand in a mer-type configuration
with Si positioned trans to the vacant coordination site. Despite these differences,
the Ru–Si distances in 19 and 26 are comparable (19, Ru–Si= 2.339(5) Å; 26,
Ru–Si= 2.3361(6) Å) [47].
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Scheme 6.7 Synthesis of Ru complexes supported by a phenylene-bridged PSiP ligand.

Complex 26 reacted with LiEt3BH to form a mixture of three Ru hydride species
(27a–c) (Scheme 6.7) [38]. The ratio of 27a : b : c observed in situ was approximately
2 : 1 : 1 and heating of the mixture did not change the observed ratio of these
three complexes. Complex 27a was isolated from this mixture and assigned as a
dinitrogen adduct of the type (PSiP)RuH(N2)(PPh3). Facile formation of dinitrogen
adducts has been reported in related PCP- and PNP-Ru pincer chemistry [49–51].

Both complexes 26 and 27a function as precatalysts in the transfer hydrogenation
of ketones employing basic iPrOH as the hydrogen source (Table 6.1) [38]. The
activity of 26 as a precatalyst in this reaction is comparable to that of related Ru
pincer catalysts that lack an NH functionality [51–55]. When employing 0.2 mol%
of 26 with 2 mol% KOtBu at 82 ◦C, high conversion to the corresponding secondary
alcohols was observed for several ketone substrates, including diaryl, dialkyl, and
alkyl/aryl ketones. As is the case for most metal-catalyzed transfer hydrogenation
processes conducted in iPrOH, <5% conversion was observed in the absence of
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Table 6.1 Transfer hydrogenation of ketones.a

O

R′ R′R
+

OH

MeMe

OH

R
+

O

Me Me

0.2 mol% cat

2 mol% KOtBu

iPrOH refluxR, R′ = alkyl or aryl

Entry Catalyst Substrate Time (h) Conversion (%)b

1 26 Acetophenone 6 96
2 26 Benzophenone 6 92
3 26 2-Heptanone 4.5 99
4 26 Cyclopentanone 3 > 99
5 26 Cyclohexanone 3 > 99
6 27a Cyclohexanone 3 94

aReactions were performed on 1 ml scale (0.1 M ketone, 0.2 mol% Ru, 2 mol% KOtBu)
in iPrOH at 82 ◦C under N2.
bDetermined on the basis of GC-FID (gas chromatography with flame ionization
detector) data.

KOtBu as base. The preformed Ru hydride 27a was similarly inactive in the absence
of added KOtBu, although 94% conversion was obtained in the hydrogenation of
cyclohexanone when using 2 mol% KOtBu (entry 6, Table 6.1). These preliminary
results establish the catalytic utility of such (PSiP)RuII complexes in ketone transfer
hydrogenation.

The synthesis of RuII complexes supported by the cyclohexylphosphino PSiP
ligand analog 14 was subsequently pursued [41]. The tertiary silane 14 reacted
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with 0.5 equiv of [(para-cymene)RuCl2]2 in the presence of Et3N and PCy3 to
afford the diamagnetic dinuclear species [(Cy-PSiP)RuCl]2 (28; Cy-PSiP= [κ3-(2-
R2PC6H4)2SiMe]−; Scheme 6.8). Complex 28 serves as a useful precursor for the
synthesis of novel diamagnetic four-coordinate formally 14-electron Ru amido and
alkoxo complexes of the type (Cy-PSiP)RuX (29, X=OtBu; 30, X=N(SiMe3)2; 31,
X=NHPh; 32, X=NH(2,6-Me2C6H3); Scheme 6.8), of which 29, 30, and 32 were
crystallographically characterized (Figure 6.3). Although unsaturated 14-electron
species are often proposed as reactive intermediates in metal-mediated chemistry,
such isolable four-coordinate RuII species are extremely rare [56–58], especially in
the absence of stabilizing agostic interactions. Remarkably, no evidence for such
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Figure 6.3 Crystallographically determined structures of 29, 30, and 32.



6.3 Group 8 Metal PSiP Chemistry 159

agostic interactions was observed for 29–31 either in solution or in the solid state.
The X-ray crystal structure of 32 features a short Ru⋅⋅⋅C contact of 2.749(3) Å to one of
the anilido methyl substituents, which is consistent with a C–H agostic interaction.
Computational data confirms a weak (about 2.3 kcal mol−1) agostic interaction in
32 [41]. Despite the prevalence of square-planar and tetrahedral geometries for
four-coordinate transition-metal complexes, the X-ray crystal structures of 29, 30,
and 32 each exhibit slightly distorted trigonal-pyramidal coordination geometry at
Ru, with Si in the apical site. The relatively short Ru–X distances observed in the
solid state for these complexes (29, Ru–O= 1.9090(14); 30, Ru–N= 2.0465(12); 32,
Ru–N= 1.995(2) Å) are consistent with Ru–X π-bonding.

Density functional theory (DFT) studies of 29, 30, and 32 confirmed the slightly
distorted trigonal-pyramidal geometry that was observed for these complexes, where
the alternative mer-κ3-pincer–RuII coordination mode is significantly (on the order
of 30 kcal mol−1) higher in energy [41]. Taking complex 29 as an example, optimized
Ru–O distances of 1.91 and 1.98 Å for fac-κ3 and mer-κ3 forms, respectively, are
suggestive of stronger RuII –O π interactions in the former. The stability of these
four-coordinate complexes cannot be attributed to a triplet spin state, as has been
invoked in the case of square-planar RuII species [56–58]. Rather, for 29, 30, and
32, a triplet spin state, which also favors a fac-κ3-(PSiP)RuII ligation, is higher
in energy by more than 24 kcal mol−1. The strong metal dx2−y2 character of the
highest occupied molecular orbital (HOMO), together with a smaller metal dxz

component that is involved in some Ru–X π bonding, is not particularly well
suited to accommodate an agostic interaction at the vacant axial coordination site,
while the lowest unoccupied molecular orbital (LUMO) exhibits Ru–X π* character
featuring a strong metal dxy component. Hence, agostic C–H interactions are not
essential for stabilizing the singlet ground state.

Analogs of 29, 30, and 32 which have the central silyl X-group replaced by
C(sp3)–Me (29c–32c), phosphido (29p–32p), or amido (29n–32n) donor groups
were also studied computationally [41]. The assessed natural bond orbital (NBO)
charge distribution reveals the following order of descending donating ability:
PSiP>PPP>PCP>PNP. DFT reveals that the strength of the C–H agostic inter-
action in complexes of the type (PXP)Ru(NH(2-MeC6H4)) (32*, X=Si; 32*p, X=P;
32*c, X=C(sp3)–Me; 32*n, X=N) directly correlates with the degree of electron
deficiency at Ru and hence increases in the following order (kcal mol−1): 32*
(2.3)< 32*p (3.8)< 32*c (4.4)< 32*n (7.3). The nature of the central donor group
also has a profound influence on the gap in stability between fac-κ3- and mer-
κ3-(PXP)RuII forms, which follows a regular trend as exemplified for complex 32
(kcal mol−1): 32 (32.0)> 32p (25.3)> 32c (17.5)> 32n (10.8). Of particular impor-
tance is the marked dependency revealed by DFT between the charge density
at Ru and the size of the gap between the singlet and triplet spin states. The
ΔE(S–T) gap decreases regularly for the silylamido complex from 24.2 (30) to 23.6
(30p), 22.7 (30c), and 20.5 kcal mol−1 (30n), thereby reinforcing the pivotal role of
a strongly donating silyl donor for the stabilization of the singlet state in such
complexes.
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Although such trigonal-pyramidal (PSiP)RuII species are stabilized by the
strongly donating silyl group, they are nonetheless reactive toward E–H bonds
(E=main group element). Each of complexes 29 and 30 underwent protonolysis
with water to form the dinuclear hydroxo-bridged dimer 33 (Scheme 6.9) [41].
The dimeric nature of 33 relative to monomeric 29 confirms that steric bulk
plays an important role in attaining a monomeric structure for complexes of
the type (PSiP)RuX. The attempted synthesis of a phenoxo analog by treatment
of either 29 or 30 with PhOH led instead to the synthesis of the 18-electron
η5-oxocyclohexadienyl complex 34 (Scheme 6.9). Complexes 29 and 30 also under-
went multiple E–H bond activation steps upon treatment with H3B⋅NH3 to form
quantitatively the bis(σ-B–H) complex (PSiP)RuH(η2:η2-H2BNH2) (35) [41], a rare
example of a bis(σ-B–H) aminoborane complex [59, 60]. The substituted amine-
boranes H3B⋅NHMe2 and H3B⋅NH2

tBu reacted in a similar manner (Scheme 6.9)
to form the related bis(σ-B–H) complexes (36, 37). The mechanism of the activation
of ammonia-borane by such low-coordinate (PSiP)RuX species was studied com-
putationally and was determined to proceed most favorably in a stepwise manner
via intramolecular deprotonation of ammonia and subsequent borane B–H bond
oxidative addition [41]. These studies confirm that such four-coordinate formally
14-electron (R-PSiP)RuX complexes are capable of promoting multiple bond acti-
vation steps in a manner that may be synthetically useful in the transformation of
main group substrates.
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Scheme 6.9 Reactivity of trigonal-pyramidal (PSiP)RuII complexes.
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6.4
Group 9 Metal PSiP Chemistry

The first examplesof group 9 complexes supported by tridentate PSiP ligation were
reported by Stobart and coworkers in 1997 [36]. Treatment of the hydrosilane 5
with [Ir(COD)Cl]2 (COD, 1,5-cyclooctadiene) afforded the five-coordinate hydrido
chloride complex 38 (Scheme 6.10). Alternatively, treatment of 5 with trans-
Ir(PPh3)2(CO)Cl afforded a 3 : 1 mixture of the six-coordinate hydrido carbonyl
chloride isomers 39 and 40. Reaction of the 39/40 mixture with SnCl2 led to the
synthesis of the six-coordinate Ir–SnCl3 complex as another pair of stereoisomers
(41 and 42) in the same 3 : 1 ratio. Treatment of the 39/40 mixture with LiAlH4 led
to the formation of a mixture of dihydrido carbonyl stereoisomers (43–45, Scheme
6.10), which is proposed to include the fac-PSiP complex 45 as a minor component.
Complexes 38 and 42 were crystallographically characterized.
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Scheme 6.10 Bis(phosphinoalkyl)silyl complexes of Ir.

Although 38 was initially assigned as a single isomer exhibiting an anti orientation
of the Ir–H and Si–Me groups, a subsequent recent study by Sola and coworkers [61]
determined that equilibrium mixtures of anti and syn isomers are established over
the course of several days in a room-temperature solution. While the equilibrium
ratio of isomers is solvent dependent, the anti isomer appears to be the major
component. The bromo (46) and iodo (47) analogs of 38 were also synthesized, and
exhibit similar isomerization behavior, with the exception that 47-syn is the major
stereoisomer in the case of the iodo-substituted complex. Complexes 46-anti and
46-syn were each crystallographically characterized, and exhibit subtle differences
in coordination geometry, such that the geometry in 46-anti is best described as
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Y-shaped, while 46-syn is best described as T-shaped. Computational modeling
studies suggest that the structure of 46-anti is the electronically preferred one,
whereas that of 46-syn results from distortions provoked by sterics. Such small
structural differences lead to more significant differences in reactivity between syn
and anti isomers. Thus, syn isomers of 38, 46, and 47 form six-coordinate adducts
with chlorinated solvents, CO, and P(OMe)3 after coordination of the incoming
ligand trans to Si. The anti isomers do not form detectable adducts with chlorinated
solvents and coordinate CO or P(OMe)3 either trans to Si (kinetic product) or trans
to hydride (thermodynamic product). The equilibrium distribution of isomers for
such six-coordinate adducts is dependent on the nature of the halide ligand, such
that in the case of CO adducts, the replacement of chloride by iodide inverts the
stereochemistry of the reaction product and switches the CO coordination position
from trans to hydride (98%) to trans to Si (100%).

The differing coordination properties of syn and anti isomers for 38, 46, and
47 have a significant effect on the insertion chemistry exhibited by such com-
plexes [61]. Thus, diphenylacetylene reacts selectively with 38-syn to form the
corresponding five-coordinate syn-alkenyl complex 48 (Scheme 6.11). Although it
is nonreactive in such insertion processes, the anti isomer slowly isomerizes to
form 38-syn, thus leading to the eventual quantitative formation of 48. The rate of
syn/anti isomerization is actually dependent on the nature of the insertion reactant
(e.g., diphenylacetylene leads to much slower isomerization than acetylene). Inter-
estingly, added H2 has a profound effect on the syn/anti isomerization process,
resulting in extremely rapid rates (on the same order than as NMR timescale) even
though no new product resulting from a reaction of the hydrido halide complex
with H2 is observed. A possible isomerization mechanism involving H2 oxidative
addition to form an IrV intermediate has been proposed. The isomerization occurs
when a hydride ligand passes from one face of the IrV complex to the other (through
the plane defined by the mer-PSiP ligand) via a transition state involving an Ir-(η2-
SiH) interaction. In the absence of H2, such syn/anti isomerization process can
still occur if the key Ir-(η2-SiH) transition state can be generated through reductive
elimination involving IrIII species.
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Scheme 6.11 Isomerization of five-coordinate bis(phosphinoalkyl)silyl complexes of Ir.

In a subsequent study, Sola and coworkers [62] reported the synthesis of cationic
IrIII complexes supported by bis(phosphinoalkyl)silyl PSiP ligation. Thus, treatment



6.4 Group 9 Metal PSiP Chemistry 163

of equilibrium mixtures of 38-syn/38-anti with various electrophilic reagents such
as MeOTf or AgPF6 in the presence of donor ligands such as CO or acetonitrile
leads to chloride abstraction and the formation of six-coordinate cationic complexes
of the type [(PSiP)IrHL2]+, which are formed as mixtures of syn and anti isomers
(Scheme 6.12). In the presence of water, reactions with such electrophilic reagents
result in water activation to form Ir dihydride complexes that contain the neutral
L3-silanol ligand κ3-(Ph2P(CH2)3)2Si(Me)OH (49, Scheme 6.12). As in the case of
water activation by related (PSiP)RuII species (see above), the mechanism of this
reaction is not known. In the presence of anions that are susceptible to hydrolysis,
such as PF6 and BF4, the final products obtained featured Si–F rather than Si–O
linkages (51, Scheme 6.12). The same Si-F-containing species could be accessed by
treatment of the water activation product 50 with NaF or NaBF4.
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Our group reported the first examples of PSiP ligated Rh complexes featuring
phenylene-bridged bis(phosphino)silyl ligands. Although we initially utilized the
diphenylphosphino ligand precursor 13 to target such complexes, including in
the synthesis of 52, 53a,b, and 54 (Scheme 6.13) [38], we quickly discovered
that the more electron-releasing dicyclohexylphosphino derivative 14 leads to the
formation of more reactive Group 9 metal species that can undergo a variety of
challenging E–H bond activation processes [39]. In contrast to the formation of
the six-coordinate hydrido chloride species 53a,b (Scheme 6.13) upon treatment
of 13 with Rh(PPh3)3Cl [38], employing 14 under similar conditions resulted in
formation of the five-coordinate complex 55 (Scheme 6.14) [39]; the Ir analog 56
was also prepared. The X-ray crystal structures of 55 and 56 confirm the formation
of five-coordinate square-planar (Y-shaped) complexes with Si in the apical site,
similar to the structure of the related complex 46-anti. Unlike the reactivity observed
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for 38, which features an aliphatic PSiP ligand backbone and diphenylphosphino
donors, no syn/anti isomerization has been observed for 55 and 56 or their
derivatives (see below), which suggests that the phenylene-bridged PSiP ligand
framework can better restrict the coordination geometry in the ensuing metal
complexes.

The attempted alkylation of 56 with MeLi in benzene solution resulted in
quantitative formation of the phenyl hydride complex 58 with concomitant evolution
of methane (Scheme 6.14) [39]. The targeted methyl hydride complex 57 can
be observed in situ and rapidly reacts to generate 58 via CH bond activation
of the benzene solvent. Complex 58 also undergoes facile arene exchange, as
indicated by the formation of tolyl hydride species (59) upon treatment of 58
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with excess toluene. Although Ir pincer complexes, especially those supported by
PCP ligation, are well established in CH bond activation chemistry [1, 63, 64],
this represents the first example of intermolecular CH bond cleavage by a silyl
pincer Ir complex. While sp2-CH bond activation occurs readily in this system,
no evidence for the intermolecular activation of sp3-CH bonds was observed.
Reactivity commencing from the Rh analog 55 does not lead to such CH bond
cleavage chemistry.

Based on the precedent related PCP and PNP Ir chemistry [63–66], we proposed
that reductive elimination of methane from 57 should provide access to a highly
reactive 14-electron (PSiP)IrI intermediate (60, Scheme 6.15) which undergoes
oxidative addition of CH bonds. Attempts to observe this intermediate species in
cyclohexane-d12 solution provided evidence for a cyclometallated variant of 60 (i.e.,
61) that serves as a source of (PSiP)IrI [39]. Thus, treatment of in situ generated 61
with a large excess of benzene led to the formation of 58, and (PSiP)IrL complexes
(62, L=PMe3; 63, L=C2H4) were formed upon addition of donor ligands to 61
(Scheme 6.15) [67]. Treatment of 61 with benzene-d6 led to the formation of 58-d6,
with no evidence for 2H incorporation into the P-Cy substituents. Interestingly,
although no CH bond cleavage chemistry was observed for (PSiP)Rh, a Rh analog of
60 (i.e., 64) appears to be accessible, as treatment of 55 with an alkyl lithium reagent
in cyclohexane solution results in rapid alkane formation and the generation of a
new (PSiP)Rh species that features very broad NMR resonances and reacts with
donor ligands such as PMe3 and CO to form isolable RhI complexes of the type
(PSiP)RhL (65, L=CO; 66, L=PMe3) [39, 67].
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Activation of sp2-CH bonds has also been observed when complexes of the
type (R-PSiP)Ir(H)4 (R-PSiP= [κ3-(2-R2PC6H4)2SiMe]−; 67, R=Cy; 68, R= iPr; 69,
R= tBu) were heated in benzene solution in the presence of tert-butylethylene
as a hydrogen acceptor to generate (R-PSiP)IrH(Ph) (58, R=Cy; 58-iPr, R= iPr;
58-tBu, R= tBu) [45]. Treatment of 67 with 3 equiv of norbornene (nbe) resulted
in the formation of the IrI norbornene adduct (Cy-PSiP)Ir(nbe) (70), which indi-
cates that such Ir tetrahydride complexes are dehydrogenated in the presence
of alkenes to generate IrI species. The catalytic borylation of benzene with
bis(pinacolato) diboron was examined using complexes 58, 58-iPr, and 58-tBu
as catalysts (Eq. 6.2) [45]. Yields of the product 2-phenyl-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane ranging from 20% to 88% were obtained at a catalyst loading of
5 mol% upon heating at 120 ◦C for 1 day. Complex 58-tBu is the most efficient
catalyst, providing a yield of 82% at 1 mol% catalyst loading after heating at 120 ◦C
for 1 day.
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O O
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B
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In addition to sp2-CH bond cleavage, in situ generated 60 is also capable of
mediating N–H bond oxidative addition processes (Scheme 6.16) [67]. N–H bond
oxidative addition of anilines and, remarkably, ammonia occurred under mild
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conditions to form isolable (PSiP)Ir(H)(NHR′) complexes (71–73). In comparison
to the previously reported (PCP)Ir systems [68–70], 71–73 are significantly more
resistant to N–H bond reductive elimination, even in the presence of alkene and
arene substrates. Such well-documented examples of N–H bond oxidative addition
are rare, especially in the case of ammonia [69, 70], and may provide inroads
into new atom-economical chemical transformations that incorporate N–H bond
oxidative addition steps, such as hydroamination. In the case of Rh, treatment of in
situ generated 64 with aniline and ammonia resulted in the formation of RhI amine
adducts which were stable only in the presence of excess amine and decomposed
upon attempted isolation [67]. Since RhIII anilido hydride complexes of the type
(PSiP)RhH(NHR′) (76, R′ =Ph; 77, R′ = 2,6-Me2C6H3) are synthetically accessible
from the reaction of 55 with Li anilide reagents and are resistant to N–H reductive
elimination, the formation of the adducts 74 and 75 from treatment of 64 with the
corresponding amine indicates that the barrier to N–H oxidative addition in such
Rh species is prohibitively high.

DFT studies of the N–H activation chemistry mediated by (PSiP)Ir species
have been carried out. An initial report calculated the relative stabilities of the
amido hydride complexes 71 and 73 and the corresponding amine complexes
that would result from N–H reductive elimination [71]. ΔG‡ was determined to
be 33.4 kcal mol−1 for 71 and 29.0 kcal mol−1 for 73 in the gas phase at 298 K.
The inclusion of solvent effects had minimal impact on these results. In the case
of 71, the Gibbs energy of the N–H reductive elimination reaction, ΔGreaction,
was determined to be 10.1 kcal mol−1 in the gas phase, indicating that the IrIII

amido hydride was more stable than the IrI aniline complex. For 73, the ΔGreaction

was calculated to be 3.2 kcal mol−1 in the gas phase. Interestingly, both ΔG‡

and ΔGreaction were reduced as the net result of substituting C for Si in 71 and
73, which reflects the experimentally observed trend that more electron-releasing
pincer ligands favor the formation of IrIII amido hydride species over IrI amine
adducts.

A second DFT study also determined that the amido hydride complex 73 was
more stable than the corresponding ammine adduct (ΔGreaction =−2.6 kcal mol−1

for N–H oxidative addition in the gas phase) [72]. This study also
examined the relative energies of (PCP)Ir analogs and determined that
[κ3-(tBu2PCH2CH2)2CH]IrH(NH2) was also more stable than the corresponding
ammine adduct, while changing the pincer ligand to [κ3-1,3-(tBu2PCH2)2C6H3]−

led to a reversal in this trend, which is in agreement with experimental results.
Catalytic cycles for the hydroamination of ethylene with ammonia were also
examined computationally for (PSiP)- as well as (PCP)Ir pincer species. In the
case of [κ3-(tBu2PCH2CH2)2CH]IrH(NH2), all energy spans calculated are on the
order of about 40 kcal mol−1 or higher, which suggests that such a catalytic process
is not viable. By comparison, although the energy spans (on the order of about
35 kcal mol−1) determined for hydroamination cycles involving 73 are significantly
lower in some cases, these values are still quite high, suggesting that no turnover
would be expected here either. The effect of modifications to the PSiP ligand was
evaluated in this context, and it was determined that the substitution of Ph for Cy



168 6 PSiP Transition-Metal Pincer Complexes: Synthesis, Bond Activation, and Catalysis

(Ph-PSiP)Ir
NH2

H

(Ph-PSiP)Ir NH3(Ph-PSiP)Ir

(Ph-PSiP)Ir

NH2

H
(Ph-PSiP)Ir

H2N

H

(Ph-PSiP)Ir
H

NH2

(Ph-PSiP)Ir

(Ph-PSiP)Ir

NH2

H

NH3

−7.0

4.3

12.4

−5.8
TS1 
19.9

0.0

−1.3

TS3

26.1

3.0

TS2

23.9
9.1

Ph-PSiP = MeSi

PPh2

PPh2

Scheme 6.17 Optimized catalytic pathway for the hydroamination of ethylene; calculated
Gibbs free energies (in kilocalories per mole).

substituents on the pincer phosphorus donors (Ph-PSiP) resulted in an energetic
span low enough for catalytic turnover (Scheme 6.17). The ethylene complex
(Ph-PSiP)Ir(C2H4) can serve as both a catalyst precursor and a resting state in the
proposed cycle. The resulting predicted turnover frequency (TOF) was determined
to be 17 h−1 at 140 ◦C. When solvent effects (cyclohexane) were included in the
calculation, a TOF of 6.0 h−1 was determined at 140 ◦C.

Building on the Si–C bond cleavage reactivity that has been documented in
Group 10 metal (Ni, Pd, Pt) PSiP complexes (see below), Nakazawa and coworkers
[73] have reported on related Si–C bond activation processes involving Rh and Ir
(Scheme 6.18). The bis(phosphino)silanes 78a–c reacted with Rh(H)(CO)(PPh3)3

to form trigonal-bipyramidal Rh silyl complexes (79a–c). No intermediates were
observed during the course of these reactions, and the reaction rates at 60 ◦C
increased in the order Si–Et<Si–Me<Si–Ph. Similar reactivity was observed
when Ir(H)(CO)(PPh3)3 was reacted with 78a–c. In an effort to assess the relative
selectivity for sp2-SiC versus sp3-SiC bond activation, related reactions were carried
out with the bis(phosphino)silanes 80a–f which feature two different substituents
at Si. In the case of 80a, which features a SiMePh unit, both 79a and 79b
were obtained in 39 : 61 ratio upon heating at 60 ◦C, while an analogous reaction
utilizing Ir(H)(CO)(PPh3)3 resulted in a reversal of this selectivity. Furthermore,
the selectivity for Si-Me versus Si-Ph activation was found to be dependent on
the reaction temperature, so that in the reaction of 80a with Rh(H)(CO)(PPh3)3 a
reversal in selectivity was observed upon heating at 160 ◦C leading to a 79a : 79b ratio
of 59 : 41. The incorporation of electron-donating substituents in 80c–e resulted in
the inhibition of Si-C(sp2) activation.
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Scheme 6.18 Si–C bond activation by Rh and Ir hydride complexes.

6.5
Group 10 Metal PSiP Chemistry

The first examples of group 10 metal complexes supported by bis(phosphino)silyl
ligation were reported by Stobart and coworkers [35, 36] who studied the reactivity
of the silanes 1, 3–7, 10, and 11 with (COD)PtCl2 in the presence of Et3N.
Square-planar (PSiP)PtCl complexes (81a–h) were isolated from these reactions in
yields ranging from 27% to 84%. Subsequent to this study, our group reported
the first example of related PtII and PdII chloride complexes (82, M=Pt; 83,
M=Pd) supported by the phenylene-bridged PSiP ligand [κ3-(2-Ph2PC6H4)2SiMe]−

(Ph-PSiP) derived from 13 (Scheme 6.19) [38]. The reactivity of 83 and related
derivatives has since been explored extensively by Iwasawa and coworkers [74,
75], who have utilized such silyl pincer PdII complexes in a variety of catalytic
applications, including the hydrocarboxylation of allenes and 1,3-dienes, reductive
aldol reactions [16], and the dehydrogenative borylation of alkenes and 1,3-dienes
[76]. This work is reviewed in an accompanying chapter.

Our group has explored in detail the reactivity of 82 and the dicyclohexylphos-
phino analog 84 (Scheme 6.19). These PtII chloride complexes were utilized
as precursors for the synthesis of PtII alkyl complexes and cations of the type
[(PSiP)Pt]+, with the goal of accessing highly reactive metal complexes that
would engage in E–H bond activation chemistry [77]. Indeed, square planar
PtII alkyl and aryl complexes of the type (R′-PSiP)PtR (85, R′ =Ph, R=CH2Ph; 86,
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R′ =Ph, R=Me; 87, R′ =Cy, R=Me; 88, R′ =Cy, R=Ph) were readily prepared
(Scheme 6.19). Treatment of 85–87 with B(C6F5)3 resulted in abstraction of the alkyl
group to form cationic species of the type [(R′-PSiP)Pt]+[RB(C6F5)3]− (89, R′ =Ph,
R=CH2Ph; 90, R′ =Ph, R=Me; 91, R′ =Cy, R=Me). Although there is significant
precedent for arene CH bond activation by cationic PtII species [78], including
pincer-type Pt cations [79, 80], no such CH bond cleavage chemistry was observed
for 89–91. Complex 89 proved highly insoluble in benzene solution even at elevated
temperatures. By comparison, 90 and 91 are both fully soluble in benzene, but
underwent facile transfer of a C6F5

− group from B to Pt to form [R′-PSiP]Pt(C6F5)
(92 and 93). The related cationic complex [(Ph-PSiP)Pt(OEt2)]+[B(C6F5)4]− (94) and
triflate derivative (Cy-PSiP)PtOTf (95) also proved to be unreactive toward benzene
CH bonds.

By comparison, complexes 85–87 mediated facile SiH bond cleavage, reacting
readily with PhSiH3 to form PtII silyl complexes (96, R′ =Ph; 97, R′ =Cy) with con-
comitant formation of the corresponding alkane (Scheme 6.19) [77]. Interestingly,
96 and 97 represent rare examples of PtII bis(silyl) species featuring trans-disposed
silyl ligands [81]. This unusual geometry is likely enforced by the chelating nature
of the PSiP silyl pincer ligand. The activation of SiH bonds by complexes 85–87
is sensitive to the steric profile of the hydrosilane, and bulky secondary silanes
such as Mes2SiH2 do not react. By comparison, divergent reactivity toward hydri-
dochlorosilanes was observed based on the substitution at phosphorus (R=Ph vs
R=Cy). Thus, while 85 and 86 reacted with Ph2SiHCl to form the silyl complex
(Ph-PSiP)PtSiPh2Cl (98) with loss of either toluene or methane, respectively, 87
reacted with Ph2SiHCl, iPr2SiHCl, or Me3SiCl to form 84 with concomitant evo-
lution of Ph2SiMeH, iPr2SiMeH, or Me4Si, respectively. A mechanism invoking
direct Si–Cl oxidative addition to 87 followed by Si–C reductive elimination appears
unlikely for these reactions, as SiH oxidative addition to PtII is anticipated to be
preferred [82–90]. Nonetheless, the divergent reactivity with hydridochlorosilanes
exhibited by 85–87 reveals that changes in the substitution at phosphorus in the
PSiP ligand can significantly alter the course of reactions involving such substrates.

