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Supervisor’s Foreword

With the incredible development of theoretical methods and computer hardware,
computational chemistry has become a practical and essential tool in understanding
reaction mechanism. When facing realistic questions raised from flask, communi-
cation between theory and experiment is critical. Applications of computational
chemistry are also facilitated by aids of various experimental techniques providing
mechanistic insights. In this thesis, Dr. Gui-Juan Cheng investigated reaction
mechanism with computational chemistry and mass spectrometry. In particular, a
novel approach combining ion-mobility mass spectrometry and theoretical calcu-
lations was introduced as an addition to the toolbox for mechanistic study.

This dissertation focuses on the topic of C–H activation. Selective functional-
ization of ubiquitous C–H bonds provides an efficient synthetic strategy and
experienced a remarkable development in recent years. Dr. Gui-Juan Cheng con-
ducted detailed and systematic studies on a series of prominent C–H activation
reactions which are recognized as breakthroughs in this field. The critical issues
including the active form of catalyst, the role of ligand and additives, the origins of
regio- and enantio-selectivity were investigated.

Several new mechanisms have been established in this dissertation. Chapter 2
proposes an unprecedented dimeric Pd2(OAc)4 or PdAg(OAc)3 as the possible
active catalyst for C–H activation. It successfully accounts for the experimentally
observed meta-selectivity, and expands our understanding of the active form of
palladium catalyst. Chapters 3 and 4 reveal the role of mono-N-protected amino acid
(MPAA) ligands in Pd-catalyzed C–H bond functionalization and uncover a novel
C–H activation model which accounts for the improved reactivity and selectivity.
Further work obtains experimental supports for the novel C–H activation mecha-
nism and proposes a chirality-relay model which successfully predicts the
enantioselectivities of a range of asymmetric C–H activation reactions. Chapter 5

v



involves a sp3 C–H cross-dehydrogenative coupling reaction and provides details of
mechanistic profiles. Overall, the studies of this dissertation provide deeper
mechanistic understandings as well as novel C–H activation models and offers
guidance for optimizing or designing ligands and reactions.

Shenzhen, China
March 2017

Prof. Yun-Dong Wu
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Chapter 1
General Introduction

Abstract This chapter provides a general introduction to the main topics of the
present thesis. In the first part of this chapter, the advantages and challenges of
direct C–H activation, recent progresses in meta–selective C–H activation as well as
asymmetric C–H activation and functionalization will be briefly reviewed. In the
second and third parts of this chapter, introductions to mass spectrometry and
computational chemistry as well as their applications in mechanistic studies will be
presented.

1.1 Introduction to C–H Activation

1.1.1 Advantages and Challenges of Direct C–H Activation

Using environmentally benign reagents, improving synthetic efficiency and
reducing side products are important goals for modern synthetic organic chemistry
[1–3]. Traditional organic synthesis methods highly rely on the transformation of
functional groups. For example, the transition metal-catalyzed cross-coupling
reactions (Suzuki coupling [4], Still coupling [5], Heck reaction [6, 7] and Negishi
coupling [8]) provide important approaches for constructing C–C and C–X
(X = heteroatom) bonds and are widely applied in academic research and industry.
These coupling methods have greatly promoted the development of organic syn-
thesis. The 2010 Nobel Prize was awarded to the three chemists: Richard F. Heck,
Ei-ichi Negish, and Akira Suzuki for their outstanding contributions in Pd-catalyzed
cross-coupling reactions [9]. However, these coupling reactions which are based on
the transformation of functional groups use prefunctionalized substrates and gen-
erate a large amount of by-products (e.g., metal halides).

C–H bond is the most common chemical bond which exists ubiquitously in
almost all organic compounds, ranging from simple hydrocarbon molecules to
complex pharmaceutical molecules and polymer materials. C–H activation
undoubtedly offers a powerful tool for the direct conversion of ubiquitous C–H
bonds into diverse functional groups. It also provides an unprecedented discon-
nection strategy for constructing C–C and C–X bonds, thus providing new ideas for

© Springer Nature Singapore Pte Ltd. 2017
G.-J. Cheng, Mechanistic Studies on Transition Metal-Catalyzed C–H Activation
Reactions Using Combined Mass Spectrometry and Theoretical Methods,
Springer Theses, DOI 10.1007/978-981-10-4521-9_1
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the retrosynthetic analysis of complex target molecules. Compared to traditional
methods based on functional groups transformations, the direct C–H activation
approaches are more atom- and step-economical and environmentally friendly since
no prefunctionalization step is required which will simplify the synthesis process
and reduce by-products.