Surprisingly, treatment of 84 with LiEt3BH did not result in the formation of a
terminal Pt–H, but rather led to the formation of [Cy-PSi(μ-H)P]Pt (99), which was
identified on the basis of NMR and IR spectroscopic data as a bis(phosphino) Pt
derivative of (Cy-PSiP)H that features η2-SiH coordination involving the tethered
silicon fragment (Scheme 6.19) [77]. The formation of the η2-SiH complex was
unexpected given that complexes of the type trans-Pt(PCy3)2(H)(SiR3) are known
[91–93]. Complex 99 can be viewed as the product of an ‘‘arrested’’ reductive
elimination from the unobserved terminal PtII hydride species. Such an elimination
may be envisioned to proceed via an initial distortion of the square-planar structure
[94, 95], which would serve to bring the hydride ligand into the proximity of the
silyl group. Although attempts to probe the solution behavior of 99 by variable-
temperature 1H and 31P NMR spectroscopy revealed no appreciable changes in
spectroscopic features in the range of −80 to 90 ◦C, it is possible that a small
equilibrium concentration of the terminal Pt–H can be accessed via a reversible
SiH oxidative addition–reductive elimination process.
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Related Ni (100) and Pd (101) complexes bearing a PPh3 co-ligand and featuring
η2-SiH coordination of the silane 13 were subsequently reported and crystallo-
graphically characterized by Takaya and Iwasawa [96, 97]. We have also reported
the synthesis of a Pd analog of 99 (i.e., 102) [98]. Although we did not obtain X-ray
quality crystals of 102, the NMR and IR features of this complex are consistent
with its formulation as an η2-SiH complex of 14. Namely, while the 1H NMR
spectrum of isolated 102 does not feature a high-field resonance in the region char-
acteristic of a terminal Pd–H (typically <0 ppm), 1H–29Si HMQC (heteronuclear
multiple quantum correlation) spectroscopic analysis revealed a Pd–H resonance
at 1.28 ppm (in benzene-d6 solution this resonance is obscured by resonances asso-
ciated with the P-Cy substituents) that correlates with a 29Si NMR resonance
at 62.5 ppm (1JSiH = 47 Hz). The reduced 1JSiH value (typical 1JSiH values in free
silanes fall near 200 Hz) observed for 102 falls in the range commonly associated
with η2-silane complexes [99]. Furthermore, in keeping with η2-SiH coordination
to a metal center, the IR spectrum of 102 (film) exhibits a broad, intense band
at 1623 cm−1, a region characteristic of an η2-SiH metal species. Concurrent with
our publication of the synthesis of 102, Hazari and coworkers [100] reported an
identical synthesis but assigned 102 as a terminal PdII hydride complex on the basis
of an X-ray crystal structure indicating a terminal Pd–H, albeit with the comment
that ‘‘although the hydride was located in the difference Fourier map, due to the
high level of residual electron density around the Pd center the assignment of the
hydrogen atom cannot be guaranteed’’. There is precedent for such differing SiH
binding modes in solution versus in the solid state [101, 102], which suggests that
it is possible for the η2-SiH structure of 102 to be the major species in solution at
room temperature whereas the terminal hydride structure is adopted in the solid
state. DFT evaluation of the terminal Pd–H and η2-SiH structures proposed for
102 indicated that the former is thermodynamically favored (ΔG◦ = 11 kcal mol−1)
[100]. Hazari [100] also reported the synthesis and crystallographic characterization
of the analogous (Cy-PSiP)NiH, which is also apparently a terminal NiII hydride in
the solid state.

Treatment of complexes 99 and 102 with the strong Lewis acid B(C6F5)3 afforded
the hydride abstraction products 103 and 104, respectively (Scheme 6.20) [98].
Complexes 103 and 104 react with CO2 gas (about 1 atm) to form the corresponding
Pt and Pd formatoborate complexes (105, M=Pt; 106, M=Pd). The formatoborate
complexes were readily distinguished from the corresponding Pt and Pd formate
species (107, M=Pt; 108, M=Pd) on the basis of their NMR spectroscopic features
[98, 100]. Furthermore, unlike complex 105, which was readily isolated in high
yield, the Pt formate complex 107 was only observable under a CO2 atmosphere
and re-formed 99 upon removal of CO2. Conversely, the Pd formate complex 108
proved isolable, and treatment of 108 with an equivalent of B(C6F5)3 resulted in
quantitative conversion to 106. BPh3 analogs of 105 (i.e., 109) and 106 (i.e., 110)
were also synthesized. Such transition-metal formatoborate complexes are quite
rare. A previous late metal example was reported by Bercaw and Labinger [103]
for [HNi(dmpe)2]+ (dmpe, 1,2-bis(dimethylphosphino)ethane), which was shown
to form formate-borane adducts in the presence of trialkyl boranes upon reaction
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with CO2. By comparison, B(C6F5)3 exhibited only hydride transfer from Ni to B
and no CO2 reduction in this system. Thus, it appears that the facile reduction of
CO2 by 103 and 104 to form late metal formatoborate species is unprecedented.
Subsequent to our report, Piers and coworkers [104] published an example of
a d0 Sc formatoborate complex formed by the reaction of [Cp*2Sc][HB(C6F5)3]
with CO2.

Complexes 105 and 106 reacted with 4 equiv of Me2PhSiH to reform 103 or
104, respectively, with the concomitant evolution of methane and (Me2PhSi)2O
(Scheme 6.20) [98]. A catalytic variant of this reaction was pursued [104–107], using
in situ generated 103 or 104 as the catalyst (Table 6.2). Using 103 as the catalyst
afforded 1063 turnovers after 4 h, while the Pd analog at the same loading resulted
in 469 turnovers with heating at 85 ◦C (Table 6.1, entries 1 and 6). In the case of
the more active Pt-based catalyst 103, the TOF after 0.5 h at 65 ◦C was determined
to be 956 h−1. As expected, the TOF was observed to decrease over the course
of the reaction (TOF= 616 h−1 after 1 h and 266 h−1 after 4 h). Notably, the use
of BPh3 in place of B(C6F5)3 under comparable conditions afforded no catalytic
turnover. Control experiments carried out in the absence of CO2 confirmed that
the observed silyl ether formation cannot be attributed to side reactions involving
adventitious water or O2 (entry 5), and further control experiments confirmed the
key role of both the platinum group metal complex and B(C6F5)3 in achieving
efficient catalytic reduction of CO2 (entries 7–10). The catalytic productivity (TON,
turnover number) and rates (TOF) exhibited by 103 are comparable in magnitude to
those observed by Brookhart and coworkers [105] in a related cationic (POCOP)IrIII

pincer system.
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Table 6.2 Reduction of CO2 with trialkylsilanes.a

4 R3SiH + CO2 (1 atm)
Catalyst

C6H5F, 65 °C
2 (R3Si)2O + CH4

Entry Catalyst Mol% of catalyst Silane Time (h) (R3Si)2O (mmol)b TONc

1 103 0.065 Me2PhSiH 4 3.4 1063d

2e 103 0.016 Me2PhSiH 8 5.7 1781
3f 103 0.016 Me2PhSiH 16 6.9 2156
4 103 0.065 Et3SiH 4 0.07 22
5g 103 0.065 Me2PhSiH 4 0 0
6h 104 0.065 Me2PhSiH 4 1.5 469
7i NaH/B(C6F5)3/15-c-5 0.4 Me2PhSiH 4 1.2 57
8 LiEt3BH/B(C6F5)3 0.1 Me2PhSiH 4 0.1 16
9 99 0.0065 Me2PhSiH 4 0 0
10 102 0.0065 Me2PhSiH 4 0 0

aReaction conditions: 2 ml C6H5F, 1 atm CO2, 9.78 mmol silane, 65 ◦C.
bDetermined on the basis of calibrated GC data.
cCalculated based on moles of SiH reacted per moles of catalyst.
dTOF of 956 h−1 (0.5 h), 616 h−1 (1 h), and 266 h−1 (4 h).
eReaction carried out using 39.16 mmol of silane; CO2 (1 atm) was reintroduced to the reaction
mixture after 4 h at 65 ◦C.
f Reaction carried out using 39.16 mmol of silane; CO2 (1 atm) was reintroduced to the reaction
mixture after 4, 8, and 12 h at 65 ◦C.
g Reaction conducted in absence of CO2.
hReaction carried out at 85 ◦C.
i15-c-5, 15-Crown-5.

A proposed catalytic cycle for the reduction of CO2 with tertiary silanes in the
presence of 103 and 104 is shown in Scheme 6.21. We postulated that 103 and 104
initially react with CO2 to form the corresponding formatoborate complexes 105
and 106, respectively, which subsequently react with 2 equiv of silane to re-form 103
and 104 and generate an equivalent of CH2(OSiR3)2. Subsequent reduction of the
bis(silyl)acetal to form methane and the corresponding bis(silyl)ether is achieved
by the previously reported route involving B(C6F5)3-mediated hydrosilylation [104,
106–109]. A sufficient amount of free B(C6F5)3 is likely present in solution, possibly
as a result of its dissociation from complexes 103 and 104 and/or 105/106. Upon
addition of excess B(C6F5)3 (10%) to a catalytic run involving 103, the yield of
(R3Si)2O produced actually decreased relative to the reaction run in the absence of
excess borane.

Our investigations on the reactivity of Group 10 metal pincer complexes sup-
ported by [κ3-(2-Cy2PC6H4)2SiMe]− (Cy-PSiP) ligation also led to the discovery of
unusual Si–C bond activation chemistry (Scheme 6.22) [110, 111]. The alkylation of
(Cy-PSiP)PdCl with MeLi led to the formation of the corresponding Pd–Me com-
plex (111) in good yield [110]. Complex 111 underwent a subsequent rearrangement
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involving net transfer of the Pd–Me group to Si and cleavage of a Si–C(sp2) bond
in the pincer ligand backbone to yield a four-membered Pd–C–C–P metallacycle
(Scheme 6.22). The resulting complex (112) was isolated and crystallographically
characterized. A possible mechanism for the formation of 112 could involve the
intermediacy of a Pd0 species (113; not directly observed and likely stabilized by
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solvent coordination or an agostic interaction) which undergoes Si–C(sp2) oxida-
tive addition (Scheme 6.23). Given that direct reductive elimination from 111 to
afford 113 is unlikely due to the trans-disposed Pd–Si and Pd–Me groups, it is
plausible that Si–C(sp3) bond formation is preceded by Pd–P dissociation or a
tetrahedral distortion in 111. Support for this mechanistic proposal was obtained by
the quantitative generation of 112 from the reaction of (2-Cy2PC6H4)2SiMe2 (114)
with half an equivalent of Pd2(DBA)3 (DBA, dibenzylideneacetone; Scheme 6.22).
Remarkably, the Si–C(sp2) bond cleavage process is reversible, as indicated by
the reaction of 112 with Ph2SiH2, which afforded the Pd silyl complex 115 [110].
As well, treatment of 112 with Ph2SiHCl led to the formation of (Cy-PSiP)PdCl
with the concomitant generation of Ph2SiHMe. These reactions require cleavage
of a Si–C(sp3) linkage within the rearranged species 112 in order to re-form
the Cy-PSiP framework. Although Si–C(sp2) bond activation is well documented
[112–116], examples of unstrained Si–C(sp3) bond cleavage within the coordination
sphere of a mononuclear metal complex are extremely rare [73, 117–125]. It is plau-
sible that Si–C(sp2) reductive elimination in 112 regenerates 113, which undergoes
subsequent Si–C(sp3) bond cleavage to re-form 111 (Scheme 6.23). The terminal
Pd–Me species then undergoes SiH bond oxidative addition to ultimately provide
the observed products. The Si–C(sp3) bond cleavage step may involve an initial CH
bond oxidative addition of a Si–Me group, as precedent for such a transformation
exists in related Pt Si–C(sp3) bond cleavage chemistry [122, 124, 125].
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Scheme 6.23 Proposed mechanism of reversible Si–C bond activation by (Cy-PSiP)Pd.

In a subsequent publication, Takaya and Iwasawa [96] reported a related
example of reversible Si–C(sp3) bond cleavage involving Ph-PSiP-ligated Pd species
(Scheme 6.24). Treatment of the prenylpalladium complex 116 with PPh3 resulted
in Si–C(sp3) reductive elimination to form a Pd0 tris(phosphine) complex that
featured an allylsilane unit in the ligand backbone (117). Subsequent treatment
of 117 with the phosphine scavenger Ni(COD)2 resulted in Si–C(sp3) bond cleav-
age and regeneration of 116. These observations lend support to the mechanistic
proposal put forward for the reversible Si–C bond cleavage processes observed for
(Cy-PSiP)Pd.

Our attempt to access a Ni analog of 112 led to the generation of an equilib-
rium mixture comprised of the terminal Ni–Me complex (118) and the complex
resulting from Si–C(sp2) bond cleavage in the ligand backbone (119, Scheme 6.25),
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which were observed in a nearly 1 : 2 ratio [110]. Notably, 31P–31P EXSY NMR
(EXSY, Exchange SpectroscopY) spectra of the 118/119 mixture revealed chemical
exchange between the magnetically nonequivalent phosphorus environments in
119 (in keeping with reversible Si–C(sp2) bond cleavage), as well as cross-peaks
indicative of exchange involving 118 and 119 (in keeping with reversible Si–C(sp3)
bond cleavage). Under similar conditions, no chemical exchange between the
magnetically nonequivalent phosphorus environments in 112 was observed. The
interconversion of 118 and 119 was further confirmed by 1H–1H EXSY NMR
experiments, which revealed chemical exchange between the SiMe and NiMe envi-
ronments in 118 and 119 [110]. Thus, remarkably, in the case of Ni, these Si–C
bond activation processes are reversible on the NMR timescale in solution.

Interestingly, contrary to these observations for Ni and Pd alkyl complexes
supported by Cy-PSiP ligation, the analogous Pt alkyl complexes do not appear
to engage in such Si–C bond cleavage processes [77]. However, treatment of
Pt(PPh3)4 with (2-Cy2PC6H4)2SiMe2 (114) resulted in Si–C(sp3) bond cleavage and
quantitative formation of (Cy-PSiP)PtMe (87) [111]. The analogous reaction with a
Pd0 source afforded 112, the product of Si–C(sp2) bond cleavage (see above) [110],
indicating that the choice of metal influences the outcome of Si–C bond cleavage
in this system.

Milstein and coworkers [43] have also contributed to group 10 metal PSiP
chemistry, having attempted to stabilize Pt silanone (R2Si=O) species in the
framework of a PSiP pincer. The attempted deprotonation of the silanol PtII

complex 120 with a strong base resulted in an unusual rearrangement process
that afforded the dinuclear Pt hydride complex 125 (Scheme 6.26). A proposed
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mechanism for the formation of 125 invokes the generation of an intramolecu-
larly coordinated silanone species (122) that undergoes nucleophilic attack by the
silanolate species 121 to form the dinuclear siloxy-silanolate intermediate 123.
Complex 123 subsequently undergoes an intramolecular attack on the metal to
give the anionic dinuclear intermediate 124, which is subsequently protonated
by HN(SiMe3)2 to form the observed product 125 (Scheme 6.26). Alternatively,
123 could be protonated by HN(SiMe3)2 to form the corresponding silanol, which
could then undergo intramolecular OH oxidative addition to afford 125. Treat-
ment of the cationic PtII silanol complex 126 with the weak base iPr2NEt led
to related reactivity involving the nucleophilic attack of adventitious water on
the intermediate silanone 122 to form the mononuclear silanolate PtII hydride
species 127 (Scheme 6.26). Thus it appears that the targeted silanone complex
122 is not sufficiently protected from nucleophilic attack, which prevents its
isolation.

6.6
Group 11 Metal PSiP Chemistry

Bourissou and coworkers [126] have studied the complexation of 13 to Cu and Au
(Scheme 6.27). In the case of complexation to CuCl, a weak σ-SiH complex (128)
appears to form, as indicated by a reduced 1JSiH value (180 Hz vs 204 Hz in free 13)
and 𝜈SiH stretching frequency (1996 cm−1 vs 2142 cm−1 in free 13). In an attempt to
increase the electrophilicity of the Cu center, complex 128 was treated with GaCl3 to
form complex 129, where the Lewis acid had partially abstracted the Cu–Cl ligand
to form a tight ion pair, as indicated by an elongated Cu–Cl distance (2.359(1) Å vs
2.229(1) Å in 128) in the X-ray crystal structure of 129. The σ-coordination of the
SiH bond appears to strengthen in 129, as indicated by further reduction of both
1JSiH (170 Hz) and the 𝜈SiH stretching frequency (1973 cm−1), which is consistent
with pure σ-SiH→Cu donation. DFT calculations confirm the formation of σ-SiH
complexes of Cu that feature negligible Cu→σ*-SiH back-donation. Complexes 128
and 129 thus represent rare examples of σ-bond coordination to Cu. In contrast,
the reaction of 13 with AuCl(SMe2) and GaCl3 led to the formation of a cationic
bisphosphino AuI complex (130), in which the Au center does not interact with the
SiH bond contained in the ligand backbone.
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Scheme 6.27 Synthesis of Cu σ-SiH complexes.
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6.7
Alternative Silyl Pincers

While PSiP silyl pincer complexes have received the most attention, several
alternative silyl pincer motifs have also been developed in recent years. Among
the most prominent are the bis(quinolyl)silyl (NSiN) complexes developed by
Tilley and coworkers. Tridentate coordination of NSiN to Rh, Ir, and Pt has been
reported, affording both neutral and cationic complexes (Scheme 6.28) [127–130].
Such complexes typically exhibit fac-NSiN coordination, although square-planar
(NSiN)PtCl (131) has also been isolated [130]. Interestingly, NSiN promotes the
formation of five-coordinate complexes, including examples of five-coordinate PtIV

species (132 and 133) of the type often proposed as intermediates in Pt-mediated
CH bond activation chemistry [130], and an unusual example of a 16-electron
RhIII dialkyl complex, (NSiN)Rh(CH2Ph)2 (134) [128]. The IrIII triflate complex
(NSiN)Ir(H)(OTf)(COE) (135; COE, cyclooctene) catalyzes both aryl silane redis-
tribution and the dehydrogenative silylation of arenes [129]. Attempts to prepare
(NSiN)Ni complexes led to the formation of the silyl nickel cluster (NSiN)2Ni3Cl2
(136) [131]. As well, an unusual Fe complex [(NSiN)H]Fe[N(SiMe3)2]2
(137) which features an η1-SiH interaction with the Fe center has been
reported [132].

Our group has recently reported the first example of hemilabile PSiN mixed
donor pincer ligation (Scheme 6.29) [37]. Square-planar complexes of the type
(PSiN)MX (138, M=Pt, X=Cl; 139, M=Pd, X=Br) were engaged in dynamic
processes in solution involving decomplexation of the amine arm and inver-
sion and rotation at N, which rendered the NMe groups equivalent at elevated
temperatures. The amino PSiN ligand arm could also be displaced from the
metal coordination sphere in 138, 139, and the five-coordinate Rh complex
(PSiN)Rh(H)Cl (140) by the introduction of a more strongly coordinating donor
ligand such as PMe3. In the case of (κ2-PSiN)Pd(Br)(PMe3) (138-PMe3), treat-
ment with BPh3 as a PMe3 scavenger led to the quantitative regeneration of
139, which further highlights the hemilabile character of PSiN ligation. This
reversible coordination of the amine pincer arm is anticipated to render PSiN-
ligated complexes more responsive to the changing electronic and coordinative
requirements at a metal center that arise during substrate transformations, and
may provide access to new and/or enhanced reactivity. Surprisingly, attempts
to prepare (PSiN)Ru complexes by utilizing (COD)Ru(2-methylallyl)2 as the Ru
source led instead to the formation of a cyclooctenyl (PSiC)Ru carbene com-
plex (141) resulting from CH bond activation of an NMe group in the PSiN
ligand and of the 1,5-cyclooctadiene. Remarkably, this transformation requires
three CH bond activation steps, as well as SiH bond activation at a single Ru
center.

Lastly, there have been two reports of tridentate SSiS ligation. Takeda and
coworkers [133] have reported on the synthesis of dihydrosilanes substituted
with two thioether groups (142–144, Scheme 6.30). The reaction of 143 with
(COD)PtCl2 in the presence of Et3N afforded the bis(silyl) Pt complex 145 in low
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yield. As well, Hill and coworkers [134] have reported on the reactivity of the
bis(methimazolyl)silane 146 with Ru(COD)(COT) (COD, 1,5-cyclooctadiene; COT,
1,3,5,7-cyclooctatetraene), which led to the formation of two isomeric forms of the
RuII species (SSiS)2Ru (147, Scheme 6.30).
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Scheme 6.30 Examples of tridentate SSiS late metal complexes.
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6.8
Summary

PSiP ligands have emerged as a versatile, new class of tridentate ligands that can
accommodate a variety of reactive late metal centers. PSiP complexes have been
shown to display unique structural features and reactivity which result directly
from the incorporation of a strongly donating silyl group into the pincer ligand
architecture, including the stabilization of square-pyramidal RuII complexes and
the synthesis of highly robust amido hydride Ir complexes by NH bond oxidative
addition. Although the catalytic applications of late metal PSiP complexes are in
their infancy, the promising stoichiometric reactivity that has been observed thus
far for such complexes is anticipated to lead to new breakthroughs in synthetic
chemistry.
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7
Electronic Structures of Reduced Manganese, Iron, and Cobalt
Complexes Bearing Redox-Active Bis(imino)pyridine Pincer
Ligands
Paul J. Chirik

7.1
Introduction

Bis(imino)pyridines, first explored as modular terpyridine mimics [1], have recently
evolved into a privileged class of tridentate meridional [NNN] pincer ligands [2].
The introduction of sterically demanding aryl substituents on the imine positions
by Bennet [3], Brookhart [4], and Gibson [5] has resulted in highly active iron and
cobalt catalysts, following activation with alkyl aluminums, for the oligomerization
and polymerization of ethylene and α-olefins [6]. The ease of preparation,
modularity, and air stability of these pincer ligands make them attractive for
both transition-metal and main-group compounds [7, 8]. Expectedly, many
intriguing stoichiometric and catalytic transformations have since been realized.

In addition to these synthetic attributes, bis(imino)pyridines are also redox-active,
a feature that distinguishes them from many other tridentate pincer-type ligands
[9, 10]. The ability to act as classic π-acceptor (non-innocent form) or undergo
reversible one to three electron transfer with a metal or main-group element
(redox-active form) often presents a challenge for electronic structure elucidation
and generates compounds whose low formal oxidation state assignment is often
deceptive [11]. On the other hand, it is these unique electronic properties that
are often responsible for the interesting bond activation and catalytic chemistry
observed with bis(imino)pyridine compounds [12]. This chapter will overview
the chemistry of bis(imino)pyridine pincer ligands with reduced complexes of
manganese, iron, and cobalt. Fundamental questions such as ‘‘when is the ligand
or the metal oxidized or reduced?’’ and ‘‘what are the properties of the metal complex
that induce redox non-innocence or redox activity?’’ are the themes throughout.

7.2
Reduced Manganese, Iron, and Cobalt Complexes with Redox-Active
Bis(imino)pyridines

During the past decade, our group has been interested in developing base metal
catalysts as alternatives to precious metal complexes for transformations such

Pincer and Pincer-Type Complexes: Applications in Organic Synthesis and Catalysis, First Edition.
Edited by Kálmán J. Szabó and Ola F. Wendt.
c© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.



190 7 Electronic Structures of Reduced Manganese, Iron, and Cobalt

as alkene hydrogenation, hydrosilylation, and cycloaddition reactions [13, 14]. In
addition to providing potentially less expensive and more environmentally benign
alternatives to established precious metal catalysts, we sought to exploit the unique
electronic structure of the first-row metals to discover new chemistry. Based on the
precedented thermal [15] and photochemical [16] activation of Fe(CO)5, reduced
manganese, iron, and cobalt compounds were targeted. Given the established
redox activity of the bis(imino)pyridine chelate [17–19], we anticipated a range
of interesting electronic structures and potential applications in small molecule
activation and group-transfer chemistry.

7.2.1
Reduced Bis(imino)pyridine Manganese Chemistry

Preparation and elucidation of the electronic structure of bis(imino)pyridine man-
ganese compounds was pioneered by Wieghardt and coworkers [15a]. One-electron
reduction of the six-coordinate bis(chelate) Mn(II) complex [(4-OMePDI)2MnII](PF6)2

(4-OMePDI= 2,6-(4-OMe-C6H4N=CMe)2C5H3N) resulted in two ligand-centered
reductions with concomitant oxidation of the metal and furnished the low-spin
Mn(III) compound [(4-OMePDI1−)2MnIII](PF6) (Figure 7.1). The oxidation state of
both the chelates and the metal were assigned on the basis of spectroscopic
and metrical parameters from crystallographic data. The bond distortions to the
bis(imino)pyridines reported in this study were some of the first examples to define
the experimental parameters for identifying ligand participation.

Inspired by the polymerization activity of the analogous iron and cobalt
compounds, Gambarotta and coworkers [20] prepared (iPrPDI)MnCl2 (iPrPDI= 2,6-
(2,6-C6H3N=CMe)2C5H3N) and studied its alkylation chemistry. Treatment
with methyl lithium yielded the four-coordinate distorted planar complex
(iPrPDI)MnCH3, a compound best described as a high-spin Mn(II) compound
with a bis(imino)pyridine radical anion, based on the metrical parameters
from X-ray diffraction (Figure 7.1). Alkylation with LiCH2SiMe3 resulted in
characterization of two complexes: the anionic, four-coordinate manganese alkyl
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Figure 7.1 Early examples of manganese complexes with redox-active bis(imino)pyridine
ligands.
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[(iPrPDI)MnCH2SiMe3]−, and a bimetallic alkyl complex resulting from C–C
coupling following deprotonation of the imine methyl groups in the backbone.
Such reactivity demonstrates the chemical non-innocence of bis(imino)pyridines
in addition to their interesting electronic properties.

The success of reduced bis(imino)pyridine iron dinitrogen complexes as pre-
cursors in various catalytic processes prompted attempts in the preparation of
the analogous manganese compounds [21]. The preference for the formation of
high-spin Mn(II) ions suggested that coordination of a weak π-acid such as N2

may be challenging [22]. Stirring a tetrahydrofuran (THF) slurry of (iPrPDI)MnCl2
with excess sodium in the presence of a catalytic quantity (0.5 mol%) of naphtha-
lene resulted in isolation of a dark brown solid identified as (iPrPDI)Mn(THF)2

(Figure 7.2). Superconducting quantum interference device (SQUID) magne-
tometry along with electron paramagnetic resonance (EPR) spectroscopy in a
pentane–toluene glass established an S= 3/2 ground state with three principally
Mn-based electrons. These data, in combination with the metrical parameters from
X-ray diffraction, indicated that (iPrPDI)Mn(THF)2 is best described as a high-spin
Mn(II) compound with a bis(imino)pyridine chelate diradical. Antiferromagnetic
coupling between the metal and ligand spins gives rise to the observed quar-
tet ground state. Notably, the high-spin Mn(II) configuration is preserved upon
two-electron reduction.
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Figure 7.2 Synthesis and electronic structure of reduced aryl-substituted bis(imino)pyridine
manganese complexes.
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Unfortunately, (iPrPDI)Mn(THF)2 exhibited little activity for the hydrogenation
of alkenes or [2+ 2] cyclization of dienes. In an attempt to synthesize an active
bis(imino)pyridine manganese precatalyst, alternative reduction conditions were
explored. Sodium amalgam reduction of (iPrPDI)MnCl2 in pentane yielded the red
bis(chelate) complex (iPrPDI)2Mn. X-ray diffraction established a cis-divacant octa-
hedral compound where one imine arm on each of the chelates is dissociated from
the metal center. The metrical parameters from X-ray diffraction in conjunction
with SQUID magnetic and EPR spectroscopic data established that the overall
S= 3/2 compound is best described as a high-spin Mn(II) species (SMn = 5/2) with
two bis(imino)pyridine radical anions.

To determine whether bis(imino)pyridine manganese complexes with lower spin
and spectroscopic oxidation states could be synthesized, the preparation of car-
bonyl complexes was carried out. Exposure of (iPrPDI)Mn(THF)2 to CO gas resulted
in the isolation of the neutral manganese dicarbonyl complex (iPrPDI)Mn(CO)2.
Unlike the other bis(imino)pyridine manganese complexes discussed thus far,
(iPrPDI)Mn(CO)2 is a low-spin complex with a doublet ground state. Accord-
ingly, a rhombic signal was observed by EPR spectroscopy with relatively small
55Mn hyperfine coupling constants (Axx = 23× 10−4 cm−1, Ayy = 8.0× 10−4 cm−1,
Azz = 32.5× 10−4 cm−1). These data, in combination with broken symmetry (BS)
density functional theory (DFT) calculations established a low-spin Mn(I) com-
plex with a bis(imino)pyridine radical as the singly occupied molecular orbital
(SOMO). The observation of an essentially ligand-based radical by spectroscopic
methods provides definitive experimental evidence for the redox activity of the
bis(imino)pyridine chelate. These observations follow those previously reported by
Gambarotta and coworkers [7] who provided direct experimental observation, again
by EPR spectroscopy, of bis(imino)pyridine radicals in the reduced aluminum
complex (iPrPDI)AlMe2.

The oxidation and reduction of (iPrPDI)Mn(CO)2 was explored to determine
whether such redox events were ligand- or metal-based or, perhaps, a combination
of both. Treatment of (iPrPDI)Mn(CO)2 with [Cp2Fe][BPh4] under N2 atmosphere
resulted in the isolation of the tricarbonyl complex [(iPrPDI)Mn(CO)3][BPh4] in
modest yield. A more appropriate protocol was developed where the oxidation was
conducted under a CO atmosphere. A combination of metrical parameters from X-
ray diffraction, IR, and NMR studies in conjunction with DFT methods established a
low-spin Mn(I), d6 compound with a neutral bis(imino)pyridine chelate (Figure 7.3).
The anionic complex [Na(OEt2)3][(iPrPDI)Mn(CO)2] was also prepared and, using
the same combination of spectroscopic, diffraction, and computational techniques,
was established as an overall S= 0 compound best described as a low-spin, Mn(I),
d6 compound with the closed-shell form of the dianionic bis(imino)pyridine
(Figure 7.3). The redox series of bis(imino)pyridine manganese complexes is
therefore illustrative of an important concept in coordination chemistry with redox-
active ligands. More often than not, the preferred oxidation state of the metal
complex in a specific coordination environment is both dominant and familiar
and often times readily predicted. From decades of organometallic manganese
carbonyl chemistry [23] and more recent PNP-pincer compounds [24], formation
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Figure 7.3 Synthesis and electronic structure of bis(imino)pyridine manganese carbonyl
complexes over three oxidation states.

of low-spin Mn(I) carbonyl complexes is hardly surprising. It is also perhaps
therefore anticipated that all of the redox chemistry in the three bis(imino)pyridine
manganese carbonyl compounds is ligand-based. As such, the strong-field carbonyl
ligands and not the bis(imino)pyridine pincer dictate the overall electronic structure.

7.2.2
Reduced Bis(imino)pyridine Iron Chemistry

Because of our motivations in base metal catalysis [12], the synthesis and elec-
tronic structure determination of bis(imino)pyridine iron complexes have been of
longstanding interest in our laboratory. In 2004, we reported the synthesis and
initial investigations of the catalytic activity of (iPrPDI)Fe(N2)2 [25]. Following this
report, Gambarotta and coworkers [26] prepared a family of bis(imino)pyridine iron
dinitrogen compounds from the treatment of (iPrPDI)FeCl2 with various quantities
of NaH. A family of anionic iron dinitrogen complexes was isolated and structurally
characterized. In many cases, the imine methyl groups were deprotonated.

The exceptional catalytic activity of (iPrPDI)Fe(N2)2 and its variants [27–29]
prompted detailed investigation into its electronic structure. Although
(iPrPDI)Fe(N2)2 was isolated in the solid state, the four-coordinate iron dinitrogen
complex (iPrPDI)FeN2 predominates in solution under standard laboratory
conditions (22 ◦C, ∼1 atm N2). To avoid this complication in spectroscopic
studies, we prepared a series of neutral ligand complexes (iPrPDI)FeLn (Ln = 4-N,
N-dimethylaminopyridine (DMAP), NH3, ketones, etc.) which exhibited greater
fidelity in solution [30]. One example, (iPrPDI)Fe(DMAP), was studied in detail and
is best described as an intermediate-spin Fe(II) compound with the triplet diradical
form of the bis(imino)pyridine dianion. Antiferromagnetic coupling between the
metal and ligand spin centers gives rise to the observed diamagnetic ground state.
An energetically similar triplet excited state was also identified computationally
and mixing of this state into the ground state by spin–orbit coupling. This gives
rise to temperature-independent paramagnetism and was invoked to explain the
unusual shifts in the 1H NMR spectrum (Figure 7.4).
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Figure 7.4 Synthesis and electronic structure of four- versus five-coordinate
bis(imino)pyridine iron dinitrogen complexes.

For several years, we transposed the electronic structure of (iPrPDI)Fe(DMAP)

onto the mixture of (iPrPDI)Fe(N2)2 and (iPrPDI)FeN2. This seemed reasonable given

that the 1H NMR spectrum of a mixture of four- and five-coordinate iron complexes

also has unusual shifts for the in-plane bis(imino)pyridine resonances. However, it

is important to note that these shifts were opposite in field than (iPrPDI)Fe(DMAP).

For the mixture of iron dinitrogen complexes, the imine methyl groups appeared

downfield in the vicinity of 15 ppm while for (iPrPDI)Fe(DMAP) an upfield shift

to −6 ppm was observed. Two nearly simultaneous discoveries prompted us to

revisit the electronic structure of these compounds. First, it was discovered that the

substitution of the imine methyl group with a slightly larger ethyl or isopropyl group

allowed the isolation and crystallographic characterization of the four-coordinate

iron dinitrogen compounds (iPrRPDI)FeN2 (R=Et, iPr) (Figure 7.5) [31]. Thus,

authentic bond distances for the four-coordinate complexes were now in hand and

provided a benchmark for subsequent computational and spectroscopic studies.
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Figure 7.5 Isolable and crystallographically characterized four-coordinate bis(imino)pyridine
iron dinitrogen complexes.
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The second development was the application of high-energy X-ray spectroscopic
techniques to reduced bis(imino)pyridine iron compounds. One of the key experi-
ments was the observation of different X-ray absorption spectra for (iPrPDI)Fe(N2)2

and (iPrPDI)FeN2 [31]. Mössbauer and X-ray emission spectroscopies also supported
different electronic structure descriptions for the four- and five-coordinate com-
pounds. Computational studies reproduced the experimental data and established
that the five-coordinate iron complex (iPrPDI)Fe(N2)2 was a covalent molecule,
with the bis(imino)pyridine chelate acting as a π-acceptor and the iron as a hybrid
between Fe(0) and Fe(II) oxidation states. There is no evidence for ligand-centered
radicals in this electronic structure description. Comparison of these data to those
on other five-coordinate iron neutral ligand complexes with strong-field π-acids such
as (iPrPDI)Fe(CO)2 and (iPrPDI)Fe(CNtBu)2 also demonstrated that this description
of the bonding is appropriate and is general among the formally 18-electron family
of compounds.

The four-coordinate bis(imino)pyridine iron dinitrogen complex (iPrPDI)FeN2

has a different electronic structure. The computational output that best reproduces
the computational data is a BS (2,2) solution corresponding to an intermediate-spin
iron(II) center and the triplet diradical form of the bis(imino)pyridine dianion.
This electronic structure description is similar to that observed for four-coordinate
complexes such as (iPrPDI)Fe(DMAP) and (iPrPDI)FeNH3 with one important
difference. In cases with essentially σ-donating ligands, strong antiferromagnetic
coupling between the iron and ligand diradicals occurs. Introduction of a weakly
π-acidic N2 ligand stabilizes and hence lowers the energy of the iron dxz orbital
(z is defined perpendicular to the idealized plane of the molecule, and x contains
the Fe–N≡N vector). This orbital becomes doubly occupied and hence unable to
engage in an antiferromagnetic coupling interaction. As a consequence, the dz2

orbital becomes one of the iron SOMOs and has the incorrect symmetry to interact
with either of the bis(imino)pyridine SOMOs. This produces a low spatial overlap
in one pair of magnetic orbitals and likely accounts for the population of excited
states observed at higher temperatures.

It is useful to compare the molecular and electronic structures of the
bis(imino)pyridine iron dinitrogen complexes with those of the ruthenium
congeners reported by Berry and coworkers [32]. Stirring κ2-(MesPDI)Ru(η6-arene)
complexes in non-arene solvents under a dinitrogen atmosphere furnished the
bimetallic ruthenium dinitrogen complex [(MesPDI)Ru]2(μ2,η1, η1-N2). The dimeric
complex is composed of two 4-coordinate ruthenium centers and contrasts the
analogous iron compound [(MesPDI)Fe(N2)]2(μ2,η1, η1-N2), which contains two
formally 18-electron, coordinatively saturated, five-coordinate iron subunits. In
describing the electronic structure of the ruthenium compound, Berry recognized
the possibility of a redox-active or non-innocent bis(imino)pyridine ligand and a
potentially higher oxidation state for the metal but also argued that the formal
Ru(0) description was informative. The distortions to the metrical parameters of
the chelate, a key piece of experimental data in assigning both ligand and metal
oxidation state, are consistent with bis(imino)pyridine reduction and are likely a
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result of π-back-bonding between the electron-rich metal center and the chelate in
a square-planar ligand field.

We note that there is a difference between the favored electronic structures
between four-coordinate iron and ruthenium dinitrogen compounds. In both cases,
diamagnetic ground states are observed, with unusual 1H NMR shifts being noted
for hydrogens in the metal-chelate plane [25, 33]. For iron, antiferromagnetic
coupling between metal and pincer triplet diradicals has been invoked to account
for the S= 0 ground state, while for ruthenium a more classical π-back-bonding
description is favored. If these descriptions are correct, why does the electronic
structure differ between the first- and second-row transition metals? The differ-
ences may be traced to the relative diffusivity and energy of electrons in 3d versus
4d orbitals [34]. A redox-active biradical-type metal–ligand interaction arises from
relatively poor overlap (weak interaction) between metal and ligand orbitals result-
ing in greater accessibility of higher-spin excited states. This situation is observed
with first-row transition metals where the valence orbitals are relatively contracted.
By contrast, when the bis(imino)pyridine acts as a π-acceptor, a bonding situation
where there is strong overlap between metal and ligand orbitals arises and produces
an energetically separated M–L bonding and antibonding pair. This situation is
encountered with more reducing second- and third-row metals with more energetic
and diffuse valence orbitals. We do note, however, that Berry [35] has synthesized
a bis(imino)pyridine ruthenium hydride complex where pincer-radical character is
invoked.

As with manganese, the oxidation and reduction of the neutral bis(imino)pyridine
iron dinitrogen complex (iPrPDI)FeN2 was explored (Figure 7.6) [36]. Treatment
of (iPrPDI)FeN2 with [Cp2Fe][BArF

4] (BArF
4 =B(3,5-(CF3)-C6H3)4) in diethyl ether

solution resulted in N2 dissociation and isolation of [(iPrPDI)Fe(OEt2)][BArF
4]. This

compound has an S= 3/2 ground state and is best described as a high-spin Fe(II)
derivative with a bis(imino)pyridine radical anion. Accordingly, a rhombic EPR
signal with large g anisotropy was observed (gx = 2.11, gy = 2.22, gz = 2.03), consis-
tent with a majority contribution from an iron-centered spin. The overall oxidation
event is therefore ligand-based because the diradical dianionic bis(imino)pyridine
in (iPrPDI)FeN2 converts to the radical anion in [(iPrPDI)Fe(OEt2)]+.

Reduction of (iPrPDI)FeN2 was accomplished with sodium naphthalenide in THF
in the presence of 15-crown-5 and yielded [Na(15-crown-5)(THF)2][(iPrPDI)FeN2]
(Figure 7.6). Solid-state magnetic susceptibility measurements established an
S= 1/2 ground state, and, accordingly, a rhombic EPR spectrum with large
g-anisotropy (gx = 1.95, gy = 2.15, gz = 2.24), consistent with an iron-centered
spin, was observed. Most notably, the solid-state structure of [Na(15-crown-
5)(THF)2][(iPrPDI)FeN2] established an essentially planar compound with
significant distortions to the bis(imino)pyridine chelate. These values, in
conjunction with computational data, support a trianionic version of the
chelate, demonstrating that the reduction of (iPrPDI)FeN2 to [(iPrPDI)FeN2]− is
chelate-based where the intermediate-spin iron configuration is preserved. The
only other examples of trianionic bis(imino)pyridines are the trilithium salt
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Figure 7.6 Electronic structure of bis(imino)pyridine iron dinitrogen and diethyl ether com-
plexes over four oxidation states.

prepared by Gambarotta [33] and a cyclopentadienyl uranium complex more
recently described by Bart and coworkers [37].

An analogous bis(imino)pyridine iron dinitrogen anion was prepared with the
phenylated version of the pincer [Na(15-crown-5)(THF)2][(iPrBPDI)FeN2]. The X-
band EPR spectrum of this compound was similar to that of the methylated
variant, consistent with an identical electronic structure description. Signifi-
cantly, [(iPrBPDI)FeN2]− was reduced by an additional electron to yield the bis
(imino)pyridine iron dinitrogen dianion [Na(15-crown-5)(THF)2]2[(iPrBPDI)FeN2]
(Figure 7.6). Because of the extreme sensitivity and poor solubility of the com-
pound, characterization was limited to X-ray diffraction, infrared spectroscopy,
and combustion analysis. The metrical data, in combination with the measured
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diamagnetism of the compound, were consistent with a low-spin Fe(I) centered
structure and maintenance of the trianionic bis(imino)pyridine. Perhaps most
notably, a series of dinitrogen complexes (with one diethyl ether derivative) was
prepared over four oxidation states, highlighting the electronic flexibility of the
bis(imino)pyridine.

An analogous series of bis(imino)pyridine iron dicarbonyl complexes was
also synthesized (Figure 7.7) [38]. Unlike (iPrPDI)FeN2, (iPrPDI)Fe(CO)2 exhibits
clean and reversible electrochemistry, allowing quantitative measurement of the
potentials for one-electron oxidation and reduction. The combined metrical, spec-
troscopic, and computational data established that the cationic iron dicarbonyl
complex [(iPrPDI)Fe(CO)2][BArF

4] is best described as a low-spin iron(I) compound
with a neutral bis(imino)pyridine chelate. Both EPR and DFT calculations support
a principally iron-based SOMO with significant dz2 character. In the limit where the
neutral iron dicarbonyl (iPrPDI)Fe(CO)2 is viewed in its low-spin Fe(II) canonical
form, one-electron oxidation to [(iPrPDI)Fe(CO)2]+ is pincer-based and results in a
net reduction of the metal to Fe(I).

One-electron reduction of (iPrPDI)Fe(CO)2 was accomplished with 0.5% Na(Hg)
in the presence of 15-crown-5 and yielded [Na(15-crown-5)] [(iPrPDI)Fe(CO)2] as a
green powder. The 57Fe Mössbauer isomer shift of−0.01 mm s−1 is almost identical
to the value measured for the neutral compound (𝛿 = 0.01 mm s−1), suggesting little
perturbation to the electronic environment of the iron nucleus upon reduction. The
X-band EPR spectrum of the compound exhibited an axial signal consistent with an
S= 1/2 ground state with little g anisotropy, suggesting a ligand- rather than iron-
based SOMO. DFT calculations supported this electronic structure description with
a low-spin iron(I) center and the triplet diradical form of the bis(imino)pyridine.
The spectroscopic and computational data also indicate a high degree of covalency
in the molecule, suggesting that the [(iPrPDI2−)Fe(CO)2]− description is probably
an oversimplification.

As discussed above, introduction of alkyl substituents larger than methyl onto
the imine carbon resulted in a preference for four-coordinate iron dinitrogen
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complexes. These observations, along with presence of a triplet diradical form
of the bis(imino)pyridine in the electronic structure of the iron dinitrogen com-
pounds, motivated the preparation of the aldimine-supported iron dihalides [6, 39].
As with the ketimine variant of the pincer, we initiated this chemistry by the
reduction of the iron dibromide complex (iPrPDAI)FeBr2 (iPrPDAI= 2,6(2,6-iPr2-
C6H3N=CH)2C5H3N) [40].

Performing the sodium amalgam reduction in toluene solution resulted in the
isolation of a diamagnetic compound identified as the κ2-bis(aldimino)pyridine iron
toluene complex (iPrPDAI)Fe(η6-C7H8) (Figure 7.8). When dissolved in benzene-d6,
the analogous iron benzene-d6 complex was isolated, demonstrating that the arene
ligands are labile. Berry and coworkers [32] have reported a similar structural type
in bis(imino)pyridine ruthenium chemistry with the 2,6-dimethyl aryl variant of
the pincer. Placing the iron arene compounds in solvents such as diethyl ether or
pentane for 24 h resulted in the formation of a brown crystalline solid identified as
the paramagnetic bis(chelate) complex [(iPrPDAI)Fe]2.
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The dimeric iron compound proved to be robust both in solution and the solid
state. Although catalytically inactive, the electronic structure of [(iPrPDAI)Fe]2 was
of interest. Observation of a single Mössbauer doublet with an isomer shift of
0.84 mm s−1 established equivalent high-spin iron centers. These data, in com-
bination with the distortions to the pincer ligand observed by X-ray diffraction,
established overall two-electron reduction of the chelate, one in the unperturbed
portion of the ligand and the other in the η2-imine coordinated to the adjacent
iron.

The unusual structure of [(iPrPDAI)Fe]2 presented a unique opportunity to
study electronic communication between two iron centers bearing redox-active
bis(aldimino)pyridine pincer ligands. Variable-temperature solid-state magnetic
susceptibility measurements established an essentially invariant effective magnetic
moment of 4.3 μB between 100 and 300 K. Below 100 K,𝜇eff decreases monotonically
from 4.1 μB at 100 K to 1.5 μB at 2 K, the lowest temperature where data were
recorded. Initial fits of the data using two noninteracting S= 1 [(iPrPDAI)Fe]
subunits failed to reproduce the temperature dependence of the data with physically
reasonable values for the zero-field splitting parameter |D| and the isotropic
coupling constant J.

A more complex model was developed involving four spin centers resulting
from two high-spin ferrous ions (each S= 2) and two triplet pincer dianions (each
S= 1). In principle, all coupling pathways, metal–ligand and metal–metal, are
antiferromagnetic and represent competing pathways for the alignment of the spin
on the iron centers. To reduce the number of independent parameters, and because
of the symmetry of compound, equivalent g and D values were assumed for the two
iron centers, while neglecting g-anisotropy (gPDAI = 2.00) and zero-field splitting
(|DPDAI|= 0 cm−1) for the pincers. The best fit obtained from this model successfully
reproduced the experimental data and variable field measurements [37].

The preferred model corresponds to very strong antiferromagnetic coupling
between each of the high-spin Fe(II) ions and its accompanying triplet diradical
pincer ligand [PDAI]2− (S= 1). This results in essentially two uncoupled S= 1
[(iPrPDAI)Fe] subunits in the high-temperature regime (100–300 K). At tempera-
tures below 100 K, weaker antiferromagnetic coupling between the two subunits
produces the lower observed magnetic moments and accounts for the temperature
dependence of 𝜇eff. The metal–metal interaction is mediated via a superexchange
pathway and is an essential component of the model. Notably, the magnetic data
and the associated spin-coupling model provide strong experimental evidence for
the presence of a triplet diradical bis(aldimino)pyridine pincer ligand.

7.2.3
Reduced Bis(imino)pyridine Cobalt Chemistry

Reduced cobalt compounds have been of longstanding interest in bis(imino)
pyridine chemistry. Following the reports of ethylene polymerization activity, efforts
were focused on the preparation of various cobalt alkyl derivatives with the goal of
understanding the nature of the active species formed upon treatment with methyl
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alumuninoxane (MAO) and other aluminum alkyls. Treatment of (iPrPDI)CoCl2
with 1 equiv of alkyl lithiums [41], Grignard reagents [42], or zinc metal [42a]
yielded the corresponding cobalt chloride (iPrPDI)CoCl. Subsequent alkylation
with alkyl lithium or Grignard reagents furnished a variety of diamagnetic cobalt
alkyl complexes (iPrPDI)CoR (R=Me, Et, nPr, nBu) [43]. The electronic structure
of this class of compounds has been established, which are best described as
low-spin Co(II) derivatives with bis(imino)pyridine radical anions [44]. Thus, the
reduction of (iPrPDI)CoCl2 to (iPrPDI)CoCl is ligand-based, reducing the neutral
bis(imino)pyridine chelate to its radical form where the cobalt(II) oxidation state
is preserved. A change of the spin state from high to low accompanies the chelate
reduction because of the increased field strength of the chelate radical anion
(Figure 7.9).

Our laboratory subsequently explored the influence of changing the imine sub-
stituent from aryl to an alkyl group on the overall electronic structure of the
reduced bis(imino)pyridine cobalt compounds [45]. Treatment of (RAPDI)CoCl2
(RAPDI= 2,6-(RN=CMe)2C5H3N, R=Cy, iPr [46]) with 1 equiv of NaBEt3H in
toluene followed by recrystallization from pentane yielded (RAPDI)CoCl as red-
brown (R=Cy) and mauve (R= iPr) solids. In contrast to the aryl-substituted
bis(imino)pyridine cobalt halide compounds, (RAPDI)CoCl are paramagnetic. The
solid-state structure of (iPrAPDI)CoCl was determined by X-ray diffraction, which

N

N

N

Co

Ar

iPr

iPr

Cl

N

N

N

Co

Ar

iPr

iPr

Cl

Cl

(iPrPDI)CoCl2

xs Zn

−1/2 ZnCl2

N

N

N

Co

Ar

iPr

iPr

CH3

LiCH3

− LiCl

(iPrPDI)CoCl (iPrPDI)CoCH3

High spin Co(II), [PDI]0

N

N

N

Co

iPr

Cl
N

N

N

Co

iPr

Cl

Cl

(iPrAPDI)CoCl2

NaBEt3H

− NaCl

N

N

N

Co

iPr

CH3LiCH3

− LiCl

(iPrAPDI)CoCl (iPrAPDI)CoCH3

High spin Co(II), [PDI]0 High-low spin Co(II), [PDI]1−
Low spin Co(II), [PDI]1−

− H2

Low spin Co(II), [PDI]1−Low spin Co(II), [PDI]1−

− BEt3

Figure 7.9 Synthesis and electronic structures of aryl- versus alkyl-substituted
bis(imino)pyridine cobalt chloride and methyl complexes.



202 7 Electronic Structures of Reduced Manganese, Iron, and Cobalt

established a distorted geometry where the chloride ligand is lifted with an
Npyr –Co–Cl angle of 150.73(5)◦. The metrical parameters of the pincer ligand
established bond length distortions that are consistent with one-electron reduc-
tion of the chelate. Thus, in analogy with the planar (iPrPDI)CoCl, distorted
(iPrAPDI)CoCl is a cobalt(II) compound.

The magnetic properties of both (CyAPDI)CoCl and (iPrAPDI)CoCl were studied
in more detail by SQUID magnetometry. The data for (CyAPDI)CoCl established
an effective magnetic moment of 2.67 μB at 300 K, approaching the spin-only value
for two unpaired electrons and an S= 1 ground state. Cooling the sample resulted
in a steep decrease of the magnetic moment, which dropped to a value of 0.23 μB at
temperatures below 50 K, indicating a greater population of the singlet state. The
data for (iPrAPDI)CoCl exhibited the same general features but were overall less
pronounced. The value of 𝜇eff reached a maximum of 1.0 μB at 300 K, consistent
with the narrower chemical shift dispersion for this compound observed by 1H
NMR spectroscopy. The magnetic data and variable temperature NMR studies
established the spin crossover behavior between S= 0 and S= 1 states for both
compounds.

Methylation of the (RAPDI)CoCl was accomplished by straightforward
salt metathesis with methyl lithium and furnished (CyAPDI)CoCH3 and
(iPrAPDI)CoCH3 as red solids. Both 1H NMR spectroscopic studies and magnetic
measurements established diamagnetic compounds, analogous to (iPrPDI)CoCH3.
The solid-state structure of (iPrAPDI)CoCH3 was determined by X-ray diffraction,
and the overall molecular geometry was similar to that of the chloride derivative
with the methyl ligand displaced from the idealized metal-chelate plane. The
Npy –Co–CH3 angle of 147.11(8)◦ was slightly contracted from the value of
150.73(5)◦ observed in the chloride compound. The distortions to the chelate bond
distances were also consistent with formation of a bis(imino)pyridine radical
anion. It is therefore important to realize that, even though the geometries of
(iPrAPDI)CoCl and (iPrAPDI)CoCH3 are similar, the electronic structures are
different.

These studies raised several fundamental questions about the effects of pincer
substituents on the overall electronic structure of the resulting cobalt halide or alkyl
compound. First, why are the electronic structures of N-aryl and N-alkyl substituted
bis(imino)pyridine cobalt chloride complexes different? Second, why for the N-alkyl
derivatives is the chloride compound spin crossover and the methyl diamagnetic?
What role does the distortion of the ligand play on the overall electronic structure?

To answer these questions, a series of BS DFT calculations were conducted.
Initially we sought to examine the influence of the imine substituents on the pre-
ferred geometry and spin state of the various species. Calculations were conducted
on the full molecule as well as model compounds where the N-imine isopropyl
groups where replaced with methyl substituents and another where the methyl
groups in the backbone of the pincer were replaced with hydrogen atoms. In both
model complexes, planar geometries were obtained following optimization of S= 0
states, demonstrating that the observed distortion in the experimental structure of
(iPrAPDI)CoCl is a result of steric interactions.



7.2 Reduced Manganese, Iron, and Cobalt Complexes with Redox-Active Bis(imino)pyridines 203

Calculations were conducted on S= 1 descriptions of (iPrAPDI)CoCl to elucidate
the nature of the observed higher spin state. A BS (3,1) solution was found
that was 6.6 kcal mol−1 more stable than the corresponding BS (1,1) open-shell
singlet state. This corresponds to a high-spin Co(II) center (SCo = 3/2) engaged
in an antiferromagnetic coupling interaction with a bis(imino)pyridine radical
anion (SAPDI = 1/2). The optimized geometry for the BS(3,1) triplet for the model
compound, where the isopropyl groups have been replaced by methyl groups, is
significantly bent with a Npyr –Co–Cl angle of 153.55◦. Because of the absence of
large imine substituents, the distortion is likely due to electronic effects. Analysis
of the resulting molecular orbital (MO) diagram from full molecule calculations on
triplet (iPrAPDI)CoCl with a bent Npyr –Co–Cl linkage revealed that the dyz orbital
(z is defined as orthogonal to the idealized metal-chelate plane with x along the
Npy –Co bond) is destabilized by strong Cl π-donation and the dx2−y2 is stabilized
by removing the chloride from the metal–ligand plane. Accordingly, the energy
difference between these two orbitals decreases and favors a high-spin Co(II) center.

By contrast, the related methyl derivative (iPrAPDI)CoCH3 has a purelyσ-donating
hydrocarbyl ligand and the destabilization of the dyz orbital is absent. Accordingly,
the energetic gap between this orbital and dx2−y2 is larger and as such the triplet
state is less accessible. Therefore, it is the field strength of the X-type ligand, not
the geometry of the molecule, that dictates the overall spin state of the molecule.

Two-electron reduction chemistry of both aryl- and alkyl-substituted bis(imino)
pyridine cobalt compounds was also explored. Stirring (iPrPDI)CoCl2 with excess
sodium amalgam under a dinitrogen atmosphere furnished (iPrPDI)CoN2 [47]. The
cobalt dinitrogen compound was also prepared by the treatment of (iPrPDI)CoCl2
with 2 equiv of NaBEt3H. Both synthetic routes were extended to the preparation
of the phenylated derivative (iPrBPDI)CoN2 (Figure 7.10).

The solid-state structure of (iPrPDI)CoN2 was determined by X-ray diffraction,
which established a planar molecule with distortions to the bis(imino)pyridine
chelate consistent with one-electron reduction. SQUID magnetic measurements
confirmed an S= 1/2 ground state. Taken together, these data indicate a Co(I), d8

compound, which is a common electronic configuration for planar four-coordinate
cobalt. If this electronic structure was indeed correct, the SOMO of (iPrPDI)CoN2

should be bis(imino)pyridine-based. The X-band EPR spectrum of (iPrPDI)CoN2 in
fluid toluene solution at 23 ◦C exhibits an isotropic g iso value of 2.003 with small
hyperfine interactions from the coupling of the principally ligand-based radical to
the 57Co nucleus. This view of the electronic structure was also supported by DFT
calculations. The Mulliken spin density established that the unpaired electron was
almost exclusively localized on the bis(imino)pyridine pincer. The synthesis and
electronic structure determination of (iPrPDI)CoN2 are notable in that they provide
direct experimental evidence for the formation of bis(imino)pyridine radicals in
reduced transition-metal chemistry.

The reactivity of (iPrPDI)CoN2 was also examined. Exposure to 1 atm of CO
furnished the red-brown cobalt carbonyl compound (iPrPDI)CoCO, which exhibits
a strong C≡O stretch centered at 1975 cm−1. Notably, substitution of the carbonyl
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Figure 7.10 Electronic structures of a series of bis(imino)pyridine cobalt dinitrogen com-
plexes across three formal oxidation states.

ligand was achieved by re-exposure of (iPrPDI)CoCO to 1 atm of N2 at 23 ◦C over the
course of 6 h, supporting the lability of the neutral ligand in the Co(II) compound.

Because (iPrPDI)CoN2 contains a one-electron-reduced bis(imino)pyridine and
the chelate can accept up to three electrons, additional reduction chemistry was
explored. Stirring a THF solution of (iPrPDI)CoCl2 with excess sodium naph-
thalenide followed by filtration and recrystallization from diethyl ether resulted
in the isolation of the anionic bis(imino)pyridine cobalt dinitrogen compound
[Na(Solv)3][(iPrPDI)CoN2] (Solv=THF, Et2O). The 1H NMR spectrum of the THF-
solvate in THF-d8 exhibited the number of resonances expected for a diamagnetic,
C2ν symmetric compound. Evaluation of the electronic structure by computa-
tional methods established a low-spin Co(I) d8 compound with a doubly reduced
bis(imino)pyridine ligand. The calculations indicate that both the metal and the
[iPrPDI]2− ligand are in their closed-shell forms, providing no evidence for redox
activity in this compound. Comparing the d6 Fe(II) iron dinitrogen compound
with the anionic d8 Co(I) derivative reveals interesting differences in the electronic
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structure preferences of the bis(imino)pyridine dianion [iPrPDI]2−. In the neutral
iron dinitrogen complex (iPrPDI)FeN2, the intermediate spin d6 electronic config-
uration (S= 1) is well poised to antiferromagnetically couple to a triplet pincer
dianion. By contrast, the d8 anionic cobalt dinitrogen complex is ill equipped
to engage in antiferromagnetic coupling and hence the closed-shell form of the
dianionic ligand is preferred.

The preparation of (iPrPDI)CoN2 and [(iPrPDI)CoN2]− completes a series of four-
coordinate cobalt dinitrogen complexes over three different oxidation states as
[(iPrPDI)CoN2]+ was reported previously by Gibson and coworkers [42a]. Following
our report, Peters and coworkers [48] described a similar series of iron dinitrogen
complexes in three oxidation states and the role of each in the functionalization
of N2. Holland and coworkers [49] have also described sequential reduction of
β-diketiminate cobalt N2 complexes with bridging end-on dinitrogen ligands and
have demonstrated the influence of alkali metal coordination on N2 activation. In
the series of bis(imino)pyridine cobalt dinitrogen complexes, the reduction events
are principally ligand-based and preserve the Co(I) d8 electronic configuration in
all three compounds. This is perhaps unsurprising given that, in a square-planar
ligand field, the metal-based lowest unoccupied molecular orbital (LUMO) is dx2−y2

and is energetically inaccessible as compared to the low-lying a2 and b2 MOs of the
coordinated bis(imino)pyridine.

Budzelaar and coworkers [50] have reported the two-electron reduction chem-
istry of the corresponding bis(imino)pyridine nickel dihalide derivative. Stirring
(iPrPDI)NiBr2 with 2 equiv of NaH in THF under a dinitrogen atmosphere furnished
a yellow-brown compound identified as (iPrPDI)NiN2. The solid-state structure
established a planar molecule with an extremely short N–N bond of 0.92 A, indicat-
ing no dinitrogen activation. Accordingly, a high-frequency N2 band was observed
at 2156 cm−1 by infrared spectroscopy. The planar geometry of the nickel, the
observed diamagnetism, and the metrical parameters of the bis(imino)pyridine are
consistent with an electronic structure identical to [(iPrPDI)CoN2]− where the Ni(II)
d8 center is coordinated by an S= 0 bis(imino)pyridine dianion (Figure 7.11).

The synthesis of the reduced bis(imino)pyridine cobalt dinitrogen complex
(iPrPDI)CoN2 and related derivatives has prompted studies into the oxidative
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addition of various substrates. During the course of these studies, Zhu and
Budzelaar [51] reported that treatment of cobalt alkyl complexes containing the
dimethyl variant of the pincer (MePDI)CoCH2SiMe3 with dihydrogen, followed
by exposure to N2, was also a route to the dinitrogen compound (MePDI)CoN2.
Treatment of (RPDI)CoN2 compounds with various alkyl or aryl halides R1-X
produced a mixture of the cobalt alkyl (aryl) and halide species (RPDI)CoR1 and
(RPDI)CoX, respectively. Investigation into the mechanism with cyclopropylmethyl
halides and DFT calculations supported the intermediacy of free alkyl and aryl
radicals [52]. Notably, the overall two-electron oxidation occurs into two discreet
one-electron steps and results in an oxidation of Co(I) to Co(II) (Figure 7.12).