Reactivity Problem. However, C–Hbonds are generally viewed as inert chemical
bonds due to their high bond energy and low polarity. Transition metals were found to
be able to promote the C–Hbond cleavage. The generated metal–carbon bond is more
reactive than C–H bond which can undergo further transformations under milder
conditions. Various transition metals (e.g., Pd, Ni, Rh, Ru, Co, Cu, Fe) have been
applied in C–H activation and functionalization. Transition metal-catalyzed C–H
activation has revolutionized the synthetic field and found versatile applications in the
synthesis of natural products, pharmaceutical molecules, and other organic com-
pounds. In recent decades, the direct C–H activation has become one of the most
active research fields and made much outstanding progress [10–17].

Selectivity Problem. Despite these advances, the control of selectivity remains a
significant challenge for direct C–H activation. Because C–H bonds widely present
in organic molecules, it is critical to differentiate C–H bonds and selectively activate
the desired C–H bond. One of the approaches to control selectivity is based on the
electronic effect. One example is the classic electronic aromatic substitution (SEAr)
reaction in which the electron-donating substituent directs the electrophile to the
ortho and para position, while the electron-withdrawing substituent direct the
electrophile to the meta position. But this method always generates multisubstituted
products. On the other hand, this approach is limited to the electron-rich arenes
since the electron-poor arenes usually lack reactivity.

Control Site-selectivity by Electronic Effect. Fagnou and coworkers have
developed the intermolecular arylation reactions of electron-poor arenes (Eqs. 1.1
and 1.2) [18, 19]. Opposite to the selectivity observed in traditional SEAr reactions,
they found that the electron-donating group, methoxyl group, directs the reaction to
occur at the meta position while the electron-withdrawing group leads to ortho
product. Computational studies revealed that the reaction operates through proton
transfer mechanism instead of the traditional SEAr mechanism. Therefore, the
reaction selectively activates the most acidic C–H bond.

ð1:1Þ

ð1:2Þ
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Control Site-selectivity by Steric Effect. Another strategy to control the
selectivity of C–H activation reactions is differentiating C–H bonds by steric fac-
tors. For instance, the olefination reaction of N–Bn-protected indole (6) generates
products 7 and 8 in a ratio of 2.1:1 because these two C–H bonds at the 2- or 3-
position of 6 have similar reactivities (Eq. 1.3). When the electron-withdrawing
groups such as Ac, Boc, or TS groups are used as protecting group, the reactivity of
the C–H bond at 2-position is significantly higher than the C–H bond at 3-position
and the selectivity is increased to be 95:5. While the bulky group,
2,4,6-triisopropylsulfonyl (TIPS) group, drives the reaction selectivity to occur at
3-position (7:8 < 5:95) because the large steric congestion at 2-position prevents
the formation of product 7 [20] (Table 1.1).

ð1:3Þ

Control Site-selectivity by Directing Group. However, most organic mole-
cules contain multiple C–H bonds with similar chemical properties or similar steric
environments. It is difficult to control the selectivity and differentiate the C–H
bonds by the subtle differences in electronic or steric factors. The chelation-assisted
C–H activation in which a chelation group directs transition metal to the proximity
of a C–H bond (usually ortho C–H bond) has been developed quickly. In 1963,
Kleiman and Dubeck reported the first Ni-catalyzed selective activation of aromatic
C–H bond [21]. They heated azobenzene and NiCp2 at 135 °C for 4 h and obtained
cyclometalated complex 10. Here the azo group directs Ni to its proximity, acti-
vating the ortho C–H bond with high selectivity (Eq. 1.4). This is the first work
which controls the selectivity of C–H activation by directing group.

ð1:4Þ

Table 1.1 Pd-catalyzed
olefination reaction of
N–protected indole (6)