The rich two- and three-electron reduction of (iPrPDI)CoCl2 prompted similar
studies with N-alkylated bis(imino)pyridine cobalt compounds. Recall that the
monohalide complexes (RAPDI)CoCl exhibited spin crossover behavior distinct
from their N-arylated counterparts. Stirring (RAPDI)CoCl2 (R=Cy, iPr) with excess
sodium amalgam under a dinitrogen atmosphere – the conditions used to prepare
(iPrPDI)CoN2 – furnished the bis(chelate) compound compounds (RAPDI)2Co
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in poor yield. Following identification of the product, the synthetic procedure
was modified to include an additional equivalent of the free bis(imino)pyridine
and, accordingly, the yields were increased to 63% (R=Cy) and 70% (R= iPr)
(Figure 7.13). In either case, no evidence for the formation of neutral cobalt
dinitrogen compound was obtained.

The solid-state structures were determined by X-ray diffraction, which estab-
lished six-coordinate compounds with idealized D2d symmetry with orthogonal
bis(imino)pyridine chelates. Examination of the metrical parameters revealed the
appropriate bond length distortions for a monoreduced bis(imino)pyridine radi-
cal anion. Both (RAPDI)2Co complexes are paramagnetic and exhibit interesting
variable-temperature magnetic behavior. From 150 to 300 K, the𝜇eff of (iPrAPDI)2Co
is essentially temperature dependent with a value of 4.1 μB, which is close to the
spin-only value for three unpaired electrons. Below 150 K, the magnetic moment
increases to a maximum at 20 K before the values again decrease as a result of
the normal effects of zero field splitting and magnetic saturation domination. The
origin of the unusual behavior between 20 and 150 K was attributed to mechanical
torquing, where small particles of the powder sample are aligned in the magnetic
field.

The electronic structure of (RAPDI)2Co was also investigated by EPR spec-
troscopy. The 10 K EPR spectrum of a powder sample of (iPrAPDI)2Co exhibits
axial symmetry with effective g values of geff

⊥
= 4.5 and geff

∕∕ = 2.1. These values are
as expected for a compound with an S= 3/2 ground state with large axial zero-
field splitting and low rhombicity. Both EPR spectroscopy and SQUID magnetic
measurements firmly established an S= 3/2 ground states for the (RAPDI)2Co com-
pounds. In comparison with the related iron complex (iPrAPDI)2Fe [53], the quartet
ground state for the cobalt derivative is counterintuitive. In the iron example,
antiferromagnetic coupling of the two bis(imino)pyridine radicals to a high-spin
iron(II) center forces the radical spins into a parallel alignment and results in an
overall S= 1 ground state. Based on this electronic structure, an S= 1/2 ground state
for the cobalt complex would be expected arising from antiferromagnetic coupling
of the ligand-centered radicals to the high-spin Co(II) center. The observation of an
overall S= 3/2 spin state indicates that ligand–radical antiferromagnetic coupling
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must dominate over metal–ligand coupling. This is perhaps even more surprising
given the almost idealized orthogonal arrangement of the two chelate planes.

To gain additional insight into the intriguing electronic structures of the
(RAPDI)2Co compounds, BS DFT calculations were carried out [45]. The pre-
ferred solution was consistent with a high-spin CoII ion (SCo = 3/2) and two
ligand-centered radicals. Notably, the two pincer-localized spins are antiparallel,
where the spin density on each ligand approaches one but are of opposite sign. The
qualitative MO diagram obtained from this calculation revealed that the high-spin
Co(II) configuration mediates the antiferromagnetic coupling interaction between
the ligand-centered radicals. One SOMO, a formally t2g -type dyz orbital, is available
for antiferromagnetic coupling to a ligand-centered radical while the remaining two
SOMOs are of eg symmetry (dz2 and dx2−y2 ) and are orthogonal to the remaining
π-radical SOMO of the remaining bis(imino)pyridine radical. Thus, the overall
S= 3/2 spin state can be viewed as arising from two Co-centered spins and one
ligand-centered radical. This, of course, is a gross oversimplification of the true
ground state and is a manifestation of the failure of BS wavefunction to accurately
describe the multireference character of such systems. Because of the symmetry of
the complex, a second degenerate solution exists in which the ligand spin densities
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are inverted and one of the unpaired electrons resides in a dxy orbital while the dyz

is doubly occupied. Accordingly, the true ground state of the molecule is in fact
a superposition of both states where the ligand radicals are antiferromagnetically
coupled to each other and form a diamagnetic pair that carries no net spin density.

Even though two-electron reduction of (iPrAPDI)CoCl2 furnished a bis(chelate)
cobalt compound, three-electron chemistry of the same compound was also
explored with the goal of exploring the possibility of dinitrogen coordination
in an ‘‘over reduced’’ cobalt species. Stirring a THF solution of (iPrAPDI)CoCl2
with 3 equiv of NaC10H8 under a dinitrogen atmosphere followed by extraction into
and recrystallization from Et2O furnished [Na(Solv)3][(iPrAPDI)CoN2] as a mixture
of ether and THF solvates (Figure 7.14). Analysis of the compound by 1H NMR
spectroscopy established a diamagnetic molecule with no evidence for contribution
from paramagnetic excited states. Attempts to oxidize this compound to furnish
the corresponding neutral cobalt dinitrogen complex were unsuccessful, resulting
in the isolation of (iPrAPDI)2Co with no evidence for any other cobalt species. It
is notable that the N-alkylated bis(imino)pyridine ligand will support an anionic
cobalt dinitrogen complex where the pincer is in a closed-shell π-accepting form
but not a neutral cobalt–N2 complex where presumably a pincer π-radical would
be accessed.

7.3
Conclusions and Outlook

The coordination chemistry of reduced bis(imino)pyridine manganese, iron, and
cobalt complexes has proven to be rich. In some instances, compounds that
are active base metal precatalysts for important transformations such as alkene
hydrogenation, hydrosilylation, and cycloaddition have been synthesized. Other
examples include bis(chelate) complexes of manganese, iron, and cobalt, which,
although catalytically inactive, still exhibit rich spectroscopic and magnetic prop-
erties. Furthermore, it is these compounds that have proven to yield the most
interesting electronic structures and in many cases have provided the defini-
tive experimental evidence for the formation of both radical and diradical forms
of the bis(imino)pyridine pincers. From these studies, there is little doubt that
bis(imino)pyridines engage in radical chemistry when coordinated to first-row
transition metals. Having established these foundations, the future for this ligand
class is bright. Their ease of synthesis, modularity, and unique electronic properties
suggest that some of the most interesting chemistry is yet to be discovered.
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8
Pincer Complexes with Saturated Frameworks: Synthesis
and Applications
Klara J. Jonasson and Ola F. Wendt

8.1
Introduction

Since the early work by Moulton and Shaw [1], the family of tridentate chelate
complexes with transition metals, currently known as pincer complexes, has grown
tremendously in size and variety [2].

In their initial publications [1, 3], Shaw and coworkers introduced PCP-type
ligands with both aromatic and aliphatic backbones (Figure 8.1), but the former
has almost completely dominated the literature since. This reflects the higher
activation energy of the C(sp3)–H bond relative to the C(sp2)–H bond, along
with the higher coordination stability of the planar and more rigid aromatic pincer
backbone, giving an overall more straightforward metallation process. The aromatic
ligands are also usually relatively easy to synthesize from readily available starting
materials.

After their establishment as potent catalysts for several chemical transformations,
the interest in steric and electronic tuning of the pincer complexes has increased,
making the hybridization of the coordinated central carbon a possible variable [4].
Thus, over the past decades a slowly growing collection of pincer ligands with
saturated backbones has been reported (Figure 8.2). Along with the straight alkyl
chain featured already in Shaw’s work, examples of cyclohexane- [5], arylmethane-
[6], adamantane- [7], dibenzobarrelene- [8], cycloheptatriene- [9], and diarylmethane-
based [10] scaffolds are known from the literature.

8.2
Synthesis of the Ligands

Generally, the phosphinite type of pincer ligands with saturated frameworks can
be obtained by reacting a suitable diol with the chlorophosphine of choice in the
presence of a base (Scheme 8.1). A number of diols are commercially available,
and this is a straightforward reaction that often proceeds in high yields [11–13].
The synthesis of trialkylphosphine pincer ligands displays a higher complexity and

Pincer and Pincer-Type Complexes: Applications in Organic Synthesis and Catalysis, First Edition.
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Figure 8.1 Shaw’s original pincer ligands.
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Figure 8.2 Examples of pincer ligands with an sp3-hybridized central carbon atom.
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Scheme 8.1 Synthesis of aliphatic pincer ligands.

variety of reagents, but the highest yields are usually reported for the substitution
reaction between an alkyl dihalide and the corresponding lithium phosphide [5, 14].
In general, the synthetic procedures are more cumbersome than what is observed
for making aromatic pincer phosphine ligands.
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8.3
Synthesis and Coordination Behavior of Carbometallated PC(sp3)P Complexes

The first reports on pincer chemistry by Shaw and coworkers included the synthesis
of cyclometallated diphosphine PC(sp3)P complexes with Rh, Ir, Pd, and Pt [15], and
these were later accompanied by examples of Ru, Os [16], and Ni complexes [17].
The phosphinite counterparts appeared later on the scene, but today complexes
with Ni [13], Fe, Co [18], and Ir [19] are known. Typical examples are given in
Figure 8.3.

With higher backbone flexibility, side products in the form of 16-ring cyclic dimers
or di-coordinated eight-membered ring systems are more frequently reported for
the complexations with aliphatic pincer ligands than for their aromatic counter-
parts [3, 20]. Shaw and coworkers [21] reported on the conversion of a 16-atom
cyclic Rh dimer to the corresponding PCP coordinated pincer complex upon treat-
ment with 2-methylpyridine. Seligson and Trogler [22] similarly reported on the
cyclometallation of a 16-atom cyclic Pd dimer upon heating to 260 ◦C, and the
group of Zargarian [23] achieved the same conversion of a Ni dimer at 110 ◦C
in presence of 4-dimethylaminopyridine (DMAP). As opposed to the aromatic
systems, aliphatic phosphinites have consistently been much more reluctant to
cyclometallate than the corresponding phosphines. Thus, although the cyclohexyl
phosphine ligands in Figure 8.2 are fairly straightforward to carbometallate with
palladium and platinum precursors, the corresponding phosphinites resisted all
attempts to cyclometallation, exclusively forming 16-ring cyclic dimers or dicoor-
dinated eight-membered rings, instead [5b, 24]. The eight-membered rings always
display a diaxial conformation and, as a possible explanation, Wendt and coworkers
[25] have proposed that the inability of the phosphinite ligands to cyclometallate
is due to a kinetic barrier, possibly involving an axial–equatorial conformational
change necessary for the C–H activation process. The shorter bond distances in
the phosphinite can prevent a ring-flip of the type shown in Scheme 8.2. Gusev and
coworkers have investigated the coordination behavior of cis- and trans-substituted
cyclohexyl phosphine ligands, achieving cyclometallation with Rh and Pd with both
types of ligands. Although density functional theory (DFT) calculations predicted a
more strained system in the trans case (by 9–11 kcal mol−1), structural characteri-
zation confirmed almost identical, near-ideal chair conformations adopted by the
cyclohexyl ring in both the cis and trans complexes [5b].

PtBu2

PtBu2

M Cl

M = Pd, Pt

PiPr2

PiPr2

Ni I

O

O

PtBu2

PtBu2

Ir
Cl

H

Figure 8.3 Examples of pincer complexes with an sp3-hybridized central carbon atom.
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E

E

P
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E = CH2, O, M = Pd, Pt substituents on P omitted for clarity

Scheme 8.2 Suggested ring-flip in the cyclometallation of cyclohexylbased pincer ligands.

8.3.1
Coordination Flexibility in Acyclic PC(sp3)P Complexes

With a strongly σ-donating C(sp3) in a flexible pincer backbone, and with hydrogens
present in both α- and β-positions, pincer complexes with saturated ligands are
typically exposed to elimination reactions. In their pioneering studies, Shaw and
coworkers [20, 21] reported on the β-elimination of Rh(III) chloro hydride complex 1
through thermolysis and H2 formation, giving rise to the olefin chelate complex 2.
They also suggested a reversible interconversion of 1 via an α-elimination process
on the basis of an observed fluxionality on the NMR timescale (Scheme 8.3). The
analogous Ir complex also releases H2 upon thermolysis although, instead, forming
the PCP carbene complex through a presumed α-H elimination (Scheme 8.4) [3].
Gusev and Lough [16] reported on similar complexation behavior for the analogous
Ru and Os complexes in presence of a base (Scheme 8.5), and later they found
a cyclohexyl-based Ru complex to form the olefin and carbene complex in the
same manner. An α-H elimination is also suggested to initiate the backbone
aromatization observed for the cyclohexyl-based POC(sp3)OP iridium complex, as
reported by the group of Wendt [26] (Scheme 8.6).

Rh

PtBu2

PtBu2

Cl

H

Δ, −H2

Rh

PtBu2

PtBu2

ClRh

PtBu2

PtBu2

Cl

H

H

H

Rh

PtBu2

PtBu2

Cl

1 2

Scheme 8.3 Elimination reactions in ligands with α- and β-hydrogens

Introducing a methyl substituent on the coordinating carbon resulted in selective
β-elimination of the Rh(III) chloro hydride complex 3 upon thermolysis, forming 4.
NaH reduction to a terminal nitrogen Rh(I) complex also induces a reversible
β-elimination forming the hydride complex 5 (Scheme 8.7) [27].
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Scheme 8.4 Formation of a pincer carbene complex.
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Scheme 8.5 Backbone reactivity in Ru- and Os-complexes.

8.4
Reactivity and Catalytic Applications of PC(sp3)P Complexes

8.4.1
Ammonia Activation

Hartwig and coworkers [28] have reported on the N–H activation of NH3 utilizing
an all-aliphatic Ir pincer complex, which displays reactivity contrary to the aromatic
analog that is known to form the common Lewis acid–base ammonia complex.
This underlines how an increased electron density at the metal center can favor the
thermodynamics of an oxidative addition. Starting from the tetrahydride complex
6, via the olefin complex 7 by treatment with an alkene, the amido hydride complex
8 was formed within minutes in a ratio 9 : 1 (Scheme 8.8). Isotopic labeling of
the NH3 has supported the suggested mechanism and, as indicated by kinetic
experiments, the reaction follows a dissociative pathway. N–H activation under
mild conditions is a key step toward a future catalytic transformation of NH3 in,
for example, olefin hydroamination. The Hartwig group has also used compound
7 to achieve N–H activation of both hydrazine and 1-aminopiperidine to form the
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Scheme 8.6 Suggested mechanism for the aromatization reaction in an iridium cyclohexyl
pincer complex.
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Scheme 8.7 A methyl substituent in the α-position favors β-elimination.
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Scheme 8.8 Fast and reversible activation of ammonia in an iridium complex.

corresponding hydridoiridium amido complexes. These compounds are stable, as
opposed to the analogous aromatic pincer compounds, which in the case of N–H
activation of 1-aminopiperidine undergoes a subsequent N–H bond cleavage to
form an aminonitrene compound [29].
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8.4.2
Isotopic Labeling

Hartwig [30] has also utilized the amido hydride complex 8 as a catalyst for H/D
exchange at vinyl groups, operating at mild conditions without isomerization of the
double bonds. This is an important transformation because of the value of deuter-
ated compounds in studies of reaction mechanisms or biological processes. The
Hartwig protocol displays an absolute regioselectivity along with high functional
group compatibility. Aromatic pincer complexes activate C–H bonds but only at
an elevated temperature, and for complex 8 a mechanism has been suggested
where the methine position acts as a shuttle, in consistency with an observed
deuterium incorporation in that position (Scheme 8.9). Complex 8 also catalyzes
H/D exchange in arenes and, after oxidative addition of an aryl deuterium bond,
the resulting complex can either undergo a reversible C–D reductive elimination
or a reversible α-H elimination, forming the Ir(I) aryl complex 9 and the Ir(III)
carbene 10, respectively. A parallel process with the vinylic C–H bonds would lead
to deuteration of the olefinic substrates.

Ir
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PtBu2
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PtBu2

R
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D
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NH3, C6D6 CD2

D

7 9 10

Scheme 8.9 Deuterium labeling catalysed by an iridium complex.

8.4.3
Reactions with Coordinated Olefins

Seligson and Trogler [31] reported the catalytic amination of activated olefins with
Pd(II) complex 11 (Scheme 8.10), with turnover numbers in the range of 102

with no observed loss of reactivity. The larger robustness of the pincer scaffold is
responsible for the increased activity as compared to PdR2(R′

2PCH2CH2PR′
2)-based

catalysts with bidentate phosphine ligands. The mechanistic pathway is suggested
to go via a coordination of the activated olefin and a subsequent nucleophilic attack
of the amine. Initial reaction of the methyl complex 11 with a trialkyl ammonium
salt with a noncoordinating anion affords cleavage of the Pd–C bond under the
formation of methane and a catalytically active cationic species. In the reaction
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of 11 with alkylammonium salts, the corresponding amine complexes are never
observed irrespective of whether a tertiary or secondary amine is used and, instead,
the solvent-coordinated complex 12 is obtained [22].

Pd
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PtBu2

Pd

PtBu2

PtBu2

CH3

[Pd] R

−RH [HNR3]+

[Pd] NR3
R′
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NR3

R′

[HNR3]+

R′
NR3Solvent

[NH2R2]+
Solvent

− CH4

− NHR2

11 12

+

+
+

+ +

Scheme 8.10 Amination of olefins catalysed by a palladium(II) complex.

Later studies by the group of Zargarian reported the same transformation, using
the cationic Ni(II) pincer complex 13, although postulating a so-called Lewis acid
mechanism where the Ni center coordinates the nitrile group, thereby activating
the coordinated olefin toward nucleophilic attack (Scheme 8.11). Aromatic analogs,
however, were found to be more efficient catalysts for the transformation [32].

PR2

PR2

Ni NCCH3

BPh4

R = tBu, iPr

NC
+ PhNH2

NC

NHPh1 mol% cat

THF, 60 °C
6–18 h

cat:
+

+

[Ni] NC

NC

NC

NR2

NHR2

[Ni] NC
[Ni] NC

NR2

Proton transfer

NHR

13

−

−

Scheme 8.11 Amination of olefins catalysed by a nickel(II) complex.

The Zargarian group [13, 33] has also utilized the unusual Ni(III) phosphinite
pincer complex as catalyst in the Kharasch addition (Scheme 8.12), reporting ∼200
turnovers in 1 h and yields of around 65%.



8.4 Reactivity and Catalytic Applications of PC(sp3)P Complexes 221

O

O

PR2

PR2

Ni

Br

Br

R

R′

+ CCl4
cat:0.33 mol% cat

MeCN, 85 °C

R

R′
Cl

Cl3C

Scheme 8.12 Kharasch addition catalysed by a nickel(III) complex.

8.4.4
Carbon–Carbon Coupling Reactions

Several d8 Pd complexes have been reported as active catalysts for the Heck
olefin arylation, and it was the group of Milstein [34] that first applied PCP Pd
pincer complexes for this task (Scheme 8.13). High yields and turnover numbers
above 100 000 and up to 500 000 were reported, and a slightly higher catalytic
activity of the PC(sp3)P pincer complexes relative to its aromatic counterparts was
observed, which was attributed to the more electron-rich metal center. A tendency of
increased reactivity with less sterically hindering substituents on the coordinating
phosphorus was also noted. Catalysis with the aromatic pincer complexes was
originally proposed to involve a Pd(II)–Pd(IV) cycle [34, 35], but several kinetic
studies could convincingly show that pincer complexes are only precatalysts to the
highly active Pd(0) species that undergo a traditional Pd(0)–Pd(II) cycle [36].

R′+ cat:
Pd cat, base

−HX

PR2

PR2

Pd TFA

R = tBu, iPr

R R

R′

Scheme 8.13 Mizoroki-Heck reaction catalysed by a palladium pincer pre-catalyst.

Later, Sjövall et al. [24] introduced an all-aliphatic cyclohexyl-based pincer complex
14 as catalyst for the Heck coupling reaction, allowing direct comparison between
sp2 and sp3 hybridization of the PCP coordinating carbon without altering the
chelate ring size, underpinning the increased activity in the aliphatic case. Complex
14 was synthesized from the corresponding pincer ligand in complexation with the
precursor Pd(TFA)2 (TFA, trifluoroacetate); altering the phosphorus substituents
to phenyl groups resulted in the nonmetallated complex 15 (Scheme 8.14, Ph
substituent omitted for clarity) – an observation not made for the aromatic analogs
[5a]. This again underpins the greater difficulty in cyclometallating aliphatic ligands.
Initially, the catalysis was believed to be based on molecular Pd(II) and Pd(IV)
species as evidenced by the seemingly full recovery of the intact pincer complex
after catalysis [24]; but, again, detailed kinetic studies could convincingly show that
the actual catalysis is dominated by leached Pd(0) species [37]. The kinetics shows
a saturation behavior with respect to styrene concentration, and a mechanism
involving a fast pre-equilibrium with styrene followed by an irreversible reaction
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with aryl halide was proposed. This is a reversed order of entry of the substrates
as compared to the classical Heck mechanism, where the aryl halide is activated
before the olefin [38].

PtBu2

PtBu2 [Pd(TFA)2]
P

P
Pd

TFA

TFA

PtBu2

PtBu2
TFAH

Pd TFA

PPh2

PPh2

THF, 80 °CTHF, 80 °C

14 15

Scheme 8.14 The outcome of attempted cyclometallation with a cyclohexylbased ligand
depend on the phosphorus substituents.

Olsson and Wendt [39] also utilized complex 14 as catalyst in the Suzuki–Miyaura
coupling reaction though with moderate conversions and yields and high activation
temperatures. Contrary to previous findings in the Heck coupling, there was no
evidence of Pd(0) formation in this reaction and, instead, a catalytic cycle involving a
homogeneous Pd complex in a higher formal oxidation state was proposed (Scheme
8.15). Stoichiometric precedence for the individual reaction was shown, but the
mechanism for the step involving the aryl halide was not elucidated more closely.

BrB(OH)2

Na2CO3

PhB(OH)2

(PCP)Pd-Ph

(PCP)Pd-Br

Ph-Ph

Ph-Br

C–C
coupling

Trans-
metallation

Scheme 8.15 Suzuki-Miyaura reaction catalysed by a palladium pincer complex.

Frech and coworkers [7] published a more successful protocol using their
adamantyl-based PC(sp3)P pincer complex 16 in H2O/NaOH or toluene/K3PO4 at
100 ◦C in presence of air, reporting conversions >95% and turnovers in the order
of 104 for a wide variety of substrates. The suggested catalytic cycle (Scheme 8.16) is
similar to Scheme 8.15: the phenyl Pd complex is formed in a transmetallation on
the halide complex, which then reacts with the aryl halide in a C–C bond-forming
reaction. Again, the exact nature of the latter reaction is not clear. It proceeds either
via an oxidative addition of an aryl bromide to the phenyl Pd complex, forming a
neutral hexacoordinated Pd(IV) intermediate, followed by a reductive elimination
of the biaryl product (Scheme 8.16, path A), or through direct product formation
via a four-centered transition state (path B).

Having observed how Grignard reagents converted their aliphatic pincer Ni–Br
complex 17 to the corresponding Ni–R complex, the group of Zargarian [23] applied
17 as a catalyst for the Kumada coupling reaction (Scheme 8.17). As opposed to its
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Scheme 8.16 Proposed mechanism for the Suzuki-Miyaura reaction catalysed by a palla-
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Scheme 8.17 Kumada coupling catalysed by a nickel(II) complex.

aromatic analog, 17 successfully catalyzed the desired coupling with turnovers up
to 84, although minor amounts of the homocoupling product were also observed.
A slightly reduced activity was observed when altering the phosphorus substituents
for more sterically hindering tBu groups. The mechanism was suggested to not
involve any Ni0 intermediates.

8.4.5
Hydrogenation and Dehydrogenation

The group of Gelman has successfully accomplished the design of a pincer
complex based on the dibenzobarrelene framework, which gives an sp3-hybridized
coordination without α- or β-hydrogens present and thus a very high robustness [8].
Ir(III) complexes of this type have been successfully applied as catalysts for transfer
hydrogenations (Scheme 8.18), reporting full conversion and a turnover frequency
(TOF) of 6000 with 0.1% catalyst loading [40].

By introducing functional groups on the dibenzobarrelene scaffold, Gelman
and coworkers could isolate complexes with cooperative ligands, as shown in
Scheme 8.19. Complex 18 with acidic side arms was found to slowly convert
into the ring-closed compound 19 under extrusion of dihydrogen, and, moreover,
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Scheme 8.18 Acceptorless dehydrogenation of alcohols catalysed by dibenzobarrelene
based iridium complexes.
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Scheme 8.19 Proposed mechanism for the reaction in Scheme 8.18.

addition of isopropanol led to the recovery of 18. Based on this observation, a
catalytic cycle was proposed for acceptorless alcohol dehydrogenation with 18,
starting with H2 release and formation of 19. Ligand substitution with the substrate
then forms an arm-open iridium alkoxide species, followed by product formation
and regeneration of 18 through a β-hydride elimination. Catalytic studies confirmed
the conversion of secondary alcohols to ketones, and primary alcohols and diols
to esters and lactones, respectively. Reported yields of the oxidized products were
∼90% within 10 h upon refluxing in p-xylene under N2 in presence of 0.1 mol% 18.
No presence of acid or base was needed, and no activity was observed under the
same conditions when using an analogous nonfunctionalized pincer complex [41].
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The catalyst 18 has also been immobilized on a silica sol gel and applied in
the same acceptorless dehydrogenation reaction, resulting in a slower reaction
although with a clear advantage in recyclability and stabilization compared to the
nonheterogenized protocol [42].

Dibenzobarrelene-based PC(sp3)P complexes of Pd and Pt have also been
reported recently by the same group, although they were found to be only moder-
ately active catalysts for H/D exchange of benzene, indicating a lower potential as
catalysts than their Ir analogs [43].

8.4.6
CO2 Activation

The reduction of CO2 to a valuable liquid fuel such as methanol is a much wanted
reaction and has attracted interest also from the pincer community. An attractive
first step of such a transformation is the hydrogenation of CO2. The group
of Milstein [44] has accomplished this with aliphatic Rh(I) complexes, starting
from either an η2-dihydrogen complex or the corresponding terminal dinitrogen
complex going via an unusual ‘‘side-on’’ bound Rh–CO2 complex (Scheme 8.20).
The analogous iridium formate complex was synthesized by Kaska and coworkers
by reacting CO2 with a Ir(III) dihydride complex. However, in this case, the
formate complex proved to be unstable, undergoing disproportionation to form the
hydrogen carbonate complex and the carbonyl dihydride, overall corresponding to
the reverse water gas shift reaction CO2 +H2 →CO+H2O [45]. Reduction of CO2 to
the methanol level has since been effected using an aromatic nickel pincer complex
and a cascade reaction involving a ruthenium pincer complex in one step [46].
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Scheme 8.20 Difference in interaction of carbon dioxide and dihydrogen with rhodium and
iridium pincer complexes.
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9
Heavier Group 14 Elements-Based Pincer Complexes in Catalytic
Synthetic Transformations of Unsaturated Hydrocarbons
Jun Takaya and Nobuharu Iwasawa

9.1
Introduction

Transition metal complexes with LXL-type pincer ligands (L, neutral ligand; X,
anionic ligand) have been widely utilized as versatile catalysts in synthetic organic
chemistry [1–6]. Among numerous types of pincer complexes, synthesis and
reaction of anionic carbon and nitrogen-based systems such as PCP- and PNP-
complexes have been extensively studied. These pincer complexes generally have
high thermal stability due to the rigid tridentate structure and show unique
reactivity induced by the anionic X ligand. Fine-tuning of electronic and steric
environments is also possible by manipulation of substituents, rendering these
complexes highly attractive in developing new catalytic synthetic reactions.

On the contrary, little attention has been paid to the utilization of silicon-
based pincer complexes in synthetic chemistry although the basic organometallic
chemistry on silicon–metal bonds has been studied extensively as the key reactive
element of hydrosilylation [7]. Stobart [8, 9] reported the synthesis of metal
complexes with PSiP-pincer ligands, some of which were employed as catalysts for
the hydroformylation reaction. Tilley [10] developed an NSiN-type pincer ligand
and demonstrated that its iridium complex catalyzed dehydrogenative silylation of
arenes. In view of the unique character of silicon as an anionic donor ligand, further
utilization of silicon-based pincer complexes is highly desirable in developing
innovative synthetic reactions.

In 2007, synthesis and complexation of a PSiP-pincer ligand, in which a sili-
con atom and two phosphorus atoms are tethered by a phenylene group, was first
reported by Turculet and coworkers [11–19]. They reported that the PSiP-ruthenium
complex exhibited catalytic activity for transfer hydrogenation of ketones [11], and
the PSiP-platinum and -palladium complexes efficiently catalyzed reduction of CO2

to methane by silanes [18]. Shortly after the Turculet’s first report in 2007, we
reported the first example of utilization of the phenylene-bridged PSiP-pincer com-
plex in carbon–carbon bond formation reactions of unsaturated hydrocarbons [20].

In this chapter, we describe several synthetic transformations of unsaturated
hydrocarbons catalyzed by palladium complexes bearing the phenylene-bridged
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PSiP-pincer ligands and their analogs developed in our laboratory [20–27]. The
unique structural and electronic nature of the PSiP-ligands enables these catalytic
reactions to proceed through the generation and reaction of palladium hydride
species as a key intermediate. Some mechanistic aspects of the reactions are also
described based on the synthesis and reaction of η2-(Si–H)Pd(0) complex as an
equivalent to the palladium hydride species [28–33].

9.2
Synthesis of Palladium Complexes Bearing PXP-Pincer Ligands (X= Si, Ge, Sn)

9.2.1
Synthesis

A variety of palladium complexes 2 bearing PSiP-pincer ligands can be synthesized
by the complexation of [PdCl(C3H5)]2 with silanes 1 (Scheme 9.1) [23, 27]. Intro-
duction of various substituents on the diarylphosphine, silicon, and phenylene
linker moieties enables fine-tuning of electronic and steric nature of the complexes
(Figure 9.1). Moreover, replacement of the central silicon atom by germanium and
tin was also possible with modified procedures to afford PGeP- and PSnP-pincer
complexes 3 and 4 [25].

Ar2P PAr2Pd

Si

OTf

R2

HSiR2Cl2
(1) [PdCl(C3H5)]2

PAr2

Li

Ar2P PAr2

Si

R
2

H

R1 R1 R1

R1 R1
1 2

(2) AgOTf

Scheme 9.1 General procedure for the synthesis of PSiP-palladium complexes.
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H
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Figure 9.1 PSiP-, PGeP-, and PSnP-pincer palladium complexes.

9.2.2
Structural Analyses

X-ray analyses were performed for palladium chloride complexes 5–7 with PSiP-,
PGeP-, and PSnP-ligands [25]. The characteristic features of these complexes are
observed in the Pd–Cl length and dihedral angle of P1–Pd–X–P2 (𝜃), which are
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Table 9.1 Structural analyses of PXP-pincer palladium complexes.

Ph2P PPh2Pd

X

Cl

Me

Ph2P PPh2Pd

N

Cl
P1P2

Pd PPh2Ph2P

Cl

8 9

P1P2 P1P2

X = Si : 5, Ge : 6, Sn : 7

X Pd–Cl (Å) P1–Pd–X–P2 (◦)

Si 5 2.4414(17) 157.2
Ge 6 2.4219(11) 157.5
Sn 7 2.4270(8) 158.1
C 8 2.367(3) 177.9
N 9 2.313(5) 180.0

listed in Table 9.1 and compared with those of common PCP- and PNP-palladium
complexes 8 and 9 [34, 35]. Heavier group 14 element-based pincer complexes,
especially the PSiP-complex 5, exhibit longer Pd–Cl bond length compared with 8
and 9, demonstrating the strong trans influence of Si to enhance the reactivity of
the trans substituent [36]. Moreover, it should be noted that the dihedral angles 𝜃

of PSiP-, PGeP-, and PSnP-complexes are around 158◦ whereas those of 8 and 9
are almost 180◦, showing that the geometry of 5–7 is distorted square planar where
phosphine atoms bended from 180◦.

9.3
Hydrocarboxylation

Development of transition metal-catalyzed CO2-fixation reactions using easily avail-
able unsaturated hydrocarbons as starting material is highly desirable as a practical
method for the synthesis of carboxylic acids [37–40]. However, such catalytic
reactions have mostly been limited to those based on Ni(0)-promoted oxidative
cyclization of rather specific substrates such as α,ω-diynes and bis(1,3-diene)s
[41]. We designed PSiP-palladium hydride A, which we expected to catalyze
hydrocarboxylation reaction of unsaturated hydrocarbons with CO2 (Scheme 9.2).
Hydrometallation of unsaturated hydrocarbons by A would generate new metal
complexes B bearing a carbon–palladium bond. Nucleophilic addition of B to
CO2 affords palladium carboxylate complexes C, which could be reconverted to
the palladium hydride A by an appropriate stoichiometric reductant. We envi-
sioned several advantages of utilizing the PSiP-palladium as a catalyst as follows
(Figure 9.2): (i) Nucleophilic carboxylation would be enhanced as a result of the
strong electron-donating nature and trans influence of the silicon atom. (ii) The
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Scheme 9.2 Hydrocarboxylation of unsaturated hydrocarbons.

Ar2P PAr2Pd

Si

R

Me

High nucleophilicity of R

Facile structural change

Pd(II)-catalytic cycle

Si

Me

R Pd
Ar2P P=

Figure 9.2 Expected features of the phenylene-bridged PSiP-palladium.

strained square planar structure of the PSiP-linkage would facilitate structural
change to a trigonal bipyramidal geometry, which might allow coordination of CO2

for facile carboxylation. (iii) The pincer structure would enable a catalytic cycle
based on Pd(II) without liberation of Pd(0), which causes side reactions through
oxidative cyclization of unsaturated hydrocarbons.

9.3.1
Hydrocarboxylation of Allenes

PSiP-pincer palladium complex 2a was found to catalyze the hydrocarboxylation of
allenes by using AlEt3 as a stoichiometric reductant under atmospheric pressure of
CO2 (Table 9.2) [20]. The reaction proceeded regioselectively to give α-substituted
β,γ-unsaturated carboxylic acids 11 in high yield. A variety of functional groups
such as alkene, ether, ester, ketone, ketal, and carbamate are tolerated under
the reaction conditions, demonstrating high synthetic utility of this reaction as
a practical method for carboxylic acid synthesis. The reaction is thought to start
with generation of the palladium hydride complex 13 bearing a PSiP-pincer
ligand through transmetallation of AlEt3 to 2a followed by β-hydride elimination
(Scheme 9.3). Hydrometallation of allenes forms σ-allylpalladium complexes 14,
which undergo nucleophilic addition to CO2 at the γ-position to yield palladium
carboxylates 15 regioselectively. Transmetallation of 15 with AlEt3 regenerates the
palladium hydride complex 13 accompanied by the release of the hydrocarboxylation
products as Al-carboxylates 16.

By NMR analyses, prenylpalladium complex 17, derived from palladium chloride
5 and prenylmagnesium chloride in situ, was confirmed to take a σ-allyl form with
the C–Pd bond at the less substituted carbon atom (Scheme 9.4) [21]. This result
strongly supports the proposed structure of 14 and its carboxylation at γ-position.
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Table 9.2 Hydrocarboxylation of allenes.

0.5–2.5 mol% 2a

1 atm CO2

150 mol% AlEt3

DMF, rt ~ 50 °C, 6–48 h

H3O+
R2

R1 R3
R1 R3

R2 COOH

10 11

Entry Product R or X Yield (%)

1 –CH2OSitBuPh2 11a 94
2 –CH2OBz 11b Quantitative
3 –CH=CMe2 11c 85R

Me COOH

4 NBoc 11d 75
5 C=O 11e 63
6 C(CH2O)2 11f 89

X

COOH

7 –H 11g 65a,b

8 –CH2CH2Ph 11h 51a,b

COOMe

Ph R

aUsing ZnEt2 instead of AlEt3.
bIsolated after Me-esterification.

[Pd]OOC

R2R1

AlEt3

2a

13

C2H4

14

Si

Me

Pd

γ

P P

R1

R2
CO2

AlEt3

Si

Me

O Pd
P P

O

Ph2P PPh2Pd

Si

H

Me

Ph2P PPh2Pd

Si

Et

Me

·

R1

R2

R1
R2

12

15

16

Scheme 9.3 Proposed mechanism.
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P

P

MePd Si

Me

Me

Hb

Hb

Ha

17

δ = 5.91(t)

δ = 2.08 (dt)

5 +
MgCl

(P = PPh2)
1.2 equiv

Benzene-d6, rt

Scheme 9.4 Structure of PSiP-prenylpalladium complex.

The anionic, tridentate pincer structure suppresses the formation of an electrophilic
π-allylpalladium intermediate as established by Prof. Szabó [42] in the PCP-pincer
system. It is assumed that the nucleophilicity of the σ-allylpalladium is further
enhanced by strong trans influence and electron-donating nature of the Si atom,
realizing a facile nucleophilic addition to less reactive CO2.

9.3.2
Hydrocarboxylation of 1,3-Dienes

The hydrocarboxylation reaction of allenes can be extended to 1,3-dienes as sub-
strate, some of which are abundant, easily available chemical feedstock in industrial
chemistry (Scheme 9.5) [24]. For example, 1,3-butadiene reacted with 1 atm CO2

and AlEt3 in the presence of a catalytic amount of 2a to give 2-methyl-3-butenoic acid
18 in high yield (200% based on Al). Interestingly, comparative experiments using
Pd(PPh3)4 or PdCl2(PPh3)2 as a catalyst instead of 2a gave a mixture of 2 : 1 coupling
products of 1,3-butadiene and CO2. This result indicates the importance of the PSiP-
pincer ligand in suppressing the generation of Pd(0) species that promote oxidative
coupling of two molecules of 1,3-butadiene leading to 2 : 1 coupling products [37].

Excess

0.50 mmol AlEt3

DMF, rt, 39 h

then H3O+

1atm CO2 (closed)

10 μmol 2a

Pd(PPh3)4 or PdCl2(PPh3)2

instead of 2a

CO2H

18

1.0 mmol

2 : 1 coupling products
As above

Scheme 9.5 Hydrocarboxylation of 1,3-butadiene catalyzed by PSiP-palladium complex.

Various substituted dienes such as isoprene, piperylene, 1,3-cyclohexadiene,
and 3-methyl-1,3-pentadiene were employable as substrates to give corresponding
β,γ-unsaturated carboxylic acids 19–22 with high turnover number (TON) (up to
506) (Table 9.3). This reaction also showed good compatibility with various func-
tional groups as seen in the reaction of allenes. It should be noted that the reaction
of dienamide 23 afforded α-amino acid derivative 24 selectively, demonstrating
promising utility as an efficient protocol for α-amino acid synthesis using CO2.
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Table 9.3 Generality of 1,3-dienes.

Entry 1,3-Diene Product

1a
CO2H 19 1.22 mmol

TON= 245

2a (E : Z = 67 : 33) CO2H 20 2.53 mmol
TON= 506 (E : Z = 93 : 7)

3a
CO2H

21 1.98 mmol
TON= 396

4a (E : Z = 70 : 30) CO2H 22 1.51 mmol
TON= 302 (E : Z = 67 : 33)

5b
N

O

O
23

N

O

O CO2Me

24 81%

a20 mmol 1,3-diene, 5.0 mmol AIEt3, 5 μmol 2a, 1 atm CO2 in DMF at rt or 40 ◦C.
b1.05 equiv AIEt2(OEt), 2.5 mol% 2a, 1 atm CO2 in THF at 40 ◦C.

9.4
Reductive Aldol Type Reaction

The combination of group 14 element-based pincer palladium catalysts and AlEt3

as a stoichiometric reductant was proven to be effective for a catalytic reductive
aldol-type reaction [25]. Not only PSiP-palladium 2a, but also its heavier analogs
PGeP- and PSnP-complexes efficiently catalyzed the reaction. Thus, treatment of
p-tolualdehyde 25, α,β-unsaturated esters 26–28, and 1.5 equiv of AlEt3 in the
presence of 2.0 mol% of palladium complexes 2a, 3, 4 afforded β-hydroxyesters
29–31 in good to high yield (Table 9.4). It should be noted that the PSnP-complex
4 showed the highest activity for all reactions regardless of the substitution pattern
of α,β-unsaturated esters. This is the first example of utilization of Ge- or Sn-
containing multidentate ligands for a catalytic synthetic reaction. The reaction is
proposed to proceed through hydrometallation of α,β-unsaturated esters to generate
palladium enolates 33 followed by nucleophilic addition to aldehydes (Scheme 9.6).
Transmetallation of the resulting alkoxypalladiums 34 with AlEt3 followed by β-
hydride elimination regenerates palladium hydride 32. The wider coordination
sphere around the palladium of the PSnP-complex may facilitate hydrometallation
and/or nucleophilic addition steps more efficiently. These results demonstrate
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Table 9.4 PXP-palladium-catalyzed reductive aldol reaction.

OEt

O

+ OEt

O OH

ArArCHO R1

R2

1.5 equiv AlEt3

2.0 mol% cat.

R2

R1

(Ar = 4-MeC6H4)

THF ,60 °C, 3 h

R1 = H, R2 = H 29

25

R1 = H, R2 = H 26

R1 = Me, R2 = H 30R1 = Me, R2 = H 27

R1 = H, R2 = Me 31R1 = H, R2 = Me 28

1.5 equiv

(0.005 M)

Entry Catalyst X Substrate Product Yield (%)a

1 2a Si 26 29 86
2 3 Ge 26 29 49
3 4 Sn 26 29 82
4 2a Si 27 30 94
5 3 Ge 27 30 54
6 4 Sn 27 30 95
7 2a Si 28 31 52
8 3 Ge 28 31 47
9 4 Sn 28 31 93

adr= 65 : 35∼ 72 : 28 for product 29 and 30.

AlEt3

C2H4

ArCHO

P

Ph2P

MePd XO

O

Et

R2

R1

OEt

O

R1

R2

OEt

OO

Ar

R2

R1

[Pd]

OEt

OO

Ar

R2

R1

[Al]

32

Ph2P PPh2Pd

X

H

Me

33

34

Scheme 9.6 Proposed mechanism.
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promising utility of Ge- and Sn-based pincer complexes for developing catalytic
synthetic reactions.

9.5
Dehydrogenative Borylation

Dehydrogenative borylation of alkenes proceeds through insertion of alkenes into
the M–B bond of borylmetal complexes followed by β-hydride elimination [43].
This reaction is a formal direct borylation reaction of olefinic C–H bonds with
diboron or borane, providing the most straightforward method for the preparation
of synthetically useful alkenylboronic esters. However, most of previous reports
require excess alkenes because sacrificial hydroboration and/or hydrogenation of
alkenes are inevitable problems, and the substrate scope is rather limited. These
side-reactions are caused by coordinatively unsaturated hydrido(boryl)- or dihy-
dridometal species generated from the metal catalysts and boranes or dihydrogen
produced during the reaction. Thus, the development of a new type of dehydrogena-
tive borylation reaction unaccompanied by such side reactions is highly desirable
for an efficient and general synthesis of alkenylboronic esters [44, 45].

9.5.1
Dehydrogenative Borylation of Alkenes and 1,3-Dienes

An efficient, stereoselective synthesis of (E)-β-styrylboronic ester 35a was achieved
by treatment of a 1 : 1 mixture of styrene and B2pin2 with a catalytic amount of AlEt3

and the PSiP-palladium complex 2d bearing 3,5-(CF3)2C6H3 groups on phosphorus
atoms in toluene at room temperature (Scheme 9.7) [23, 27]. Catalytic activity is
highly dependent on the electronic nature of palladium complexes and greatly
increases as the PSiP-ligand becomes more electron-deficient (2d> 2c> 2a> 2b).
Moreover, it was discovered that the same reaction with 2 equiv of B2pin2 enabled
double borylation at the alkene terminus to give β,β-diborylstyrene 36a selectively in
high yield. These results indicate that this reaction enables the selective synthesis

x equiv B2pin2

2 mol% 2d
2 mol% AlEt3

Toluene, rt, 24 h

Ar2P PAr2

Me

Pd

Si

OTf

R R

Ph
Bpin

Bpin

35a

36a

x = 1.0

x = 2.0

90%

92%

No formation of

(Ar = 3,5-(CF3)2C6H3)
2d (R = H)

2e (R = CF3)

Ph
Bpin

Ph Bpin

Ph Ph
or

Scheme 9.7 Dehydrogenative borylation of styrene catalyzed by PSiP-palladium complex.
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of mono- or diborylalkenes simply by changing the amount of B2pin2. It should be
noted that analysis of the crude mixture by GC–MS showed formation of HBpin,
but neither hydroboration nor hydrogenation products were observed at all in
contrast to the previously reported dehydrogenative borylation reactions.

These protocols for selective synthesis of mono- and 1,1-diborylalkenes were
applicable to various alkenes by using 2d or more active, electron-deficient PSiP-
palladium 2e as catalysts (Table 9.5). Vinylferrocene, N-vinylphthalimide, and
1,3-dienes selectively afforded 1,1-diborylalkenes 36b–d in high yield by the use
of 2–3 equiv of B2pin (entries 1–3). Interestingly, another mode of diboryla-
tion, trans-1,2-diborylation, was found to proceed to give (Z)-1,2-diborylalkenes 37

Table 9.5 Selective monoborylation/diborylation.

R

Bpin
36

Bpin

x equiv B2pin2

1–10 mol% 2d or 2e

1–10 mol% AlEt3

Toluene, rt or 60 °C
6–24 h

R R RBpin

Bpin
35 37

Bpin

(x = > 2.0)(x = 1.0)

or

DiborylationMonoborylation

Entry R Monoborylation (x = 1.0) Diborylation (x ≥ 2.0)
Yield (E : Z) Yield (E : Z)

1
Fe

35b 93% (E only) 36b 92% —

2
N

O

O

35c 91% (E only) 36c 86% —

3

Ph

Ph 35d 98% (87 : 13) 36d 98% —

4 n-C6H13 – 35e 85% (93 : 7) — 37e 63% (19 : 81)

5

Ph

OTBS 35f 62% (88 : 12) — 37f 68% (11 : 89)

6

Cl

35g 53% (92 : 8) — 37g 48% (9 : 91)

7 O

O

O
35h 87% (86 : 14) — 37h 59% (Z only)
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selectively when sterically less demanding, non-electronically activated terminal
alkenes were employed as substrates (entries 4–7). Not only simple alkenes but
also alkenes having functional groups such as silyl ether, chloro, and acid anhydride
were employable as substrates, giving synthetically useful functionalized (Z)-1,2-
diborylalkenes 37e–h in good yield. Selective synthesis of monoborylalkenes 35
from these substrates was also achieved with good (E)-selectivity under monobory-
lation conditions using 1 equiv of B2pin2. These are the first examples of a general,
direct synthesis of 1,1- and trans-1,2-diborylalkenes from alkenes, which are not
easily accessible by the previous diboration protocols [44, 46, 47]. Moreover, a
selective route to synthetically useful diboryl- and monoborylalkenes would find
abundant use in organic synthesis.

9.5.2
Mechanistic Considerations

In view of the formation of HBpin during the reaction, it is assumed that the
reaction starts with the generation of palladium hydride complex 38 via trans-
metallation of 2 with AlEt3 followed by β-hydride elimination, and the palladium
hydride complex 38 further reacts with B2pin2 to give a borylpalladium complex 39
and HBpin (Scheme 9.8). The borylpalladium 39 undergoes insertion of alkenes
followed by β-hydride elimination, affording (E)-alkenylboronic esters 35 prefer-
entially with regeneration of the palladium hydride 38. Second borylation of 35
in the presence of excess B2pin2 proceeds regioselectively to avoid steric repul-
sion between Bpin on the palladium and substituents on the alkenes, leading to
the 1,1- or 1,2-diborylation products 36 or 37. The predominant trans-selectivity

H

R
Bpin

[Pd]

R
Bpin

[Pd]

Bpin R H
BpinH

pinB [Pd]

or

R

36, 37

R
Bpin

(R = Ar, imide, alkene) (R = CH2X)

B2pin2

35

35

R
Bpin

41

HBpin Ar2P PAr2

Me

Pd

Si

Ar2P PAr2

Me

Pd

Si

Bpin

39 38

40

Scheme 9.8 Proposed mechanism.
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in 1,2-diborylation is reasonably explained by considering the syn-insertion/syn-
elimination mechanism via alkylpalladium(II) intermediates 41.

In support of this mechanism, it was found that treatment of palladium triflate
2d with AlEt3 in the presence of excess B2pin2 afforded a borylpalladium complex
39d along with the generation of HBpin (Scheme 9.9). X-ray analysis of analogous
compound 39a (Ar=Ph) disclosed that the Pd–B distance is 2.11 Å, which is
longer than those of previously reported borylpalladium complexes (1.97–2.08 Å
for Pd–BX2 (X=O, N)) due to the strong trans influence of Si (Figure 9.3) [48–51].
Thus, the PSiP-borylpalladium showed high reactivity for borylpalladation to enable
the second dehydrogenative borylation.

Ar2P PAr2

Me

Pd

Si

39d 67% (NMR yield)

Bpin

(Ar = 3,5-(CF3)2C6H3)

20 equiv B2pin2

THF-d8, rt

2.0 equiv AlEt3

2d + HBpin

Scheme 9.9 Formation of PSiP-borylpalladium complex.

Investigation of the reactivity of these borylpalladium complexes demonstrated
that the electron-deficient borylpalladium 39d (Ar= 3,5-(CF3)2C6H3) smoothly
reacted with (E)-β-methylstyrene to give (Z)-β-boryl-β-methylstyrene 42 quantita-
tively whereas normal 39a (Ar=Ph) caused no reaction (Scheme 9.10) [27]. Thus,
electron-withdrawing nature of the PSiP-ligand clearly accelerates the borylpalla-
dation step, leading to high catalytic activity of 39d. Additionally, the stereospecific
formation of (Z)-alkenylboronic ester 42 from (E)-β-methylstyrene supports the
proposed mechanism for borylation of alkenes via syn-insertion/syn-elimination.

Si

P1

P2

Pd–P2 2.2489(11)

P1–Pd–P2 163.17(4)

Pd–P1 2.2532(10)

Pd–Si 2.3795(11)

Pd–B 2.112(4)

Pd

B

Figure 9.3 Oak ridge thermal ellipsoid plot (ORTEP) diagram of 39a (Ar=Ph) at the 50%
probability level.
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39d (Ar = 3,5-(CF3)2C6H3)

Ph Benzene-d6

rt, 1 h

Ph
Bpin

With 39a : No reaction

42 (Z only)

With 39d : Quant.

Scheme 9.10 Electronic effect of phosphine ligands.

As described in the beginning of this section, sacrificial hydroboration and
hydrogenation of alkenes have often been a problem in previous dehydrogenative
borylation reactions. On the contrary, this new catalytic cycle consists of
monohydrido- and monoborylpalladium(II) complexes (38 and 39) and does not
generate hydrido(boryl)- or dihydridometal species because of the characteristics
of the anionic tridentate pincer ligand. The PSiP-pincer ligand also enhances the
reactivity of the B–Pd bond of the borylpalladium complex. These features have
enabled an efficient reaction without using excess alkenes, leading to successful
development of the double dehydrogenative borylation.

9.6
Synthesis and Reaction of 𝛈2-(Si–H)Pd(0) Complex as an Equivalent to
PSiP-Palladium Hydride Complexes

The palladium hydride species bearing PSiP-pincer ligands are the common, key
intermediates in all reactions described so far. Synthesis, structural analyses, and
investigation of reactivity of the PSiP-palladium hydride complexes have been
highly desired to elucidate these reaction mechanisms. During such investigations,
we discovered that a silane-coordinated palladium(0) complex could be obtained
unexpectedly, which worked as a synthetic equivalent to the palladium hydride
complex. Detailed investigations on the reactivity of the η2-(Si–H)Pd(0) complex
disclosed novel aspects of the PSiP-palladium complexes and provided useful
mechanistic insights into the catalytic reactions.

9.6.1
Synthesis and Structure of 𝛈2-(Si–H)Pd(0)

Reduction of 2a by LiBEt3H in the presence of PPh3 afforded η2-(Si–H)Pd(0)
complex 43 bearing a Si–H σ-bond coordinated to Pd(0) although the same
reaction without PPh3 resulted in some decomposition reactions probably via
palladium hydride (Scheme 9.11) [21, 22]. X-ray and NMR analyses disclosed that
the η2-(Si–H)Pd(0) structure is retained both in solid and solution (Figure 9.4). The
Si–H, Pd–H, and Pd–Si distances are 1.60(3), 1.67(3), and 2.4283(8) Å, respectively.
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Scheme 9.11 Formation of η2-(Si–H)Pd(0) complex.
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P

Pd
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Bond length:
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Pd–Si = 2.4283(8) Е
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Pd

P1

P2
P3

Si

H

(a)

Figure 9.4 Oak ridge thermal ellipsoid plot (ORTEP) diagram of 43 at the 50% probability
level.

The 1JHSi coupling constant is observed to be 110 Hz by non 1H-decoupled 29Si
NMR in tetrahydrofuran (THF) at room temperature, which is much larger than
typical values found for H–M–Si complexes (<∼20 Hz) but significantly smaller
than that of silane 44 itself (JHSi = 204 Hz), supporting weakening of the Si–H bond
by η2-(Si–H) coordination to the metal [52–54]. Silane-coordinated complexes can
be regarded as a frozen intermediate of oxidative addition of the Si–H bond and are
usually difficult to isolate especially in the Ni triad [55, 56]. Therefore, this is quite a
rare example of the synthesis, isolation, and structural analyses of a mononuclear
silane-coordinated palladium(0) complex. Formation of η2-(Si–H)Pt(0) and Pd(0)
complexes without monophosphine ligand was reported by Turculet [13, 18] with
the PSiP-pincer ligand having cyclohexyl groups on phosphorus atoms although
no fine X-ray structures were provided.

9.6.2
Reaction of 𝛈2-(Si–H)Pd(0) Complex with an Allene

The η2-(Si–H)Pd(0) 43 was found to catalyze the hydrocarboxylation reaction of
allenes, indicating that 43 worked as the palladium hydride complex 13 in solution
via reversible oxidative addition/reductive elimination of the Si–H bond after
dissociation of PPh3 (Scheme 9.12) [21]. This result prompted us to investigate a
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13

Si

Me

H Pd

P P

Me

Si
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+ PPh3

Ph

5 mol% 43
COOH

1 atm CO2

150 mol% AlEt3
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H3O+

Ph

89%

Scheme 9.12 Fluxional behavior of Si–H bond with palladium.

stoichiometric reaction of 43 with 3-methyl-1,2-butadiene expecting the formation
of prenylpalladium intermediate 17. However, to our great surprise, the reaction
afforded trisphosphine-palladium(0) complex 46 bearing a prenyl substituent on
the silicon atom in good yield (Scheme 9.13). Furthermore, when a THF solution of
46 was allowed to stand under atmospheric pressure of CO2 at room temperature,
the hydrocarboxylation product 47 was obtained after acidic hydrolysis. Thus, not
only the Si–H bond in 43 but also the Si–C(sp3) bond in 46 undergoes reversible
oxidative addition/reductive elimination with palladium at room temperature.
Related reversible cleavage and formation of Me–Si bond on Ni was also reported by
Turculet and coworkers [15]. These results demonstrate the unusual ‘‘flexibility’’ of
this PSiP-pincer ligand that enables facile oxidative addition/reductive elimination
of trans substituents whereas common PCP-pincer complexes rarely cause such
reversible reactions.

THF, rt, 10 min

2.0 equiv
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COOH
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then H3O+
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Scheme 9.13 Fluxional behavior of sp3C–Si bond with palladium.
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9.6.3
Reaction of 𝛈2-(Si–H)Pd(0) Complex with Diboron

During investigations on the reaction of η2-(Si–H)Pd(0) complexes with B2pin2, it
was discovered that the reaction of η2-(Si–H)Pd(0) complex 43 with B2pin2 initially
gave a trans five-coordinate borylpalladium complex 48 as a kinetic product and
finally afforded its stereoisomer, cis five-coordinate borylpalladium complex 49, as
the thermodynamically most stable product (Scheme 9.14) [26]. The structures of
these complexes were elucidated by X-ray and NMR analyses (Figure 9.5). Detailed
mechanistic studies by several experiments and density functional theory (DFT)
calculations suggested that coordinatively unsaturated η2-(Si–H)Pd(0) complex
45 undergoes a new reversible σ-bond metathesis reaction between H–Pd bond
and B–B bond via transition state 50 to give square planar borylpalladium 39a,
which is converted to the trans five-coordinate borylpalladium 48 by coordination
of PPh3 (Scheme 9.15). The formation of 39a is reversible to regenerate 45.
Oxidative addition of the Si–H bond of 45 proceeds via transition state 51 to
afford palladium hydride complex 13 as proposed before, which undergoes another
σ-bond metathesis leading to the formation of cis-49. These results provide a

Si
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pinB Pd

Ph2P P

PPh3

Si
Me

Ph3P Pd

Ph2P P

pinB

48 4943

Me
SiPh3P

Ph2P
P

Pd
H

+ B2pin2+ HBpin + HBpin

Kinetic product Thermodynamic product
Finally formed
in 85% yield (NMR yield).

Scheme 9.14 Selective formation of two stereoisomeric five-coordinate borylpalladium com-
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useful mechanistic insight into the formation of the borylpalladium complex in
the catalytic dehydrogenative borylation of alkenes and also demonstrate novel
reactivity of silane-coordinated palladium(0) complexes via σ-bond metathesis.

We believe that realization of these unique reactions is attributed to the struc-
tural features of the phenylene-bridged PSiP-pincer ligand, which enables facile
structural change to trigonal bipyramidal-like geometry around palladium as seen
in 50 and 51 because of its strain in square planar geometry. It is conceiv-
able that such structural effect would facilitate interaction and reaction of the
metal catalyst with other substrates, leading to the development of new types of
transformations.

9.7
Conclusions

We have developed new synthetic reactions catalyzed by phenylene-bridged PSiP-
palladium complexes and their analogs. The hydrocarboxylation reaction of allenes
and 1,3-dienes with CO2 provides an efficient method for the synthesis of syntheti-
cally useful β,γ-unsaturated carboxylic acids. Dehydrogenative borylation of alkenes
with B2pin2 enables an expedient synthesis of mono- and diborylalkenes simply by
changing the amount of B2pin2. Both reactions are highly efficient transformations
of unsaturated hydrocarbons to synthetically valuable compounds realized by utiliz-
ing the electronic and structural features of the PSiP-pincer ligands. Furthermore,
unique organometallic reactions are also discovered, providing deeper mechanistic
insights into reaction mechanisms. These results open up a new possibility of
rational design of catalytic synthetic reactions based on characteristic properties of
the phenylene-bridged PSiP-pincer ligands.
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10
Experimental and Theoretical Aspects of Palladium
Pincer-Catalyzed C–C Cross-Coupling Reactions
Christian M. Frech

10.1
C–C Cross-Coupling Reactions – an Indispensable Tool for the Synthesis of Complex
Organic Molecules

Palladium-catalyzed C–C cross-coupling reactions, for which the Nobel Prize in
Chemistry 2010 was jointly given to Heck, Negishi, and Suzuki – the inventors
of such cross-coupling reactions – belong to the most important types of catalytic
carbon–carbon bond-forming reactions and are nowadays an indispensable tool
for the target-oriented synthesis of complex organic molecules across all research
fields and industrial segments. From new materials (e.g., polymers) research to
pharmaceutical production, these types of reactions have been extensively applied
throughout the past decades, propelling advances capable of effecting beneficial
changes in modern life. Their success and hence widespread use in organic
synthetic applications are due to the mild conditions associated with the reactions
together with their tolerance to a wide range of functional groups. For example,
the Heck reaction has been used in more than 100 different syntheses of natural

products and biologically active compounds, such as Taxol
®

[1], a mitotic inhibitor

used in cancer chemotherapy (Scheme 10.1), or the herbicide Prosulforon
®

[2].
The anti-inflammatory drug Naproxen and the asthma drug Singulair are other

examples of industrially manufactured pharmaceuticals involving a Heck reaction
step. The Heck reaction has also been used in the synthesis of other complex
organic molecules such as steroids, strychnine, and the diterpenoid scopadulcic
acid B with cytotoxic and antitumor activity [3–5]. Examples in the literature of
natural product syntheses which include a Negishi coupling step in their total
syntheses are the natural marine antiviral product hennoxazole A (Figure 10.1) and
pumiliotoxin A (Scheme 10.2), a toxic alkaloid found in the skin of frogs from the
Dendrobatidae family that it uses for self-defense [6, 7].