R Yield of 7 Yield of 8 Ratio 7:8

Bn 48 23 2.1:1

Ac 65 – >95:5

Boc 73 – >95:5

Ts 70 – >95:5

TIPS – 78 <5:95
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In recent decades, organic chemists have developed various directing groups for
selective C–H activation, such as pyridine group [22–26], carboxylate group [27–29],
hydroxyl group [30, 31], amide group [32–35], acetamido group [36–39], and other
functional groups with nitrogen, oxygen or sulfur atom as coordination atom. These
directing groups have been widely applied in selective C–H activation reactions,
especially in C(sp2)–H activations. In recent years, the bidentate directing groups,
such as 8-aminoquinoline and picolinic acid auxiliaries [40–42], have been exten-
sively developed and used in C (sp3)–H activation and functionalization. According
to the derivatization of the directing groups, they can be classified into three kinds of
directing groups: (I) the directing group remains as part of the product 13 after the
C–H activation and functionalization of the substrate, or the directing group under-
goes cyclization reaction to form heterocyclic compound 14. This kind of directing
groups will stay in the structure of the final product which is difficult to eliminate or
undergo various transformations, limiting the structural diversity of product; (II) the
directing group is eliminated or further transferred to functionalized product 17 after
the C–H activation and functionalization; (III) the C–H activation/functionalization
as well as the elimination of directing group are realized in one-pot reaction, there-
fore, no extra reaction process is required to release the directing group (Fig. 1.1). But
currently, only limited one-pot reactions with directing group 3 have been reported.
Directing groups assisted C–H bond activation reactions have been amply reviewed
elsewhere [13, 42–44], hence no more discussion will be presented here.

Although significant progresses have been made in directing group-assisted
selective C–H bond activation, this method is generally limited to the ortho-
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Fig. 1.1 Three classes of directing group used in transition metal-catalyzed C–H bond activation
and functionalization
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selective C–H bond activation. The meta- and para-selective C–H activation of
arenes remain challenging. The following section will introduce recent break-
throughs for meta-selective C–H activation of arenes in detail.

1.1.2 Meta-C–H Activation of Arenes

Compared to the extensively studied ortho C–H activation, the meta-C–H bond
activation of arenes lags far behind. As introduced in Sect. 1.1, for traditional
electrophilic aromatic substitution reactions with the electron-rich arenes, the
electron-donating group usually directs ortho and para C–H bond activation, while
the electro-withdrawing group which is meta-directing group decreases the reac-
tivity. On the other hand, the widely adopted directing group strategy generally
leads to ortho selectivity. Developing meta-selective C–H activation method has
attracted much attention and made some significant breakthroughs in recent years
which are summarized below.

Meta-C–HActivation of Electron-poor Arenes. In 2009, the Yu group reported
the first Pd(OAc)2-catalyzed meta-selective C–H bond activation/olefination of
electron-poor arenes [45]. Generally, palladium-catalyzed C–H activation/olefination
reactions of arenes (oxidative Heck reaction) are limited to electron-rich substrates. It
is difficult for the electron-poor arenes to undergo oxidative heck reaction under the
commonly applied reaction condition of Heck reaction which is mainly due to the
weak binding affinity of electron-poor arenes which disfavors the substrate to coor-
dinate with the Pd catalyst. Thus, the electron-poor arenes cannot stabilize Pd(0). Pd
catalyst will quickly become palladium black and lose catalytic ability in the absence
of other ligands. The Yu group screened various ligands for the C–H activation/
olefination reaction of 1,3-di-trifluoromethyl-benzene and found the most frequently
used pyridine ligand leads to poor yield which is possibly because the electron-poor
substrate cannot compete with pyridine to bind with Pd since the latter is a strong
coordinating ligand. The ideal ligand should be able to coordinate with Pd efficiently
to stablize Pd(0) and at the same time only occupy one binding site of Pd to leave
available binding site for electron-poor substrate. Based on this idea, they designed
2,6-disubstituted pyridine derivative 25 which dramatically improves the reactivity
and obtains a yield of 52% (Eq. 1.5).

The authors proposed that the bulky substituent of ligand 25 prevents the
coordination of a second ligand 25 with Pd. Therefore, only one ligand 25 binds
with Pd and leaves a binding site for the substrate. To verify this hypothesis, they
synthesized complex 26 (Pd(OAc)2(25)2). The

1H NMR experiment in solvent
detected the dissociation of one molecule of ligand 25 to generate dimeric complex
28 which supports their hypothesis. In the meanwhile, they suppose that the meta-
selectivity is originated from the steric effect of the ligand. The Zhang group
conducted mechanistic study on this reaction [46]. Computational results indicate
that the C–H activation step is the rate-determining step and regioselectivity
determining step. The C–H activation occurs via concerted metalation and
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deprotonation (CMD) mechanism. The computational results also reveal that the
meta-selectivity is primarily due to the steric effect and weak electronic effect. The
large steric congest of the bulky substituent hinders the ortho C–H activation and
weak electronic effect prevents the para C–H activation (Fig. 1.2).