The antiviral bromoindole alkaloid dragmacidin F and the potent natural anti-
tumor agent (+)-dynemicin A involve a Suzuki coupling in one of the key
carbon–carbon bond-forming steps (Figure 10.1) [8, 9]. Further examples of
industrially prepared fine chemicals involving palladium-catalyzed cross-coupling

Pincer and Pincer-Type Complexes: Applications in Organic Synthesis and Catalysis, First Edition.
Edited by Kálmán J. Szabó and Ola F. Wendt.
c© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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reaction steps are Cyclotene
®

, a monomer for high-performance electronic resins
[10], 5-HT1A agonist (an agonist for a subtype of the 5-hydroxytryptamine (serotonin)
receptor) [11], and the fungicide Boscalid (Figure 10.1) [12].

The inherent green nature of catalysis (green chemistry is the utilization of
a set of principles that reduce or eliminate the use or generation of hazardous
substances in the design, manufacture, and application of chemical products)
[13], where small amounts of a transition-metal complex enables reactions to be
accomplished in an atom- and energy-economic as well as environmentally friendly
way, further underlines the great importance and indispensability of palladium-
catalyzed C–C cross-coupling reactions for the target-oriented synthesis of complex
organic molecules.

Various types of palladium complexes are known to promote these processes, of
which many follow the ‘‘classical’’ Pd0/PdII mechanism, as it is, for example, the
case for [Pd(PPh3)2(OAc)2] or [Pd(PPh3)4]. Other catalysts, such as [Pd(OAc)2] serve
as sources of palladium nanoparticles. Among the plethora of catalytic systems
available to perform C–C cross-coupling reactions, phosphorus ligands and their
palladium complexes constitute the vast majority of the promoters of choice.
Most of the demand for such ligands and catalysts comes from pharmaceutical
industry and academic research, and both have expressed growing interest in latest
innovations in this area. Accordingly, also pincer-type complexes have been applied
in these processes.

10.2
Palladium Pincer Complexes as C–C Cross-Coupling Catalysts

The first pincer-catalyzed cross-coupling reaction was published in 1997 by Mil-
stein and coworkers [14] who successfully applied xylene-derived phosphine-based
palladium pincer complexes such as [{(C6H3)-2,6-(CH2PPri2)2Pd(TFA)}] (TFA, tri-
fluoroacetate) (1, Figure 10.2) as Heck catalysts in the coupling of iodobenzene with
alkyl acrylates. Two years later, Shibasaki and coworkers [15] applied the highly
efficient bis(phosphinto) pincer complex [{C6H3-2,6-(OP(OC6H4-4-OMe)2)2}Pd(I)]
(2, Figure 10.2) in the Heck coupling of iodobenzene and n-butyl acrylate at catalyst
loadings down to 0.1 ppm, for which turnover numbers (TONs) of up to 8 900 000
have been obtained. Excellent catalytic activities and the formation of trisubstituted
olefins from acrylates and aryl halides, as well as conversions of aryl chlorides
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with styrene into trans-stilbenes, have been reported by Jensen and coworkers
[16] in 2000 for the closely related xylene-derived phosphinito pincer complex
[{(C6H3)-2,6-(OP(iPr)2)2Pd(Cl)}] (3, Figure 10.2).

These results impressively demonstrated that seemingly slight structural changes
on pincer-type (Heck) cross-coupling catalysts can dramatically influence their cat-
alytic activity, and hence indicated their great potential in Heck as well as other
cross-coupling reactions. Accordingly, Lee and coworkers [17] reported in 2004 the
first pincer-catalyzed Suzuki–Miyaura cross-coupling reaction, which was catalyzed
by cationic NHC-derived (NHC, N-heterocyclic carbene), phosphine-based pincer
complexes of the type [(NHC)-N,N-(CH2CH2PPh2)2Pd(MeCN)]+ (4, Figure 10.2).
While only moderate catalytic activities were obtained in the Suzuki–Miyaura
reaction, excellent TONs of up to 56 000 000 have been achieved in the Heck
reaction between phenyl iodide and styrene. A year later, Dominguez and cowork-
ers [18] introduced xylene-derived pyrrazole-based NCN pincer catalysts of type 5
(Figure 10.2), which were found to efficiently catalyze the Heck, Suzuki, and Sono-
gashira cross-coupling reaction, and hence are rare examples of generally applicable
pincer-type cross-coupling catalysts and the first ones to be applied in the cross-
coupling of aryl halides and alkynes, the so-called Sonogashira reaction. The first
report on a pincer-catalyzed Stille reaction was published in the same year by Wendt
and coworkers [19] who successfully coupled aryl bromides with trimethylphenyltin
in the presence of [{(C6H3)-2,6-(CH2PPh2)2Pd(TFA)}] (6, Figure 10.2), a xylene-
derived, phosphine-based PCP pincer complex, at loadings as low as 0.0001 mol%
(and TONs of up to 690 000). Palladium pincer-catalyzed versions of the Hiyama
reaction (cross-coupling of aryl halides and arylsilicon compounds) were for the
first time reported by SanMartin and Dominguez and coworkers in 2008 [20].
The authors reported on the synthesis and catalytic activity of a nonsymmetric
PCN-based pincer palladium complex 7 (Figure 10.2) in Suzuki, Sonogashira, and
Hiyama couplings in neat water and NaOH as base. In 2009, Lei and coworkers
[21] successfully applied the alkylpyridine-2,6-dicarbothioamide SNS-based pincer
complex 8 (Figure 10.2) in the Negishi coupling of aryl iodides with alkylzinc
reagents under very mild reaction conditions at loadings down to 0.00001 mol%.

Even though various C–C cross-coupling reactions have been successfully cat-
alyzed with palladium pincer complexes, often with excellent performances [22],
their primarily application nowadays lies in the Heck reaction, of which the role of
pincer-type catalysts in this reaction still is unclear and therefore under debate.

10.3
The Role of Palladium Pincer Complexes in Heck Reactions

Apart from their high catalytic activity in the Heck reaction, palladium pincer-
catalyzed C–C cross-coupling reactions are of particular interest from mechanistic
points of view. While ‘‘classical’’ Pd0/PdII cycles and mechanisms in which
the palladium center of pincer-type cross-coupling catalysts does not change its
oxidation state and has in most cases been excluded to be operative [23], considerable
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experimental evidence for both heterogeneous mechanisms and catalytic cycles
involving the PdII/PdIV redox pair have been obtained for Heck cross-coupling
reactions [22]. This is the reason why the latter mechanisms are controversially
discussed and still are an important part of current research [24].

Even though the oxidation of PdII centers to PdIV intermediates is thermody-
namically disfavored and therefore is usually considered to require strong oxidants,
Milstein and coworkers [14] suggested that the xylene-derived phosphine-based pal-
ladium pincer complex [{(C6H3)-2,6-(CH2PPri2)2Pd(TFA)}] (1) (and closely related
systems) operate via catalytic cycles involving the PdII/PdIV redox pair. PdII/PdIV

mechanisms have primarily been proposed because homogeneous Pd0/PdII cycles
could have been excluded to be operative for these systems (as indicated by the
reactivity pattern of possible intermediate compounds of such mechanisms) and
because of the high thermal stability of palladium pincer complexes, for which no
decomposition was observed at temperatures up to 180 ◦C and after heating solu-
tions of 1 for 2 weeks at 140 ◦C under the reaction conditions applied. The pincer
complexes also did not show any sensitivity toward oxygen and moisture, and that
is why the reactions could also be carried out in air without noticeable changes in
efficiencies or yields. In addition, the catalysts were shown to remain highly active
after completion of the reaction, and, upon addition of more substrates, catalysis
was found to be resumed, leading to the coupling products in the same yields and
rates. Further experimental results, derived from competitive experiments using
(electronically) different aryl iodides and methyl acrylate, gave a linear correlation
with the respective Hammett 𝜎 values and a 𝜌 value which was found to be too
low to fit a rate-determining nucleophilic aromatic substitution but did account
for a subsequent reaction step, such as olefin insertion into the palladium–aryl
bond, instead. The same mechanism was suggested to be operative by Shibasaki
and coworkers [15] for the bis(phosphinto) pincer complex [{C6H3-2,6-(OP(OC6H4-
4-OMe)2)2}Pd(I)] (2). A PdII/PdIV cycle with initial oxidative addition of a vinyl
C–H bond of the alkene on the PdII center of 3 and formation of vinyl PdIV

intermediates was proposed to be operative for the resorcinol-derived, phosphine-
based PCP pincer complex [{(C6H3)-2,6-(OP(iPr)2)2Pd(Cl)}] (3) by Jensen and
coworkers. Sequential reductive elimination of HCl, oxidative addition of the aryl
halide, and reductive elimination of the coupling product were proposed to close
the catalytic cycle (Scheme 10.3) [16b]. The significantly higher catalytic activity
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Scheme 10.3 Proposed catalytic cycle for the Heck reaction of aryl chlorides catalyzed by
[{(C6H3)-2,6-(OP(iPr)2)2Pd(Cl)}] (3).
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of the phosphinito PCP complex 3 when compared with their xylene-derived,
phosphine-based analogs, such as 1, did account for a reductive elimination step to
be rate-determining one in this process.

In 2004, Eberhard [25] demonstrated that phosphinito-based pincer-type Heck
catalysts such as [{(C6H3)-2,6-(OP(iPr)2)2Pd(Cl)}] (3) and related systems serve
as sources of nanoparticles. Sigmoidal-shaped reaction kinetics, positive quan-
titative poisoning experiments with CS2, thiophene, and PPh3, mercury drop
tests, and NMR studies indicated their involvement in the catalytic cycle [26].
Moreover, it was found that pincer complexes possessing only phosphinito donors
decomposed more easily under Heck reaction conditions than those contain-
ing phosphine units, thereby providing an explanation for their higher catalytic
activities. However, a year later, also Weck, Jones, and coworkers [27] proposed
the involvement of palladium nanoparticles in the catalytic cycle of the Heck
reaction for xylene-derived phosphine-based pincer Heck catalysts such as [{4-
(NHCOCH3)(C6H2)-2,6-(CH2P(iPr)2)2Pd(Cl)}] (9) for which complex degradation
was observed at elevated reaction temperatures in the presence of tertiary aliphatic
amines (Scheme 10.4). Computational studies showed that the lowest energy
decomposition path involves sequential β-hydride elimination of a coordinated
amine and formation of an iminium ion and an anionic hydride complex that subse-
quently undergoes ‘‘reductive deprotonation’’ to give anionic halide bisphosphine
palladium(0) complexes, which are suggested to serve as sources of palladium
nanoparticles under Heck reaction conditions.
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Scheme 10.4 Proposed decomposition path of a xylene-derived phosphine-based pincer
complexes in the presence of triethylamine.

High reaction temperatures were found to be crucial for their irreversible
decomposition into nanoparticles, because recent investigations on xylene-derived
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phosphine-based pincer complexes recently showed that reduction of 1 (with metal-
lic sodium) can induce a collapse of the pincer framework and lead to the formation
of dinuclear palladium complexes, containing Pd0 and PdII centers, which readily
undergo reoxidation in the presence of aryl halides upon regeneration of the
pincer framework [28]. However, palladium nanoparticles were also found to be
the catalytically active form of xylene-derived SCS-based pincer catalysts (in which
the sulfur donor atoms bear fluorous alkyl substituents), as observed by Gladysz’s
research group in 2008 [29]. Nanoparticle formation was indicated by the reddish
color of the reaction mixtures in N,N-dimethylformamide (DMF), which is charac-
teristic for palladium nanoparticles [30] as seen also from mercury drop tests and
transmission electron microscopy (TEM). The same conclusion was independently
drawn by Curran and coworkers [31] with a closely related system in the same
year. Palladium nanoparticles were also demonstrated to be the catalytically active
form of Frech’s aminophosphine-based pincer palladium complex [{C6H3-2,6-
(NHP(piperidinyl)2)2}Pd(Cl)] (10), even though experimental and computational
evidence for the thermal accessibility of pincer-type PdIV intermediates in halide
exchange reactions with phenylbromide (to yield the bromo derivative [{C6H3-2,6-
(NHP(piperidinyl)2)2}Pd(Br)] (11)) at 140 ◦C have been obtained as well [24].

Finally, it should be mentioned that two years later, an enantioselective oxidative
(boron) Heck-type reaction was reported by Jung and coworkers [32] for a dinuclear
NHC-derived CNO-based pincer complex for which for the first time a Pd0/PdII

mechanism was suggested to be operative with palladium pincer-type cross-
coupling catalysts. Reaction mechanisms without a change of the palladium’s
oxidation state have never been proposed to be operative for Heck cross-coupling
reactions, but have been shown to be operative for xylene-derived selenium-based
pincer complexes and related systems in the cross-coupling of vinyl epoxides (and
aziridines) with organoboronic acids [24d, 33].

10.3.1
PdII/PdIV Cycles and Palladium Nanoparticle Formation

A mechanistically interesting example of a highly efficient Heck catalyst
is the aminophosphine-based pincer palladium complex [{C6H3-2,6-
(NHP(piperidinyl)2)2}Pd(Cl)] (10) [24a], which was introduced by Frech’s research
group in 2007 [34]. The aminophosphine-based ligand system of 10 was shown
to have the same steric bulk and the σ-donor strength when compared to its
phosphine-based analog but allows (in contrast to phosphines) the donation
of additional electron density from the nitrogen lone pairs toward the P atom,
which was expected to facilitate the thermal accessibility of PdIV intermediates
and hence promote catalytic cycles where PdII/PdIV redox pairs are involved. On
the other hand, the labile character of P–N bonds in aminophosphine-based
ligand systems (sensitivity toward protons; e.g., in form of water) also offers
the possibility to efficiently promote the formation of nanoparticles and hence
reactions that are catalyzed by nanoparticles. An additional advantage of
Frech’s cross-coupling catalyst is its simple and cheap synthesis, which uses



10.3 The Role of Palladium Pincer Complexes in Heck Reactions 257

the dichloro(bis(1,1′,1′′-(phosphinetriyl)tripiperidine))palladium complex as a
template for the reaction with 2,6-diaminobenzene to build up the aromatic
pincer core directly on the metal center (Scheme 10.5). This makes Frech’s pincer
catalyst also attractive from the synthetic (and economic) points of view, because
an independent synthesis of the pincer-type ligand system is unnecessary.
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Scheme 10.5 Synthesis of Frech’s aminophosphine-based pincer complex [{C6H3-2,6-
(NHP(piperidinyl)2)2}Pd(Cl)] (10).

Despite of its cheap and easy accessibility, 10 was found to show excellent
catalytic activities in the Heck, Suzuki, and Sonogashira cross-coupling reactions
and effectively coupled to a wide range of different aryl bromides and boronic
acids/potassium trifluoroborates in air at loadings as low as 0.05 mol%. While
Frech’s pincer catalyst demonstrates high catalytic activity in the Suzuki coupling
[34], its performance in both the Heck reaction and Sonogashira coupling [24a,
35] – the latter reaction even performed under amine- and copper-free reaction
conditions – requires even lower amounts of catalyst. Excellent product yields
with different substrates were obtained at parts per million levels (between 0.2
and 50) reaching TONs of up to 4 900 000 for the Heck reaction and 2 000 000
for the Sonogashira coupling. The potential applicability of Frech’s pincer catalyst
in organic syntheses was recently impressively demonstrated in a comparative
study with two conventional catalysts ([Pd(OAc)2] and [Pd(Cl)2(PPh3)2]) in the
Heck Synthesis of a series of highly functionalized 2,4-diaminopyrimidine-based
antibiotics, which have demonstrated activity against inhalation anthrax [36] and
multi-drug resistant staph [37] (Scheme 10.6). It was found that Frech’s pincer
catalyst was without exception superior to conventional palladium-based Heck
catalysts, giving the desired products in higher yields and with fewer contaminants
that were more easily purified by using catalytic loadings by a factor lower than
ten compared to the other catalysts examined [38]. Moreover, the potential use
of Frech’s pincer catalyst in industrial processes was demonstrated in exemplary
‘‘large scale’’ Heck reactions, where 210 ml (2.0 mol) of phenyl bromide and 250 ml
(2.4 mol) of styrene were quantitatively coupled within 36 h at 140 ◦C in DMF and
K2CO3 in the presence of only ∼0.25 mg (0.00002 mol%) of catalyst; for example,
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100% conversion into 1,1′,1′′-ethene-1,1,2-triyltribenzene was achieved at 160 ◦C
within 24 h upon addition of 1.1 equiv of phenyl bromide to DMF solutions of
(E)-stilbene or 1,1-diphenylethene or by adding 2.2 equiv of phenyl bromide to
DMF solutions of styrene [24a].

An additional advantage of Frech’s palladium pincer cross-coupling catalyst
includes its well-defined fate after catalysis. Treatment of 10 with aqueous
hydrochloric acid and thus under work-up conditions led to a rapid and complete
catalyst degradation, accompanied by the formation of phosphonate, piperidinium
salts, 1,3-diaminobenzene, and other insoluble palladium-containing products,
which were easily separable from the coupling products – an important issue
to be considered in particular for pharmaceutical applications. All these advan-
tages make, [{C6H3-2,6-(NHP(piperidinyl)2)2}Pd(Cl)] (10) attractive for industrial
applications. Indeed, 10 was successfully applied in industry, and nowadays is
commercially available.

Mechanistic studies performed with Frech’s pincer catalyst in the Heck reac-
tion excluded catalytic cycles with the involvement of homogeneous palladium(0)
species, as indicated by the results obtained from the (recently developed) dibenzyl-
test, which is directly applicable under the reactions conditions applied [24a].
Dibenzyl formation was – in contrast to Heck reactions catalyzed by palladium(0)
complexes of type [Pd(PR3)2], where Pd0/PdII cycles are operative – not detectable
by gas chromatography-mass spectrometry (GC/MS) when reaction mixtures of
aryl bromide, olefin, benzyl chloride (∼10 mol% relative to aryl bromide), catalyst,
and base were thermally treated. On the other hand, experimental observa-
tions, such as quantitative poisoning experiments with metallic mercury and
CS2, which were shown to efficiently inhibit catalysis, as well as analysis of
the reaction profiles showed sigmoidal-shaped kinetics with induction periods
and hence indicated that palladium nanoparticles are the catalytically active form
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of Frech’s pincer catalyst. However, even though pincer-type PdIV intermedi-
ates were not involved in the catalytic cycle of the Heck reaction catalyzed by
[{C6H3-2,6-(NHP(piperidinyl)2)2}Pd(Cl)] (10), their thermal accessibility as reac-
tive intermediates was demonstrated by a smooth halide exchange reaction with
10 and phenyl bromide (and formation of 11) in DMF at 100 ◦C, which was
not observable for phosphine- and phosphite-based pincer complexes, such as
1 or 3 [24a]. The involvement of PdIV intermediates in the halide exchange
reaction was confirmed by density functional theory (DFT) calculations: chlo-
ride dissociation from 10 and formation of [{C6H3-2,6-(NHP(piperidinyl)2)2}Pd]+

(10a), which is endothermic by +23.8 kcal mol−1, was found to initiate the reac-
tion sequence and is followed by the oxidative addition of phenyl bromide on the
palladium(II) center of 10a and formation of the cationic PdIV intermediate [{C6H3-
2,6-(NHP(piperidinyl)2)2}Pd(Br)(C6H5)]+ (10b). The oxidative addition process is
only slightly endothermic (+28.8 kcal mol−1) and revealed an energetic barrier of
only +19.9 kcal mol−1. Re-coordination of the chloride ligand and formation of
10c (+25.6 kcal mol−1), and the subsequent reductive elimination of chloroben-
zene, yield [{C6H3-2,6-(NHP(piperidinyl)2)2}Pd(Br)] (11), which was found to be
exothermic by −5.3 kcal mol−1 and is accompanied by a calculated barrier of
+27.8 kcal mol−1 [24a].

In this context, it is interesting to note that aryl palladium(IV) pincer com-
plexes have been recently isolated (or characterized in solution) from stoichio-
metric oxidations of the corresponding pincer palladium(II) derivatives with
hypervalent iodines. Canty and coworkers and van Koten and coworkers [39,
40] successfully oxidized xylene-derived amine-based palladium(II) NCN pin-
cer complexes with the general formula of [{(C6H2)-2,6-(NMe2)2Pd(X)}] (12,
X=OAc or OBz) to the corresponding octahedral six-coordinated palladium(IV)
complexes [{(C6H2)-2,6-(NMe2)2Pd(Cl)2(X)}] (13, X=OBz or OAc) and [{(C6H2)-
2,6-(NMe2)2Pd(CCSiMe3)(OTf)(X)}] (14, X=OBz or OAc) by using PhICl2 and
(Me3SiCC)I(Ph)(OTf), respectively, as oxidants. These results, however, inspired
Szabo and coworkers [24b] in the development of a new palladium pincer-catalyzed
version of the Heck cross-coupling reaction with allyl acetates and hypervalent
iodines of type (Ar)2I(X) as coupling partners, probing Heck cross-coupling reac-
tions that follow PdII/PdIV mechanisms (Scheme 10.6).

Pincer complexes of type [{(C6H2)-2,6-(NMe2)2}Pd(X)] (12, X=OAc or OBz) and
[{(C6H3)-2,6-(OPPh2)2Pd(TFA)}] (15) successfully catalyzed this process. Moreover,
palladium nanoparticles were excluded to be involved in this process, as indicated
by the mercury drop test, and thereby gave the first piece of evidence that catalytic
cycles with the PdIV/PdII redox pair were operative. DFT calculations verified an
eased oxidative addition of hypervalent iodines (when compared to aryl iodides) on
(pincer-type) PdII centers, and consequently supported PdII/PdIV catalytic cycles
to be operative for this process [24b]. The oxidative addition of (Ph)2I(OTf) on the
palladium center of 12 and formation of [{(C6H2)-2,6-(NMe2)2}Pd(Ph)(OTf)(OAc)]
(16, Figure 10.3) was found to be an exothermic process (−6.2 kcal mol−1) with an
activation barrier of 28.1 kcal mol−1. Although the transition state of the oxidative
addition of phenyl iodide on 12 (to form [{(C6H2)-2,6-(NMe2)2}Pd(Ph)(I)(OAc)]
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(17)) was only 5 kcal mol−1 higher in energy, the overall process was strongly
endothermic (+24.9 kcal mol−1), instead (Figure 10.3). The authors concluded that
such small activation barriers for the reverse reaction and the reductive elimination
of aryl iodides from intermediates could generally inhibit the coupling process
under catalytic reaction conditions.

A year later, Blacque and Frech [24c] performed comprehensive DFT studies
on the thermal feasibility of PdII/PdIV cycles in pincer-catalyzed Heck reactions
and convincingly showed that pincer-type PdIV intermediates are indeed thermally
accessible with aryl bromides at elevated temperatures and hence are generally
to be considered as reactive intermediates in pincer-catalyzed reactions with aryl
halides at elevated reaction temperatures (for details, see below). Shortly thereafter,
Vicente and coworkers [41] published the first oxidative addition of an aryl iodide on
the metal center of a palladium(II) pincer complex: 2-iodobenzoic acid was found to
smoothly undergo oxidative addition on the palladium(II) center of [(ONC)Pd(OAc)]
(18) to give two isomeric forms of the respective palladium(IV) complex with
the general formula of [(ONC)Pd(I)(C6H4C(O)O)] (19) (Scheme 10.7). Moreover,
mixtures of both isomers showed (although only very poor) catalytic activity in
the cross-coupling of 2-iodobenzoic acid with methyl acrylate (in the presence of
AgClO4), and hence indicated that pincer PdIV complexes of type 19 could indeed
be intermediates in this process catalyzed by 18.
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Scheme 10.7 Oxidative addition of 2-iodobenzoic acid on the palladium(II) center of
[(ONC)Pd(OAc)] (18).

Even though aminophosphine- and phosphite-based pincer complexes, as well as
other systems such as SCS-based pincer-type Heck catalysts, were shown to serve as
stable and clean sources of palladium nanoparticles in Heck reactions [24a, 25], and
also xylene-derived phosphine-based systems were found to decompose under Heck
reaction conditions in the presence of organic bases and hence palladium nanopar-
ticles generally are considered to be the catalytically active form of palladium pincer
Heck catalysts [27], catalytic cycles with the involvement of PdIV intermediates could
not have been excluded to be operative in pincer-catalyzed versions of the Heck
reaction. In contrast, experimental observations, such as halide exchange reactions
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between phenyl bromide and the aminophosphine-based pincer complex [{C6H3-
2,6-(NHP(piperidinyl)2)2}Pd(Cl)] (10) and the stoichiometric oxidative addition
of 2-iodobenzoic acid on the palladium(II) center of [(ONC)Pd(OAc)] (18) and
formation of the palladium(IV) pincer complex [(ONC)Pd(I)(C6H4C(O)O)] (19),
indicated that catalytic cycles with the involvement of the PdII/PdIV redox pair
are thermally feasible and hence a mechanistic option to nanoparticle-catalyzed
versions of Heck- (and other) cross-coupling reactions [24a, 38]. In order to verify
(or disprove) the thermal feasibility of PdII/PdIV Heck cycles, detailed theoretical
investigations have been performed by Frech’s research group. These studies are
described below and demonstrated for the first time (on a computational basis) that
PdII/PdIV cycles could indeed be operative in polar nonprotic solvents at elevated
temperatures under Heck reaction conditions with pincer-type Heck catalysts and
that mechanisms with PdIV intermediates are a true alternative to catalytic cycles
involving palladium nanoparticles in the Heck reaction.

10.4
Computational Investigations on the Thermal Feasibility of PdII/PdIV Cycles of
Palladium Pincer-Catalyzed Heck Reactions

Frech’s research group presented in 2010 detailed quantum chemical calcula-
tions using DFT on the experimentally applied aminophosphine-, phosphite-, and
phosphine-based pincer-type Heck catalysts [2,6-C6H3(XPR2)2Pd(Cl)] (X=NH,
R= piperidinyl, 10; X=O, R= piperidinyl, 20; X=O, R= isopropyl, 3; X=CH2,
R= isopropyl, 21) with the sterically demanding P(piperidinyl)2 and PiPr2 groups
(Figure 10.4) and the substrates styrene and phenyl bromide, and E-stilbene as the
coupling product and demonstrate the thermal feasibility of PdII/PdIV cycles of
palladium pincer-catalyzed Heck reactions.
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(X=NH, R= piperidinyl, 10; X=O, R= piperidinyl, 20; X=O, R= isopropyl, 3; X=CH2,
R= isopropyl, 21) selected for the computational study published by Frech in 2010.
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10.4.1
Possible Initial Reaction Steps of PdII/PdIV Mechanisms

Pincer-type Heck catalysts, following PdII/PdIV mechanisms, are initiated by
styrene coordination or oxidative addition of phenyl bromide on either the neutral,
square-planar 16e− complexes of type [2,6-C6H3(XPR2)2Pd(Cl)] or their cationic,
T-shaped 14e− analogs with the general formula of [2,6-C6H3(XPR2)2Pd]+. All
possible initiation steps as well as subsequent transformations were preliminarily
investigated with 10, the pincer complex with the largest electron density on the pal-
ladium(II) center used in this study (and, hence, where the most favorable energies
for PdIV intermediates and the corresponding transition states were expected to be
obtained). The energetically most favorable reaction paths were then recalculated
with the other pincer complexes to figure out whether PdIV intermediates are ther-
mally accessible in at least one of the selected systems and how strong the influence
of the modifications on the ground-state energies and the transition states is.

10.4.2
Investigations on Mechanisms Initiated by Oxidative Addition of Phenyl Bromide on
the Palladium(II) Center of [{C6H3-2,6-(NHP(piperidinyl)2)2}Pd(Cl)] (10)

The first PdII/PdIV cycle that was investigated includes initial oxidative addition of
phenyl bromide on the palladium(II) center of [2,6-C6H3(NHP(piperidinyl)2)2Pd]
(10) and formation of the neutral, six-coordinated phenyl pincer complexes of type
[2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(Cl)(C6H5)] (10d) with the metal center in the
oxidation state of +IV. Subsequent halide dissociation followed by the coordination
of styrene (in cis position relative to the phenyl ligand to form 10e) and migration
of the phenyl ligand into the olefinic bond gives the cationic, penta-coordinated
1,2-diphenylethyl complex [2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(CHPhCH2Ph)]
(10f), which could undergo β-hydride elimination and liberate E-stilbene to give
the cationic hydride complex [2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(Cl)(H)] (10g).
Deprotonation of 10g closes the catalytic cycle (Scheme 10.8).
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Oxidative addition of phenyl bromide on 10 and the formation of complexes of
type 10d and 10d′ (to enter the catalytic cycle shown in Figure 10.5) was found to be
strongly endothermic: the transition state traversed for the formation of 10d, char-
acterized by a significant elongation of the Br–C bond and a relative trans position
of the phenyl group with respect to the chloride ligand and perpendicular to the
equatorial plane between the halogens, was calculated to be 63.4 kcal mol−1 relative
to the ground-state energies of the isolated reactants (Figure 10.5). Thus, even
though subsequent Br–C bond breakage and formation of the neutral, octahedral
[2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(Cl)(C6H5)] (10d) with the palladium center
in the oxidation state of +IV is stabilized by 38.0 kcal mol−1 relative to the transition
state (the ground state energy of 10d is 25.4 kcal mol−1), the oxidative addition
process is thermally not accessible. The situation is the same for its structural
isomer 10d′ (with the phenyl ligand in trans position relative to the aromatic pincer
core), which was found to have a significantly higher ground-state energy than
10c (the ground-state energy of 10d′ is 45.1 kcal mol−1) with an energetic barrier
of 71.8 kcal mol−1 above the energy of the ground-state reactants (Figure 10.5).
Accordingly, catalytic cycles involving oxidative addition processes of aryl bromides
on the palladium(II) centers of neutral, four-coordinated 16e− pincer-type Heck
catalysts are too high in energy and hence cannot be operative in the Heck reac-
tion, and that is why subsequent transformations involving 10d or 10d′ were not
investigated further.

10.4.3
Investigations on Mechanisms Initiated by Styrene Coordination and/or Chloride
Dissociation

Other mechanisms that were envisaged to be operative in the Heck cou-
pling include cycles initiated by the coordination of styrene on 10 with the
formation of neutral, square-pyramidal complexes of type [2,6-C6H3(NHP
(piperidinyl)2)2Pd(Cl)(CH2=CHPh)] (10h). Subsequent reaction steps that were
investigated included the oxidative addition of the vinyl C-H bond of coordinated
styrene (to yield the phenylethenyl hydride complex 10i), HCl elimination (to
form 10j) followed by the oxidative addition of phenyl bromide with formation
of 10k, reductive elimination of E-stilbene yielding 11 (path A, Scheme 10.9),
chloride dissociation (to give the cationic, square-planar styrene adducts of type
[2,6-C6H3(NHP(piperidinyl)2)2Pd(CH2=CHPh)]+ (13l)), and further reaction
steps, such as the oxidative addition of the vinyl C-H bond and formation of type
[2,6-C6H3(NHP(piperidinyl)2)2Pd(H)(CH=CHPh)]+ (10m). Although seemingly
less likely, alternative routes including the dissociation of one of the phosphine
arms from 10h and the formation of neutral, square-planar styrene complexes of
type 10n (path B, Scheme 10.9) which either could undergo oxidative addition of
the vinyl C–H bond of styrene to yield phenylethenyl hydride complexes such as
10o and HCl elimination to merge into reaction path A or oxidatively add phenyl
bromide to give the neutral, hexa-coordinated phenyl pincer complexes with the
general formula [2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(Cl)(CH2=CHPh)(C6H5)]
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(10p) were considered as well. Subsequent migration of the phenyl ligand into the
olefinic bond of 10p (to give 10q), β-hydride elimination (either prior to phosphine
re-coordination or after halide dissociation), and consecutive liberation of E-styrene
with the formation of the neutral palladium hydride complex [2,6-C6H3(NHP
(piperidinyl)2)2Pd(Br)(Cl)(H)] (10r) and HCl elimination would close the catalytic
cycle. An alternative path to close the catalytic cycle includes chloride dissociation
from 10p and formation of the cationic phenylethenyl complexes with the gen-
eral formula [2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(CHPhCH2Ph)(C6H5)] (10s),
sequential β-hydride elimination, E-stilbene liberation, and deprotonation via either
the penta-coordinated cationic [2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(H)]+ (10t)
or the cationic styrene adduct [2,6-C6H3(NHP(piperidinyl)2)2Pd(PhHC=CHPh)]+

(10u). Also, combined routes such as the formation of [2,6-C6H3(NHP(piperidi-
nyl)2)2Pd(Br)(CHPhCH2Ph)(C6H5)] (10s) via migration of the phenyl ligand into
the olefinic bond of 10d were considered to be operative. An overview with all the
reaction steps investigated is given in Scheme 10.9.

Coordination of styrene on the palladium(II) center of 10 and formation of
its styrene adduct [2,6-C6H3(NHP(piperidinyl)2)2Pd(Cl)(CH2=CHPh)] (10h) was
found to be endothermic by 26.8 kcal mol−1. However, even though the initial
styrene adduct formation might occur under Heck reaction conditions, subsequent
oxidative addition of the vinyl C-H bond (path A, Scheme 10.9) and formation
of the octahedral palladium phenylethenyl hydride complex [2,6-C6H3(NHP
(piperidinyl)2)2Pd(Cl)(H)(CH=CHPh)] (10i), similar to the mechanism proposed
for the resorcinol-derived, phosphine-based PCP pincer complex [{(C6H3)-2,6-
(OP(iPr)2)2Pd(Cl)}] (3) (Scheme 10.3), cannot occur. The corresponding energetic
barrier (TS10h/10i) is 70.5 kcal mol−1 relative to the energy of the isolated reactants
and 43.7 kcal mol−1 relative to 10h which is far too high to be part of the catalytic
cycle. Although breakage of the C–H bond would lead to a stabilization of
8.2 kcal mol−1, the formation of 10i was found to remain greatly endothermic (by
35.5 kcal mol−1 relative to 10h). Thus, reaction paths traversing phenylethenyl
hydride intermediates of type [2,6-C6H3(XPR2)2Pd(Cl)(H)(CH=CHPh)] were
excluded to be operative in pincer-catalyzed Heck reactions.

Similarly, although dissociation of one of the phosphine arms of [2,6-
C6H3(NHP(piperidinyl)2)2Pd(Cl)(CH2=CHPh)] (10h) and formation of 10n
might indeed occur under catalytic reaction conditions (the formation of
10n was calculated to be endothermic by 9.7 kcal mol−1), phosphine arm
dissociation is not relevant for the catalytic cycle because chloride dissociation
(from 10h) and formation of the cationic square-planar styrene adduct
[2,6-C6H3(NHP(piperidinyl)2)2Pd(CH2=CHPh)]+ (10l) is thermodynamically and
kinetically favored over the formation of 10n. Notably, the formation of 10l
was found to be even more favored by the initial dissociation of the chloride
ligand from 10 (to yield 10a) and subsequent coordination of styrene (see
below); thus, reaction paths involving 10n are not relevant for the catalytic cycle.
Indeed, ground-state energies of two exemplary isomeric structures with the
general formula [2,6-C6H3(NHP(piperidinyl)2)2Pd(H)(CH=CHPh)] (10o) and
[2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(Cl)(CH2=CHPh)(C6H5)] (10p) showed that
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oxidative addition of either the vinyl C–H bond of styrene or phenyl bromide
on the palladium(II) center of 10n is strongly endothermic: their ground-state
energies were calculated to be 64.7 and 71.0 kcal mol−1, respectively, which are too
high to be part of catalytic cycles in palladium pincer-catalyzed Heck reactions.

Similarly, although dissociation of the chloride ligand of 10 (prior to an
oxidative addition of phenyl bromide or a coordination of styrene) resulted
in the cationic, T-shaped 14e− complex [2,6-C6H3(NHP(piperidinyl)2)2Pd]+

(10a) with a ground-state solvent-corrected energy of only 23.8 kcal mol−1, the
subsequent styrene coordination (to yield the cationic square planar styrene
complex [2,6-C6H3(NHP(piperidinyl)2)2Pd(CH2=CHPh)]+ (10l)) is exothermic by
13.6 kcal mol−1 (with a relative ground-state energy of 10.2 kcal mol−1) and hence
indicated that styrene adducts of 10a (10l) are present in the reaction mixtures
of the Heck reaction, either as an intermediate in the catalytic cycle or more
likely as resting states of the catalytic mechanism to provide more facile access to
10a. Subsequent oxidative addition of the vinyl C–H bond on their palladium(II)
centers and formation of the cationic palladium phenylethenyl hydride complexes
with the general formula of [2,6-C6H3(XPR2)2Pd(H)(CH=CHPh)]+ (10m) was
found to be far too high in energy to be thermally accessible under Heck reaction
conditions: the ground-state energy of the phenylethenyl hydride complex 10m
was calculated to be 72.3 kcal mol−1 higher than those calculated for the reactants
(Figure 10.6).

On the other hand, the oxidative addition of phenyl bromide on 10a to give the
cationic five-coordinated PdIV complex [2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(C6

H5)]+ (10b) with the phenyl ligand positioned cis to the aromatic unit of
the pincer core is only slightly endothermic. Complex 10b has a computed
ground-state energy of only 28.8 kcal mol−1, which lies 5.0 kcal mol−1 above
the sum of the ground-state energies of the reactants. The corresponding
transition state was found to be only 19.9 kcal mol−1 higher than the calculated
energy for the isolated reactants, and thus is thermally accessible. Oxidative
addition of phenyl bromide on the palladium(II) center of 10a results in the
cationic penta-coordinated bromo phenyl pincer complex 10b. Subsequent
coordination of styrene trans to the aromatic unit of the pincer core (cis
coordination of styrene relative to the phenyl ligand is required for an ensuing
phenyl migration into the olefinic bond of styrene) yielded the hexa-coordinated
18e− complex [2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(C6H5)(CH2=CHPh)]+

(10d) with a relative ground-state energy of 45.1 kcal mol−1. Migration of the
phenyl ligand into the olefinic bond was found to be strongly exothermic
(ΔE = 38.2 kcal mol−1) and gives the cationic 1,2-diphenylethyl palladium complex
[2,6-C6H3(NHP(piperidinyl)2)2Pd(Br)(CHPhCH2Ph)]+ (10s) with a relative
ground-state energy of only 6.9 kcal mol−1. An agostic interaction of one of the CH2

hydrogen atoms of the 1,2-diphenylethyl ligand eases the subsequent β-hydride
elimination and hence the formation of cationic pincer hydride complex with the
formula [2,6-C6H3(NHP(piperidinyl)2)2Pd(H)(Br)(PhCH=CHPh)]+, which was
found to undergo direct deprotonation. The resulting cationic E-stilbene complex
[2,6-C6H3(NHP(piperidinyl)2)2Pd(PhCH=CHPh)]+ (10u) has a ground-state
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energy of 6.3 kcal mol−1. Subsequent E-stilbene liberation and formation of 10a is
endothermic by 17.5 kcal mol−1 and closes the catalytic cycle (Figure 10.7).

The energetic situation is similar with phenyl iodide as substrate: the ground-
state, solvent-corrected energy of 10a is 22.2 kcal mol−1 higher than those of 10 and
phenyl iodide. Subsequent oxidative addition of phenyl iodide on the palladium(II)
center of 10a and formation of [2,6-C6H3{NHP(piperidinyl)2}2Pd(I)(C6H5)]+ (10bI),
the iodide derivative of 10b, has a computed ground-state energy of 26.3 kcal mol−1,
which is 4.1 kcal mol−1 higher than the sum of the ground-state energies of the
reactants. The corresponding transition state is 16.3 kcal mol−1 higher in energy
than calculated for the isolated reactants and thus compares well with the results
obtained for phenyl bromide.

10.4.4
PdII/PdIV Cycle Proposed for Palladium Pincer-Catalyzed Heck Reactions

The lowest energy reaction path for E-stilbene formation (path C, Scheme 10.9)
is the only thermally accessible catalytic cycle calculated for 10 and hence the
generally proposed mechanism for palladium pincer complex-catalyzed Heck
reactions (Scheme 10.10).

This reaction sequence was recalculated for 3, 20, and 21 (Figure 10.4) and shows
the expected trend: the higher the electron density on the metal center, the lower
the ground state energies and energetic barriers (Figure 10.8).
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For example, whereas chloride dissociation from the aminophosphine catalyst 10
and the phosphine-based palladium pincer complex [2,6-C6H3(CH2PiPr2)2Pd(Cl)]
(21) were found to be endothermic by only 23.8 and 23.7 kcal mol−1,
respectively, a ground-state energy of 27.5 kcal mol−1 was calculated for
[2,6-C6H3(OP(piperidinyl)2)2Pd(Cl)] (20). The highest ground-state energy
was found for the phosphinito pincer complex [2,6-C6H3(OPiPr2)2Pd(Cl)] (3)
(30.7 kcal mol−1), the one with the lowest electron density on the metal center. The
situation is the same for the oxidative addition of phenyl bromide and formation
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of the cationic phenyl pincer complexes of type [2,6-C6H3(XPR2)2Pd(Br)(Ph)]+

(X=NH, R= piperidinyl, 10b; X=O, R= piperidinyl, 20b; X=O, R= isopropyl,
3b; X=CH2, R= isopropyl, 21b), whose formations were found to be endothermic
only slightly (<10 kcal mol−1) but accompanied by energetic barriers within
the range of 20–25 kcal mol−1. Even though styrene coordination on the
palladium(II) centers of 10a, 20a, 3a, and 21a was found to be exothermic by
13.6 kcal mol−1 for 10a, 17.6 and 17.0 kcal mol−1 for 20a and 3a, respectively,
and 10.6 kcal mol−1 for 21a and therefore generally favored over the oxidative
addition of phenyl bromide on cationic, T-shaped 14e− complexes of type
[2,6-C6H3(XPR2)2Pd]+, styrene adduct formation did not prevent the oxidative
addition process. In contrast, styrene coordination and formation of complexes
of type [2,6-C6H3(XPR2)2Pd(CH2=CHPh)]+ (X=NH, R= piperidinyl, 10l; X=O,
R= piperidinyl, 20l; X=O, R= isopropyl, 3l; X=CH2, R= isopropyl, 21l) was
found to be crucial for electron-poor pincer complexes such as 20 and 3 because
their styrene adducts provide an energetically more favorable access to the cationic,
T-shaped 14e− complexes of type [2,6-C6H3(XPR2)2Pd]+ – the key intermediates of

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 10.9 DFT reaction profiles of the ini-
tial reaction steps of the Heck cycle catalyzed
by pincer-type Heck catalysts (according to
Scheme 10.10), exemplarily depicted for 3 for
electron-poor palladium pincercomplexes (left)

and for 10 for electron-rich pincer complexes
(right), demonstrating the importance of the
catalyst’s resting state. (Energies (in italics)
are in kilocalories per mole and relative to the
ground-state reactants.)
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the catalytic cycle. Hence, complexes of type [2,6-C6H3(XPR2)2Pd(CH2=CHPh)]+

are the catalysts’ resting states (Figure 10.9 and Scheme 10.10). Moreover,
whereas chloride dissociation from 10 and 21 was found to be energetically
favored over styrene adduct formation (by ∼3 kcal mol−1), coordination of styrene
and consecutive dissociation of the chloride ligand and styrene is energetically
preferred for pincer complexes with low electron densities on the metal center:
styrene adduct formation on the palladium(II) centers of [2,6-C6H3(XPR2)2Pd(Cl)]
(X=O, R= piperidinyl, 20; X=O, R= isopropyl, 3) is endothermic by 23.3 and
28.3 kcal mol−1, respectively, and hence favored over chloride dissociation by 4.2
and 2.4 kcal mol−1, respectively.

However, the next reaction steps, the coordination of styrene on
the palladium(IV) centers of the phenyl pincer complexes of type [2,6-
C6H3(XPR2)2Pd(Br)(C6H5)]+ (X=NH, R= piperidinyl, 10b; X=O, R= piperidinyl,
20b; X=O, R= isopropyl, 3b; X=CH2, R= isopropyl, 21b) and formation
of the hexa-coordinated phenyl styrene complexes with the general formula
of [2,6-C6H3(XPR2)2Pd(Br)(C6H5)(CH2=CHPh)]+, are endothermic by only
16.3 kcal mol−1 for 10d, 12.1 kcal mol−1 for 20d, 12.7 kcal mol−1 for 3d, and
14.2 kcal mol−1 for 21d. In contrast, migration of the phenyl ligand into the
olefinic bond to give the cationic penta-coordinated phenylethenyl complexes
of type [2,6-C6H3(XPR2)2Pd(Br)(CHPhCH2Ph)]+ and subsequent β-hydride
elimination leads to the direct liberation of HBr and thus to the formation of
cationic E-stilbene complexes [2,6-C6H3(XPR2)2Pd(PhCH=CHPh)]+ (X=NH,
R= piperidinyl, 10u; X=O, R= piperidinyl, 20u; X=O, R= isopropyl, 3u;
X=CH2, R= isopropyl, 21u), which is greatly exothermic (by ∼40 kcal mol−1) for
all derivatives. E-stilbene liberation regenerates the catalyst and is endothermic by
∼20 kcal mol−1 (Figure 10.8).

10.4.5
Heck Reactions Catalyzed by Palladium Pincer Complexes: PdII/PdIV Cycles and/or
Palladium Nanoparticle Formation

These computational investigations showed for the first time that catalytic cycles
with the involvement of PdIV intermediates are indeed thermally accessible for
palladium pincer complexes under Heck reaction conditions and hence are a
true alternative to palladium nanoparticle-catalyzed versions of the Heck reaction.
This, however, does not imply that PdII/PdIV mechanisms are operative in any
case for palladium pincer complexes in the Heck reaction. In contrast, palladium
nanoparticles have been often shown to be the catalytically active form of pincer-
type Heck catalysts, as it is, for example, the case for the aminophosphine-based
palladium pincer Heck catalyst [2,6-C6H3(NHP(piperidinyl)2)2Pd(Cl)] (10) (under
the reaction conditions applied) – the pincer complex with the highest electron
density on the metal center and thus where the lowest energy path was calculated.
Therefore, it is reasonable to anticipate that palladium pincer Heck catalysts
exist that operate via PdII/PdIV mechanisms whereas others serve as sources of
palladium nanoparticles. This hypothesis got strong experimental support from
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Heck reactions catalyzed by 10, performed with phenyl bromide and n-butyl
acrylate in NMP at 140 ◦C with 0.01 mol% of catalyst and K2CO3 as base. Whereas
dramatically retarded conversion rates were observed with the phosphine-based
pincer complex 21 in the presence of 1-methyl-1,4-cyclohexadiene [42], only a
marginal effect was noticed under identical reaction conditions with catalyst 10
(as well as with 3). These results exclude the possibility that the catalytically
active species derived from 10 (or 3) and from 21 are of the same type, and
in turn imply that different reaction mechanisms can indeed be operative with
different pincer complexes in Heck reactions (and most probably also in other
cross-coupling reactions). Therefore, its reasonable to anticipate that palladium
pincer Heck catalysts can operate via homogeneous (PdII/PdIV) mechanisms and
serve as sources of palladium nanoparticles, depending on the reaction conditions
applied.

10.5
Theoretical Investigations on a Pincer-Catalyzed Negishi Cross-Coupling Reaction

The proposed catalytic cycle for palladium pincer-catalyzed Heck reactions was
supported by experimental and computational investigations performed with
the recently introduced adamantyl-derived phosphine-based palladium pincer
Negishi catalyst [C10H13-1,3-(CH2P(Cy2)2)Pd(Cl)] (22, Scheme 10.11) for which
a strongly related mechanism was found to be operative [43]. Whereas experi-
mental investigations, including analysis of kinetic reaction profiles, quantitative
poisoning experiments performed with PPh3 and thiophene, and the mercury drop
test, excluded biaryl formation mediated by palladium nanoparticles, a homoge-
neous mechanism with initial chloride dissociation and formation of the cationic,
T-shaped 14e-complex [C10H13-1,3-(CH2P(Cy2)2)Pd]+ (22a) and subsequent oxida-
tive addition of aryl bromides (Ar′Br) with formation of cationic, penta-coordinated
palladium(IV) aryl pincer complex [C10H13-1,3-(CH2P(Cy2)2)Pd(Br)(aryl′)]+ (22b)
was found to initiate the Negishi cross-coupling reaction. These initial reaction steps
are the same as those found for pincer-catalyzed Heck reactions (Scheme 10.10).
However, subsequent transmetallation with Zn(aryl)2 and formation of cationic
diaryl pincer complexes of type [C10H13-1,3-(CH2P(Cy2)2)Pd(aryl)(aryl′)]+ (22c),
followed by reductive elimination of the coupling products (path C, Scheme 10.11),
closes the catalytic cycle of the Negishi reaction and is the only mechanism that
explains all experimental observations, such as the rarely observed formation of
homocoupled side products, the prominent solvent and temperature effects, the
effects observed upon addition of tetrabutylammonium bromide, the dramatic
drop in activity when {2-[(dimethylamino)methyl]phenyl}(phenyl)zinc instead of
diarylzinc or chloro(aryl)zinc reagents was used, the absence of Schlenk equilibria
and hence [44] the smooth product formation obtained in cross-coupling reactions
performed with zinc reagents prepared from their lithiated precursors, and the
retarding effect observed upon addition of MgBr2⋅Et2O or why the Kumada reaction
is not promoted by 22.
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The experimentally deduced mechanism was confirmed by DFT studies, which
showed (although Pd halide–Zn interactions were not included in these cal-
culations) that, even though the neutral phenyl pincer complex [C10H13-1,3-
(CH2P(Cy2)2)Pd(C6H5)] (22d) is formed under Negishi reaction conditions (its
solvent-corrected ground state energy lies +14.5 kcal mol−1 above the sum of ener-
gies calculated for the reactants), 22d is not relevant for the catalytic cycle, as
subsequent oxidative addition of phenyl bromide and formation of the neutral,
hexa-coordinated diphenyl pincer complex 22e or one of its structural isomer (path
A in Scheme 10.11) is strongly endothermic. The solvent-corrected ground-state
energies are +37–41 kcal mol−1 higher than the sum of the ground-state energies
calculated for the reactants and hence are thermally not accessible. Similarly,
even though biaryl formation via four-center transition states, such as TS22d/23

(path B, Scheme 10.11), neither could be verified nor disproved by DFT cal-
culations, such mechanisms would imply (high) catalytic activity of 22 in the
Kumada reaction and hence were excluded to be operative. On the other hand,
initial chloride dissociation and formation of the cationic, T-shaped 14e− complex
22a and the subsequent oxidative addition of phenyl bromide and formation of
the cationic penta-coordinated palladium(IV) phenyl pincer complex [(C10H13-1,3-
(CH2PCy2)2)Pd(Br)(C6H5)]+ (22b) with the aromatic unit positioned cis to the
aliphatic pincer core (path C, Scheme 10.11) have computed ground-state energies
of +16.6 kcal mol−1 (22a) and +32.2 kcal mol−1 (22b), and hence are only slightly
endothermic. The energetic barrier of the oxidative addition of an aryl bromide
on the metal center of 22a (the rate-determining step of the catalytic cycle) was
not calculated in this study but is expected to be between 25 and 30 kcal mol−1,
which is of the same order of magnitude as that calculated for the xylene-derived,
phosphine-based palladium pincer complex TS21a/21b (Figure 10.8). However, the
subsequent transmetallation with diphenylzinc and formation of the cationic penta-
coordinated PdIV diphenyl complex [(C10H13-1,3-(CH2PCy2)2)Pd(C6H5)2]+ (22c)
and bromo(phenyl)zinc has a computed solvent-corrected ground-state energy
of +44.5 kcal mol−1, which is only +12.3 kcal mol−1 higher than the sum of the
ground-state energies of the reactants. The reductive elimination of biphenyl
is strongly exothermic (ΔE =−28.0 kcal mol−1) and closes the catalytic cycle. The
slight structural change for the reductive elimination of biphenyl from 22c indicates
a significantly smaller energetic barrier for the reductive elimination process than
for a second transmetallation step and hence would explain why homocoupling
has only rarely been observed as side a reaction.

10.6
Concluding Remarks

Palladium-catalyzed C–C cross-coupling reactions belong to the most important
types of catalytic carbon–carbon bond-forming reactions and are nowadays an
indispensable tool for the target-oriented synthesis of complex organic molecules
across all research fields and industrial segments. Various types of palladium
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complexes are known to promote these processes, which either follow Pd0/PdII

mechanisms or serve as sources of palladium nanoparticles. Accordingly, also
pincer complexes have been applied in these processes. However, even though
pincer complexes typically are considered to serve as stable sources of palladium
nanoparticles, controversial PdII/PdIV mechanisms have often been proposed to be
operative, even though oxidation of PdII centers to PdIV intermediates is a thermo-
dynamically disfavored process for which strong oxidants usually are assumed to be
required. In order to confirm the thermal accessibility of such mechanisms under
Heck reaction conditions, computational investigations were performed, which
demonstrated the thermal accessibility of PdII/PdIV mechanisms in polar non-
protic solvents at elevated temperatures and identified cationic complexes of type
[2,6-C6H3(XPR2)2Pd]+ (a, Scheme 10.10) as key intermediates in such processes.
Therefore, it is reasonable to anticipate that palladium pincer (Heck) cross-coupling
catalysts can operate via PdII/PdIV mechanisms whereas others serve as sources of
nanoparticles. Moreover, it is possible that palladium pincer Heck catalysts either
operate via homogeneous (PdII/PdIV) mechanisms or serve as sources of palladium
nanoparticles, depending on the reaction conditions applied.
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11
Reactions of Square-Planar d8 Pincer Complexes with Oxygen
and Hydrogen
Wilson D. Bailey, Marie V. Parkes, Richard A. Kemp, and Karen I. Goldberg

11.1
Introduction

Pincer complexes of the late transition metals have found significant use in catalysis
[1–10]. Not only do pincer ligands commonly provide catalysts with unusually high
degrees of thermal stability, but the ease by which these ligands can be electronically
and sterically tuned allows them to be very effective in improving the reactivity and
selectivity of catalytic systems [11]. The optimization of late-metal pincer systems
for particular catalytic reactions is often assisted by mechanistic understanding of
the fundamental reaction steps that comprise the catalytic cycle. In turn, the highly
stable pincer-ligated complexes are ideally suited for the detailed mechanistic work
needed to gain this knowledge. Using pincer complexes as model compounds
researchers have carried out numerous kinetic and mechanistic studies on a
wide variety of essential reactions in organometallic chemistry. The fundamental
understanding of reactions ranging from small molecule insertions, to β-hydride
eliminations and abstractions, to oxidative additions and reductive eliminations
has benefited from the rigid and robust pincer framework [12].

In particular, pincer ligands have been very useful for studying reactions of
transition-metal complexes with oxygen and hydrogen. For example, studies have
been carried out on reactions of late-metal hydrides with molecular oxygen to gen-
erate metal hydroperoxide complexes and the reaction of late-metal hydroxides with
hydrogen to release water and regenerate the metal hydride. These two reactions
are particularly important as they may be key transformations in the direct partial
oxidation of organic substrates by O2. General methods for the selective oxidation of
organics by molecular oxygen have the potential to streamline chemical production
with minimal environmental impact. There have been extensive research efforts in
both academic and industrial laboratories focused on this formidable goal [13–21].
An ambitious target is the selective oxidation of alkenes to epoxides using molecular
oxygen, a heterogeneously catalyzed reaction that is effective only for ethylene and
1,3-butadiene, two alkenes that do not contain allylic hydrogens [22]. Partial oxida-
tion of propylene to propylene oxide (PO) is one of the many important industrial
processes that could be revolutionized by a direct oxygen oxidation route. Current
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methods for PO production involve the use of more expensive and/or hazardous
oxidants such as chlorine, organic hydroperoxides, or hydrogen peroxide [21]. In
2008, the world production of PO was over 8 billion kg/year, making it one of the
top five mass-produced chemicals by oxidation [21]. Establishing a catalytic route
to PO production through partial oxidation of propylene by clean, abundant, and
readily available O2 would be of great benefit to the chemical industry.

In 1984, Strukul et al. documented the first group VIII metal epoxidation
catalyst [23], followed by in-depth studies of that system [24, 25]. This study
garnered particular interest because of the fact that most previous epoxidation
catalysts were oxophilic early transition-metal complexes (Mo, V, W, Cr, Ti, Mn)
[26–31]. While Strukul’s system used H2O2 rather than O2 as the oxidant, the
use of a less oxophilic late-transition metal such as platinum in a homogeneous
catalytic system was a remarkable advance. Strukul demonstrated that the square-
planar [(diphoe)Pt(CF3)(solv)]BF4 (diphoe, cis-1,2-bis(diphenylphosphino)ethene;
solv=CH2Cl2) complex could epoxidize R–CH=CH2 (R=CH3, C4H9, C6H13)
with H2O2 as the oxidant achieving turnover numbers (TONs) up to 325 (Scheme
11.1) [25]. Investigations in his laboratory led to the mechanistic proposal that
the system operated in a bimolecular manner. The PtII center performed two
different tasks: one platinum complex coordinated the olefin (A), thus increasing
its electrophilicity, while another platinum center activated H2O2 (B) by forming
a nucleophilic platinum hydroperoxide (Pt–OOH) species (Scheme 11.2). This
hydroperoxo species attacked the bound olefin, eliminating the desired epoxide,
and a platinum hydroxide (Pt–OH) species which was then converted back to the
Pt–OOH using H2O2 [25].

R

R = CH3,C4H9,C6H13

2.3 mol% [Pt]

H2O2 35%, CH2Cl2, 25 °C R

O

Pt

Ph2
P

CF3

solv

P
Ph2

BF4

[Pt] =

Scheme 11.1 Epoxidation of olefins by [(diphoe)Pt(CF3)(solv)]BF4 catalyst [25].

Soon after Strukul’s PtII system for olefin epoxidation was published, Wenzel
proposed a catalytic cycle for epoxidation employing a similar PtII center but using
molecular oxygen rather than hydrogen peroxide as the oxidant [32]. The proposed
cycle with a general metal M is shown in Scheme 11.3. The cycle begins with a
metal hydride (M–H) species undergoing a reaction with O2 to form a M–OOH
species (1). Next, O-atom transfer to an olefin occurs, forming the epoxide and
M–OH products (2). This M–OH species can then undergo hydrogenolysis to
re-form the M–H and water, which is the only byproduct (3). While this exciting
proposal incorporated Strukul’s observation of oxygen transfer from a platinum
hydroperoxide to an olefin, the other steps in the cycle – insertion of molecular
oxygen into a late-metal hydride bond and hydrogenolysis of a late metal hydroxide
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Scheme 11.2 Bimolecular catalytic epoxidation mechanism of [(diphoe)Pt(CF3)(solv)]BF4
[25]. (Adapted with permission from [25]. Copyright 2012, American Chemical Society.)
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Scheme 11.3 Proposed catalytic cycle for the epoxidation of olefins by molecular oxygen.

[32–38] – have limited precedent in the literature [20, 39–54]. Furthermore, Wenzel
[32] found that the key insertion of O2 into the Pt–H bond of (diphoe)Pt(H)CF3

was challenging (Scheme 11.4). At elevated temperatures in the presence of radical
initiators, a Pt–OOH species could be detected, but only in minor amounts (25%).
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Vazo 52 initiator
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Ph2
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OOH
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[Pt]-H, [Pt]-CN,

contaminant
+

Scheme 11.4 Attempt at O2 insertion into a Pt–H bond (Wenzel’s system) [32].
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However, this experiment provided a proof of principle that, under appropriate
conditions, O2 can insert into a late-metal hydride bond.

A notable aspect of the Strukul system is that only one of the sites in the square
plane of the metal center is utilized. Thus, a pincer ligand could be an ideal partner
for this application, as it could lend the potential metal catalyst a high degree of
robustness and still allow for reactivity at one site in the square plane. Wenzel’s
investigations pointed out the challenge of insertion of molecular oxygen into a
PtII –H bond, but oxygen insertion into PdII –H bonds may be an easier reaction. In
fact, insertion of molecular oxygen into PdII –H bonds has been proposed as a key
step in a number of palladium-catalyzed oxidations [15]. In 2006, utilizing a pincer
ligand framework, we reported the first direct observation of molecular oxygen
insertion into a PdII –H bond [47]. The pincer complex (tBuPCP)PdH (tBuPCP,
2,6-bis(ditbutylphosphino)methylbenzene) (1) underwent insertion of molecular
oxygen to generate the palladium hydroperoxide complex (tBuPCP)PdOOH (2).
The pincer ligand stabilized both the starting complex and the product and, as
such, allowed for a detailed study of the mechanism of the insertion reaction.
Furthermore, the pincer motif was used to show the generality of this dioxygen
insertion reaction with a variety of palladium pincer hydride complexes [48, 55,
56]. Experimental and computational results presented some notable trends and
predictions for this reaction [57, 58]. The same pincer motif also allowed detailed
studies of hydrogenolysis reactions of Pd–O bonds, and information about this
reaction is presented below [37, 38]. Importantly, the hydrogenolysis of a Pd–OH
bond would represent the last step in Wenzel’s proposed olefin epoxidation cycle
using molecular oxygen as an oxidant and a late-metal hydride as a catalyst. The
strongly binding tridentate pincer ligand again provided the various complexes
with high stability, which allowed a full study of the mechanism of hydrogenolysis
[38]. The use of a hemilabile pincer ligand illustrated the importance of the
more typical tridentate configuration in achieving the desired reactivity [59]. As
the hydrogenolysis of metal hydroxides has been proposed in other important
transformations [60, 61], the mechanistic insight obtained from these studies
should also assist in the design of more efficient catalysts for a variety of reactions.