ð1:5Þ

Cu-catalyzedmeta-selectiveC–HActivation. In 2009, the Gaunt group published
the first Cu(OTf)2-catalyzed and amide directed meta-selective C–H
activation/arylation reaction [47].Meta-selective arylations of a variety range of anilide
substrates were realized under the mild condition.While the previous similar arylation
reaction of anilides catalyzed byPd catalyst generatesortho-arylated products (Eq. 1.6)
[48]. To understand the uncommon meta-selectivity, the authors proposed an
“oxy-cupration” mechanism which is illustrated in Fig. 1.3. The diphenyliodonium
triflate reagent, Ph2IOTf, oxidizes Cu to a strong electrophilic species, Cu(III)–Ph,
which attacks themeta position of acetanilide to form Cu–C bond and at the same time
the carbonyl group undergoes nucleophilic attack at the ortho position of substrate,
affording intermediate 32. The aromaticity of substrate is destroyed during this
anti-oxycupration process. In the following step, OTf− group abstracts the proton at
meta position which recovers the aromaticity of the benzene ring. Finally, reductive
elimination of complex 33 leads to the meta-arylated product 31.
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Fig. 1.2 Mechanistic study on Pd(OAc)2-catalyzed meta-selective C–H bond activation/
olefination reaction of electron-poor arenes
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ð1:6Þ

Li, Wu and coworkers conducted experimental and theoretical studies on this
reaction [49]. Computational results suggest that the activation barrier for the
electrophilic attack process by Cu(III)–Ph is as high as 50.7 kcal/mol which
demonstrates that “oxy-cupration” mechanism proposed by Gaunt is unreasonable.
Instead, they proposed a new “Heck-like” mechanism for the meta-C–H activation.
As shown in Fig. 1.4, the carbonyl group coordinated Cu(III) species attacks the
anilide ring via a “Heck-like” four-membered ring transition state 36 and leads to
meta-C–H activated and functionalized product 31. While the concerted metalation
and deprotonation (CMD) pathway affords ortho product 30. In addition, they
calculated the activation barriers for meta- and ortho-C–H bond activations for a
number of anilides with different substituents. In most cases, the “Heck-like”
transition state has a lower barrier than CMD transition state, therefore the for-
mation of meta-product is more favorable which is consistent with experimental
observation. Here, the high oxidation state Cu(III) complex abstracts electron
from the substrate which dramatically increases the electrophilicity of anilide,
facilitating the “Heck-like” pathway.

Metalation Induced meta-selective C–H Activation. In 2011, the Frost group
reported the [Ru(p-cymene)Cl2]2-catalyzed and pyridine directed meta-selective
sulfonation reaction (Eq. 1.7) [50]. To understand the mechanism, they synthesized
the cyclometalated intermediate 39. The reaction of both stoichiometric and cat-
alytic amount of complex 39 with TsCl afforded the meta-sulfonated product. KIE
(kinetic isotope effect) experiment indicates the C–H bond activation possibly is the
rate-determining step (kH/kD = 3.0). Additionally, Frost and coworkers found that
no meta-sulfonated product obtained when one of the meta positions of pyridine is
substituted by a methyl group. Based on these observations, they proposed that the
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Fig. 1.3 Cu-catalyzed meta-C–H activation and arylation reaction of anilide and the
oxy-cupration mechanism proposed by Gaunt and coworkers
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reaction proceeds via a five-membered cyclometalated complex 39. In complex 39,
the newly formed Ru–Caryl r–bond introduces a strong para-directing effect which
directs the following electrophilic aromatic substitution to take place at the para
position (i.e., meta to pyridine group). For the substrate where one of the meta-
positions is substituted by methyl group, the para position of Ru–Caryl r–bond will
be blocked by methyl group because the cyclometalation likely proceeds via the
least hindered C–H bond which leads to a complex where methyl is para to
Ru–Caryl r–bond and thus blocks the sulfonation reaction.

ð1:7Þ

The Fu group performed mechanistic studies on this reaction [51]. They con-
cluded that the reaction mainly involves four steps: ortho C–H activation, elec-
trophilic aromatic substitution, reductive elimination, and catalyst regeneration.
Among these four steps, the C–H activation is the rate-determining step and the
electrophilic aromatic substitution step is the regioselectivity determining
step. NBO charge analysis illustrates that the formation of Ru–Caryl r–bond
changes the electron density distribution at the benzene ring. As shown in Fig. 1.5,
the Ru–C5 bond increases the electron density of its ortho and para carbon atoms,
i.e., C4 and C2. Therefore, C4 and C2 atoms are more nucleophilic. Because of the
steric congestion at ortho position, the sulfonation reaction mainly occurs at para
position which is meta to the pyridine group.
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Fig. 1.4 Proposed mechanisms for Cu-catalyzed meta- and ortho-C–H bond activation and
functionalization in ref. [49]
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In 2013, the Ackermann group published a Ru-catalyzed and pyridine directed
meta-alkylation reaction (Eq. 1.8) using a similar strategy [52]. Different from the
sulfonation reaction reported by the Frost group, this alkylation reaction is appli-
cable across ortho, meta, or para substituted arenes [53]. The deuterium labeling
experiment suggests that the meta-C–H bond cleavage is kinetically not relevant. In
addition, the intermolecular competition experiments between primary and sec-
ondary alkyl halides revealed that the primary alkyl halide prefers to afford meta-
alkylated product, while the latter one favors ortho-alkylation reaction (Eq. 1.9).
The detailed mechanism remains unclear currently.