11.2
Insertion of Molecular Oxygen into Late-Transition Metal Hydride Bonds

Our nascent understanding of the mechanisms of dioxygen insertion into late-
metal hydrides has grown significantly in the past several years. Discrete examples
of this relatively uncommon reaction have been observed and studied in detail,
and common mechanisms are beginning to emerge. The first reported example of
direct insertion of O2 into a PdII –H bond was observed by our groups using the
pincer complex (tBuPCP)PdH (1), which reacted with molecular oxygen to form the
η1-hydroperoxo species (tBuPCP)PdOOH (2) (Scheme 11.5) [47]. The hydroperoxide
complex was fully characterized, including by X-ray crystallography. The hydroxide
species (tBuPCP)PdOH (3) was detected as a minor product in the reaction (with the
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Scheme 11.5 Direct insertion of O2 into the Pd–H bond of 1 [47]. (Adapted with permis-
sion from [47]. Copyright 2006, American Chemical Society.)

ratio of 2 : 3 being 25 : 1). Notably, the palladium hydroperoxide PdOOH 2 gradually
decomposed to the palladium hydroxide complex 3 over time.

The insertion of O2 into the Pd–H bond of 1 was readily monitored by 1H and
31P{1H} NMR spectroscopy, and the reaction was found to proceed with a second-
order rate law, first order in [1] and first order in [O2]. No experimental evidence
for a radical process was found; the rates were reproducible and no effects of light
or radical inhibitors on the reaction were observed. A kinetic isotope effect (KIE)
of kH/kD = 5.8(5), measured using the analogous palladium deuteride complex,
(tBuPCP)PdD, implicated the breaking of the Pd–H bond in the rate-determining
step of the reaction.

The unsaturated nature of the square planar d8 palladium(II) center in the
starting hydride could allow molecular oxygen to bind prior to insertion. In this
way, a pathway similar to CO migratory insertion could be envisioned. However,
computations found no evidence for such coordination of molecular oxygen to the
open site at palladium [57]. Instead, a weak interaction between the hydride and
free O2 occurred. This interaction initiated an elongation of the Pd–H bond, which
ultimately resulted in the breaking of the Pd–H bond and formation of an O–H
bond (Figure 11.1). The resulting ∙OOH fragment then rapidly recombined with the
Pd∙ to form the Pd–OOH product. This pathway has been referred to as a hydrogen
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Figure 11.1 Computed reaction coordinate for the insertion of O2 into the PdII –H bond of
the pincer complex (PCP)PdH [57]. (Reprinted with permission from [57]. Copyright 2006,
American Chemical Society.)

atom abstraction (HAA) pathway because the hydrogen atom is formally abstracted
from the palladium by the oxygen. A similar type of insertion mechanism was
recently proposed for an IrIII –H molecular oxygen reaction [49, 62]. As described
below, a key factor in the ease of this reaction for (tBuPCP)PdH appears to be the
strong trans donor ability of the aryl within the pincer ligand.

Notably, insertion of molecular oxygen into a PdII –H bond in which the
ancillary ligand was not a pincer was observed by Stahl [63–66]; however, a
very different mechanism was found in this system. The biscarbene complex
trans-(IMes)2Pd(H)(X) (X=O2CAr) was reported to insert molecular oxygen by
a pathway involving HX reductive elimination (HXRE), followed by O2 coor-
dination, and finally protonation of the Pd0 peroxo complex to form the final
trans-(IMes)2Pd(OOH)(X) species. Following these initial results, the Stahl group
[66] reported a Hammett study of the reaction, wherein they investigated substitu-
tion of the benzoate ligand in the para position. They found that, by increasing the
electron-donating ability of the ligand trans to the hydride, a mechanistic crossover
from an HXRE pathway to an HAA pathway was observed. In essence, a strong
trans donor promotes an HAA pathway for the insertion of molecular oxygen into
the Pd–H bond.

The initial experimental results of O2 insertions were followed with computa-
tional studies of pincer ligated PdII –H complexes [58]. Both the Pd–H dipoles
and the Pd–H bond lengths were evaluated for a series of complexes with varying
pincer donor atoms (CNC, NNN, PNP, PPP, PCP, NCN, SCS, PCN, CCC, PCO,
PSiP, and OCO). Of the 49 complexes evaluated for O2 insertion, 6 were chosen
for detailed reaction coordinate calculations (Scheme 11.6). The six compounds
spanned a range of calculated Pd–H bond dipoles, 𝜇, found by multiplying the dif-
ferences in atomic charge between the palladium and hydride by the bond length.
No correlation between Pd–H bond dipole and transition state energy was found,
indicating that a proton abstraction mechanism was unlikely. Instead, a correlation
between Pd–H bond lengths and the transition state energy was noted. An inverse
relationship was revealed: as the bond length increased, the transition state barrier
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Scheme 11.6 Compounds chosen for reaction coordinate study based on CHELPG-charge
derived palladium(II) hydride bond dipole [58, 67].

decreased. This dependence of the reaction facility on palladium hydride bond
length supports the HAA mechanism and also emphasizes the importance of a
strong trans donor.

A series of pincer ligated palladium(II) complexes containing a strong
σ-donor aryl ring trans to the hydride were examined experimentally for their
O2 reactivity (Scheme 11.7). The palladium(II) hydride complexes of iPrPCP
(2,6-bis(diipropylphosphino)methylbenzene) [55], CyPCP (2,6-bis(dicyclohexylphos-
phino)methylbenzene) [55], PNCNP (2,6-bis(ditbutylphosphino)aminobenzene)
[56], and POCOP (2,6-bis(ditbutylphosphino)oxybenzene) [56] were synthesized
and were each exposed to molecular oxygen. The isopropyl and cyclohexyl
analogs of 1 were found to react similar to 1, each producing the corresponding
hydroperoxide in good yield [55]. For example, with 3.4 atm of O2 at room
temperature, 50% of the (iPrPCP)Pd-H 4 reacted to form the hydroperoxide
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Scheme 11.7 Insertion of O2 into PdII –H bonds of pincer complexes containing aryl back-
bones [55, 56].
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(iPrPCP)Pd–OOH 5 (40%) and hydroxide (iPrPCP)Pd–OH 6 (10%) complexes
within 20 min. The reaction of the pincer bearing nitrogen bridges in the backbone,
PNCNP complex 10, with 7 atm of O2 went to completion in 1 h, forming the
corresponding hydroperoxide and hydroxide complexes (PNCNP)PdOOH (11) and
(PNCNP)PdOH (12), respectively [56]. While this reaction occurred at a similar
rate as that of 1, the stability of the product species was greatly reduced compared
to 1, and further decomposition to intractable products was observed in a span
of 10 h. The oxygen-bridged complex 13 reacted considerably more slowly with
oxygen when compared to 1 or the PNCNP derivative 10. With 7 atm of molecular
oxygen, nearly 10 h was required to produce the corresponding hydroperoxide
and hydroxide, (POCOP)PdOOH (14) and (POCOP)PdOH (15), respectively.
Perhaps because of the longer reaction times, the product mixtures after complete
conversion of the starting hydride 13 contained a large amount of palladium
hydroxide 15 (about 25%). When a sample of 13 was pressurized with only 1 atm
of O2, the only product that was observed was the hydroxide 15. It appeared that
the hydroperoxide species 14 was reasonably unstable, and decomposed to the
hydroxide 15 at a similar rate as its formation under 1 atm of O2. Similar to the
PNCNP system, the completed reaction mixture was monitored over 10 h and
further decomposition to intractable products was observed.

The O2 reactivity of the analogous platinum complex (tBuPCP)PtH [68] (16) was
also investigated [56]. When a solution of 16 in C6D6 was subjected to O2 pressures
up to 7 atm at room temperature, no evidence of any reaction was detected.
Heating of the reaction mixture to 100 ◦C yielded no reaction over 3 days, and
further heating to 125 ◦C ultimately yielded degradation of 16, with no hydroxo or
hydroperoxo species ever observed. Thus, while the trans-aryl group of the (tBuPCP)
ligand is a strong enough donor to promote the insertion of molecular oxygen into
the palladium hydride of 1, the greater strength of the platinum(II) hydride bond
appears to inhibit a similar reaction for 16. In contrast to the platinum complex,
(RPCP)NiH (R= iPr, Cy) complexes reacted quickly with molecular oxygen at room
temperature [55]. Within minutes, multiple unidentified products were observed by
NMR spectroscopy, as well as signal broadening, presumably from paramagnetic
species. No Ni(II) hydroperoxide species were isolated or observed in these
reactions. It was proposed that the (RPCP)NiH complexes reacted with molecular
oxygen to produce highly reactive Ni–OOH species that quickly decomposed into
intractable products. Analysis of the reaction mixtures by GC/MS showed evidence
for acetone when R= iPr, and cyclohexanone when R=Cy. It was suggested that
a Ni–OOH species was generated and was responsible for oxidation of the pincer
ligand substituents, as no degradation was observed when the analogous NiII –Cl
complexes were exposed to O2. A similar trend, with respect to Ni, Pd, and Pt, was
found in a series of group 10 hydrides employing an anionic asymmetric PhPNPR

pincer ligand based on a bis(tolyl)amine framework (R= iPr, Cy) [69]. While the
hydride (PhPNPR)NiH reacted very quickly with O2 to form intractable products, the
PdII analog was found to react over a day with O2 (5 atm) to form (PhPNPR)PdOOH
and (PhPNPR)PdOH complexes. Similar to observations with (tBuPCP)PtH, the
platinum analog (PhPNPR)PtH showed no reactivity with O2 over several days.
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Notable in the reactions discussed above involving hydride complexes of palla-
dium, nickel, and platinum is that no cooperative reactivity of the pincer ligands
with molecular oxygen was observed. The structure of the pincer ligands presented
is presumably important in promoting reaction at the M–H bond (e.g., trans
influence of the aryl group) and also in inhibiting reactions of the ligands directly
with molecular oxygen. Previous studies of molecular oxygen reactions involving
five-coordinate platinum(IV) species with anionic bidentate ligands were shown
to be susceptible to backbone oxidation by formal cycloaddition [70, 71]. Other
small molecule activations through metal–ligand cooperativity have been observed
by systems with similar reactive sites in the backbone of pincer ligands [5, 72,
73]. Thus, the choice of the pincer ligand will be critical to promoting specific
reactions of metal centers with molecular oxygen. Pincer ligands lacking basic sites
in the backbone and bearing a strong central donor atom are likely to be the most
favorable for directing the insertion of molecular oxygen into a late-transition metal
hydride bond.

11.3
Hydrogenolysis of Late-Transition Metal Hydroxide and Alkoxide Complexes

Hydrogenolysis of a palladium hydroxide species would release water and gener-
ate a palladium hydride complex, while hydrogenolysis of a palladium alkoxide
would release an alcohol. Notably, hydrogenolysis of a M–O bond is the catalyst
regeneration step in Wenzel’s proposed catalytic cycle for olefin epoxidation [32].
A hydrogenolysis reaction wherein a metal hydride is generated from a metal
hydroxide or metal alkoxide could also serve as a general catalyst regeneration step
for other transformations. However, there are few well-characterized examples of
this fundamental reaction in the literature. This scarcity may be due in part to
the paucity of mononuclear hydroxide and alkoxide complexes of the late metals
[74–76]. The tridentate design and the stability of the pincer motif has allowed
the isolation and study of such mononuclear complexes of late transition met-
als [38, 59, 77–79]. The hydrogenolysis reactions of (tBuPCP)PdOR (R=H, Me,
Ph, Np, CH2CF3, CH2CHF2, and CH2CH2F) [38] and (PCO)PdOH (tBuPCO, 2-
(ditbutylphosphino)methyl-6-(methoxy)methylbenzene) [59] have been investigated
and mechanisms for these reactions have been proposed.

Upon pressurization of a solution of the palladium hydroxide complex
(tBuPCP)Pd–OH (3) in C6D6 with 7 atm of H2 at room temperature, quantitative
conversion to the Pd–H complex 1 was observed over 60 h (Scheme 11.8) [37,
38]. Unusual kinetics were observed for this reaction as the reaction rate was
first order in [H2] but only half-order in [3] [38]. Well-behaved kinetic behavior
was also observed only when the reaction was carried out in the presence of an
excess of water. Notably, water was found to inhibit the reaction rate and, with
water being a product of the reaction, it was important to keep the concentration
of water constant through the use of an excess of water. It was initially thought
that the inhibition by water was due to an equilibrium effect, essentially pushing



290 11 Reactions of Square-Planar d8 Pincer Complexes with Oxygen and Hydrogen

Pd

PtBu2

PtBu2 PtBu2

PtBu2

OH Pd H
7 atm H2

C6D6, 298 K
+ H2O

[PdOH]2 · nH2O

PdH + H2O

2PdOH + nH2O

PdOH + H2

k1

k2

k−1

3 1

Scheme 11.8 Hydrogenolysis of (tBuPCP)PdOH (3) [38]. (Adapted with permission from
[38]. Copyright 2011, American Chemical Society.)

the reaction backwards toward palladium hydroxide. However, it was later
determined that the half-order term with respect to 3 and the effect of water on
the reaction could be explained by the formation of a water-bridged dimer of 3.
X-ray structures of both the monomeric Pd–OH 3 and a water-bridged dimer
(grown in the presence of water) were also reported (Figure 11.2) [38, 80]. Under
the reaction conditions, an equilibrium between the water-bridged dimer and the
monomer was established. The kinetic behavior was shown to be consistent with
hydrogenolysis occurring by reaction of the monomeric species 3 with hydrogen.

P1
O3

O1

O2′

O3′

O2

O1′

P2′

Pd1′

P1′

C1′

Pd1C1

P2

Figure 11.2 Single-crystal structure of the water-bridged dimer of 3. Ellipsoids are shown
at 50% probability, and hydrogen atoms are omitted for clarity [38, 80]. (Adapted with per-
mission from [38]. Copyright 2011, American Chemical Society.)
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Several mechanisms were proposed for the actual hydrogenolysis of the
monomeric Pd–OH complex 3: (A) oxidative addition of hydrogen, (B) a
four-centered transition state with an intramolecular proton transfer (internal
electrophilic substitution, IES) [81, 82], or (C) the deprotonation of a four-coordinate
dihydrogen complex by dissociated hydroxide (Scheme 11.9) [38]. With excess
water slowing the rate of hydrogenolysis, a mechanism involving dissociation
of hydroxide (path C) was considered unlikely. No experimental evidence was
available to distinguish between paths A and B. The results of density functional
theory (DFT) computations at the B3LYP/LACVP** level of theory on this
tBuPCP-Pd system supported that the reaction proceeds via the four-centered
transition state shown in path B (ΔG‡ = 25.7 kcal mol−1). Oxidative addition of
hydrogen to produce the Pd(IV) intermediate (ΔG= 40.9 kcal mol−1) shown in
Scheme 11.9 was far too high in energy.
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Scheme 11.9 Possible mechanistic pathways for the hydrogenolysis of 3 [38]. (Adapted
with permission from [38]. Copyright 2011, American Chemical Society.)

To complement the PCP work described above, further calculations were
performed to examine the effects of commonly used donor atoms other than
phosphorus cis to the palladium–hydride bond [58]. Neutral two-electron donor
atoms or groups investigated included nitrogen (NCN), sulfur (SCS), heterocyclic
carbenes (CCC), and ethers (OCO). Consistent with the results found with tBuPCP,
in all cases the IES pathway B was significantly favored over the oxidative addition
route A. Quite interestingly, in the case of the less strongly bound OCO ligand
(hemilabile ether groups), an IES transition state could not be located. Rather,
the calculations found hydrogenation across the Pd–OH bond with concomitant
dissociation of a pincer ether arm. This difference in reactivity between ligands
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with and without hemilabile groups foreshadowed the unexpected experimental
reactivity seen using the related hemilabile PCO ligand (see below).

The strongly binding RPCP pincer ligand also provided the opportunity to
study the mechanism of hydrogenolysis of palladium alkoxide complexes [38].
Hydrogenolysis would yield an alcohol and generate a metal hydride, a reaction
that could potentially be incorporated as a catalyst regeneration step in the produc-
tion of alcohols. Without the tridentate chelation of the pincer ligand, β-hydride
elimination might be expected to be favored over the proposed hydrogenolysis. The
hydrogenolysis of the simple methoxide analog of 3, (tBuPCP)PdOCH3 (17), was
investigated. Under a pressure of 7 atm of H2, a solution of 17 in C6D6 converted
to 1 and methanol in high yield (96%) over a period of 3 days. However, kinetic
studies of this reaction were complicated by a hydrolysis reaction wherein adven-
titious water resulted in the formation of 3 and methanol. Attempts to minimize
the hydrolysis reaction by adding methanol to shift the equilibrium back toward
17 led instead to alcohol-assisted dissociative β-hydride abstraction (DBHA) [83].
Thus, the pincer ligand was able to adequately protect the complex from ancillary
ligand loss which led to β-hydride elimination, but the propensity of the alkoxide
to dissociate in the presence of alcohol promoted the DBHA pathway.

Further studies of Pd–OR hydrogenolysis were conducted with –OR substituents
lacking β-hydrogens to prevent any complications due to DBHA. The phenoxide
and neopentoxide analogs (tBuPCP)PdOPh (18) and (tBuPCP)PdONp (19) were
synthesized and their reactions with hydrogen studied. The phenoxide 18 was
found to be resistant not only to DBHA (lacking any β-hydrogens) but also to
hydrolysis. Unfortunately, the hydrogenolysis reaction was thermodynamically
unfavored. Under conditions of 7 atm of hydrogen in a C6D6 solution at room
temperature, the hydrogenolysis of 18 to the hydride 1 only proceeded to 20%
conversion. The thermodynamics of this reaction was convincingly demonstrated
by the reaction of phenol with the palladium hydride 1 which proceeded to form
the palladium phenoxide 18 and H2. The difference in the thermodynamics of the
reaction compared to that of the hydrogenolysis of the palladium methoxide was
explained by the difference of the pKa of phenol versus methanol. Surprisingly,
the neopentoxide analog 19 also did not undergo hydrogenolysis under 7 atm of
H2, even after heating above 100 ◦C. In this case, the steric bulk about the Pd(II)
center was proposed to hinder the four-centered transition state postulated for the
less hindered hydroxide and methoxide complexes 3 and 17, respectively.

The hydrogenolysis of pincer palladium alkoxide complexes containing electron-
withdrawing fluorine groups was also investigated. The fluorinated ethoxide ligands
were expected to disfavor the DBHA decomposition pathway [84]. Unfortunately,
the more heavily fluorinated derivatives 2,2,2-trifluoroethanol (pKa = 12.4) and 2,2-
difluoroethanol (pKa = 13.3) were acidic enough to make the thermodynamics of
hydrogenolysis unfavorable [85]. Addition of either of these alcohols to the hydride 1
led to complete conversion to hydrogen and the alkoxy species (tBuPCP)PdOCH2CF3

(20) or (tBuPCP)PdOCH2CHF2 (21) [38]. However, the monofluorinated species
(tBuPCP)PdOCH2CH2F (22) was found to be stable to both hydrolysis and DBHA
decomposition, and susceptible to hydrogenolysis in excess 2-fluoroethanol (FE)
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(Scheme 11.10). Kinetic studies found that the hydrogenolysis reaction was first
order in both [22] and [H2]. A mechanism similar to that proposed for the
hydrogenolysis of the hydroxide 3 was then invoked for the hydrogenolysis of the
pincer palladium alkoxide complexes.

PtBu2 PtBu2

PtBu2PtBu2

Pd OCH2CH2F + H2

C6D6

xs FE
333 K

Pd H + HOCH2CH2F

22 1

Scheme 11.10 Hydrogenolysis of (tBuPCP)PdOCH2CH2F (22) [38].

The importance of a strongly binding pincer system in these hydrogenolysis
reactions became evident when the reaction of H2 with (tBuPCO)PdOH (23), a
complex bearing a hemilabile pincer, was studied [59]. In contrast to the reaction
of (tBuPCP)PdOH (3) with H2, exposure of 23 to 7 atm of H2 at room temperature
did not yield a palladium(II) hydride product. Instead, a palladium(0) bisphosphine
complex (24) was formed as shown in Scheme 11.11. The difference in reactivity
between the two palladium hydroxide complexes was attributed to the hemilabile
ether arm, which can dissociate allowing the operation of other reaction pathways.
Following deuterium labeling studies, it was proposed that the reaction of 23 with
H2 likely operates by displacement of the ether arm by dihydrogen, followed by
IES. Reductive elimination of the aryl and the hydride ligands leads to palladium(0)
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Scheme 11.11 Possible mechanism for the decomposition of (tBuPCO)PdOH (23) to
(tBuPCO)2Pd0 (24) under 7 atm of H2 [59]. (Adapted with permission from [59]. Copyright
2011, American Chemical Society.)
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(Scheme 11.11). As both palladium black and free ligand are observed in this
reaction, it was proposed that the monophosphine palladium(0) species binds
an additional tBuPCO ligand to form the observed product. The identity of the
product (tBuPCO)2Pd0 (24) was confirmed by independent synthesis. Note that this
different behavior of a hemilabile ligand in a hydrogenolysis reaction was also
found computationally (see above).

11.4
Summary

The pincer ligand framework provides a powerful motif for the stabilization of
late-transition metal complexes. The rigid tridentate design has allowed detailed
studies of the insertion of molecular oxygen into palladium hydride bonds to form
palladium hydroperoxide moieties and of hydrogenolysis reactions of palladium
hydroxide and alkoxide bonds to regenerate palladium hydrides. Both these reaction
classes are potential key players in methods for the selective partial oxidation of
organics. For example, a pathway for olefin epoxidation is proposed to involve
insertion of molecular oxygen into a late-transition metal hydride bond to produce
a late-metal hydroperoxide species. Following transfer of the oxygen to the olefin
substrate, hydrogenolysis of the resulting late-metal hydroxide would regenerate
the metal hydride complex. The cycle as pictured in Scheme 11.3 for a square-planar
d8 metal center involves using only one site in the square plane for reactions. The
system is perfectly set up for a pincer ligand design that protects the metal center
by strongly binding to the three remaining sites.

As detailed above, a strong trans influence donor in the central site of the pincer
lengthens the palladium hydride bond, making it more susceptible to insertion of
molecular oxygen via an HAA pathway. Hydrogenolysis of palladium hydroxide
and alkoxide complexes are proposed to operate through a four-centered transition
state by an IES pathway. The strongly coordinating tridentate structure of the pincer
ligand is key to preventing alternative decomposition pathways. Of note is the fact
that the hydrogenolysis of alkoxide complexes can be complicated by competitive
hydrolysis and DBHA pathways that can operate even with the strongly binding
pincer ligand motif. Overall, the pincer ligands through their stabilization of the
reactants and products have allowed the detailed mechanistic study of the reactions
of late-metal complexes with molecular oxygen and hydrogen. The robust nature
of these ligands in turn will allow them to be incorporated into catalytic cycles
to accomplish such challenging reactions as organic oxidations using molecular
oxygen.

Acknowledgment

We thank the Department of Energy (DE-FG02-06ER15765) for support.



References 295

References

1. van der Boom, M.E. and Milstein, D.
(2003) Chem. Rev., 103, 1759.

2. Singleton, J.T. (2003) Tetrahedron, 59,
1837.

3. Benito-Garagorri, D. and Kirchner, K.
(2008) Acc. Chem. Res., 41, 201.

4. Milstein, D. (2010) Top. Catal., 53,
915.

5. Gunanathan, C. and Milstein, D. (2011)
Acc. Chem. Res., 44, 588.

6. Niu, J.-L., Hao, X.-Q., Gong, J.-F., and
Song, M.-P. (2011) Dalton Trans., 40,
5135.

7. Albrecht, M. and Lindner, M.M. (2011)
Dalton Trans., 40, 8733.

8. Haibach, M.C., Kundu, S., Brookhart,
M., and Goldman, A.S. (2012) Acc.
Chem. Res., 45, 947.

9. St John, A., Goldberg, K.I., and
Heinekey, D.M. (2013) Top. Organomet.
Chem., 40, 271.

10. Van Koten, G. and Milstein, D. (eds)
(2013) Organometallic Pincer Chemistry,
Topics Organometallic Chemistry, vol.
40, Springer, Heidelberg.

11. Roddick, D.M. (2013) Top. Organomet.
Chem., 40, 49.

12. Albrecht, M. and van Koten, G. (2001)
Angew. Chem. Int. Ed., 40, 3750, and
references therein.

13. Arndtsen, B.A., Bergman, R.G., Mobley,
T.A., and Peterson, T.H. (1995) Acc.
Chem. Res., 28, 154.

14. Stahl, S.S. (2005) Science, 309, 1824.
15. Stahl, S.S. (2004) Angew. Chem. Int. Ed.,

43, 3400.
16. Wu, W. and Jiang, H. (2012) Acc. Chem.

Res., 45, 1736.
17. Punniyamurthy, T., Velusamy, S., and

Iqbal, J. (2005) Chem. Rev., 2329.
18. McCoy, M. (2001) Chem. Eng. News, 43,

19.
19. Mills, G.A. (1994) Catal. Today, 22, 179.
20. Boisvert, L. and Goldberg, K.I. (2012)

Acc. Chem. Res., 45, 899.
21. Cavani, F. and Teles, J.H. (2009) Chem-

SusChem, 2, 508.
22. Monnier, J.R. (2001) Appl. Catal. A, 221,

73.
23. Strukul, G. and Michelin, R.A. (1984)

J. Chem. Soc., Chem. Commun., 1538.

24. Strukul, G. and Michelin, R.A. (1985)
J. Am. Chem. Soc., 107, 7563.

25. Sgarbossa, P., Scarso, A., Strukul,
G., and Michelin, R.A. (2012)
Organometallics, 31, 1257.

26. Sheldon, R.A. (1980) J. Mol. Catal., 7,
107.

27. Katsuki, T. and Sharpless, K.B. (1980)
J. Am. Chem. Soc., 102, 5974.

28. Zhang, W., Loebach, J.L., Wilson, S.R.,
and Jacobsen, E.N. (1990) J. Am. Chem.
Soc., 112, 2801.

29. De Vos, D.E., Sels, B.F., and Jacobs,
P.A. (2003) Adv. Synth. Catal., 345, 457.

30. Mizuno, N., Yamaguchi, K., and
Kamata, K. (2005) Coord. Chem. Rev.,
249, 1944.

31. Sumitomo Chemical Co., Ltd (2006)
Development of New Propylene Oxide
Process, Vol. 2006-I.

32. Wenzel, T.T. (1991) Stud. Surf. Sci.
Catal., 66, 545.
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80. Johansson, R., Öhrström, L., and Wendt,
O.F. (2007) Cryst. Growth Des., 7, 1974.

81. Cundari, T.R., Grimes, T.V., and
Gunnoe, T.B. (2007) J. Am. Chem.
Soc., 129, 13172.

82. Oxgaard, J., Tenn, W.J. III,, Nielsen,
R.J., Periana, R.A., and Goddard, W.A.
III, (2007) Organometallics, 26, 1565.

83. Smythe, N.A., Grice, K.A., Williams,
B.S., and Goldberg, K.I. (2009)
Organometallics, 28, 277.

84. Smith, M.B. and March, J. (2001)
March’s Advanced Organic Chemistry:
Reactions, Mechanisms, and Structure,
5th edn, John Wiley & Sons, Inc., New
York, p. 1176.

85. Ballinger, P. and Long, F.A. (1960)
J. Am. Chem. Soc., 82, 795.





299

Index

a
acetoxylation 109–111
alkenes
– arylation 107–109
– C–H borylation 112–114
allyl acetates arylation 108
amides synthesis 15
– from alcohols and amines 15–18
– from esters and amines 18–20
– polyamides synthesis from diols and

diamines 20–24
ammonia activation 217–218
appended functionality 71
– coplanar with pincer chelate
– – pyridine-2,6-dicarboxamide systems

84–85
– – systems incorporating

2,2′:6′,2′′-terpyridine 75–84
– design criteria 72
– – supramolecular architectures 73–75
– – transition-metal catalysis 72–73
– not coplanar to pincer chelate
– – ENE pincer systems 86–87
– – PCP pincer systems 88
– – PEP pincer systems 88–90
– – pyridine-2,6-diimine systems 90–91
atom-transfer radical addition (ATRA) and

polymerization reactions (ATRP)
46–48

– carbon–heteroatom coupling reactions
62–65

– C–C cross-coupling reactions 54–62
– Heck reaction 48–54

b
benzyl amine synthesis 103, 105–107
bond activation by metal–ligand cooperation

3–4

c
carbometallated PC(sp3) P complexes

synthesis and coordination behavior
215–216

– acyclic PC(sp3) P complexes coordination
flexibility 216–217

carbon–carbon bond-forming reactions
141–142

– Kumada–Corriu–Tamao coupling
118–129

– Mizoroki–Heck reaction 140
– Negishi coupling 132–139
– Sonogashira coupling 139
– Suzuki–Miyaura coupling 129–132
carbon–carbon coupling reactions 221–223
carbondioxide
– activation 225
– reduction with trialkylsilanes 174
carbon–heteroatom
– bond-forming reactions 143–144
– coupling reactions 62–65
catalysis, by pincer complexes 1–2
– amides synthesis 15
– – from alcohols and amines 15–18
– – from esters and amines 18–20
– – polyamides synthesis from diols and

diamines 20
– bond activation by metal–ligand cooperation

3–4
– esters synthesis 4
– – cross-esters synthesis from primary and

secondary alcohols 9–11
– – polyesters synthesis from diols 11,

13–15
– – from primary alcohols 4–9
– – by secondary alcohols acylation 9, 11–13
– peptides synthesis from β-amino alcohols

24–26

Pincer and Pincer-Type Complexes: Applications in Organic Synthesis and Catalysis, First Edition.
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