ð1:8Þ

ð1:9Þ

After the pioneer works from these two groups, the ortho-metalation strategy has
been extended to other meta-selective C–H activation and functionalization reac-
tions, such as mono- and difluoromethylations of arenes and alkylation reactions
[54–56].

Remote C–H bond Activation Using Template Strategy. In 2012, the Yu
group reported a Pd-catalyzed meta-selective C–H activation and olefination
reaction with an ingeniously designed template [57]. The end-on nitrile group of
template directs Pd catalyst to the proximity of meta-C–H bond of the substrate
which is 10 or 11 chemical bonds away from the nitrile group. Different from
conventional chelation-assisted C–H activation reactions which proceed via con-
formationally rigid five- or six-membered ring pre-transition state and afford ortho-
functionalized products, this reaction takes place through a macrocyclic
pre-transition state which is generally considered as unstable complex and obtains
meta-olefinated product. This work represents a significant breakthrough in the
research field of meta-C–H bond activation and opens new opportunities for remote
C–H activation. However, the reaction mechanism and the origin of meta-selec-
tivity were unclear. The mechanistic studies will be introduced in Chap. 2.

Since the Yu group’s first report, the template strategy has rapidly been applied
to a series of meta- and para-selective Caryl–H activation and functionalization [57–
70]. Figure 1.6b lists the various substrate classes which were activated using the
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template strategy reported in literature. These reactions are based on Pd catalyst.
Recently, the Yu group extended the template strategy to Rh catalyst for meta-
selective C–H olefination and they proposed a Rh(III)/Rh(I) catalytic cycle [71].
This diverse collection of examples of template strategy demonstrates its great
potential in obtaining unusual selectivities for arene functionalization. A deeper
understanding on the reaction mechanism undoubtedly will facilitate the develop-
ment of this research field.

ð1:10Þ

ð1:11Þ

Fig. 1.6 Remote Caryl–H bond activation employing end-on template
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Meta-selective C–H Bond Activation Controlled by Steric Factors. In 2014,
the Hartwig group published a Rhodium-catalyzed highly regioselective C–H
activation and silylation reaction of 1,2-substituted arenes [72]. In previous works,
steric effect has been successfully applied to control the regioselectivities of
Ir-catalyzed or Pd-catalyzed C–H activation and functionalization of monosubsti-
tuted (50), 1,3-disubstituted (51), and symmetric 1,2-disubstituted (52, R1 = R2)
arenes. By comparison, it is a great challenge to control the regioselectivity of C–H
activation of asymmetric 1,2-disubstituted arenes. The difficulties are associated
with the differentiation of subtle difference of steric properties of groups (R1 and
R2) which are distal to the C–H bonds at C4 and C5 positions. The Hartwig group
developed the catalytic system 53 and successfully activates the C–H bond which is
para to the largest substituent and meta to the smaller substituent with high
regioselectivity. It is found that catalyst 53 is very sensitive to steric hindrance and
is able to discriminate series of groups with different sizes to achieve excellent
regioselectivity.

Transient Directing Group-mediated meta-selective C–H Activation.
Phenols are ubiquitous motif in natural product and pharmaceutical molecules, as
well as versatile building blocks in organic synthesis. The direct ortho- and para-
functionalization of phenols has been extensively explored, while the meta-C–H
activation and functionalization generally requires multiple reaction steps. In 2014,
the Larrosa group reported a one-pot synthesis of meta-selective arlyation of phe-
nols (Eq. 1.12) [73]. They reacted 54 with KOH under 25 atm of CO2 at 190 °C for
2 h, then added iodoarene, Pd catalyst, Ag2CO3, and AcOH, and further reacted at
130 °C for 16 h, obtaining the meta-arylation product 57. This reaction can tolerate
various substrates bearing different electron-donating and electron-withdrawing
groups. In this approach, CO2 acts as traceless directing group to induce the ary-
lation reaction occurs at the meta position selectively.

ð1:12Þ
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Recently, the Yu group reported a meta-C–H activation and functionalization of
arenes using norbornene as a transient mediator which switches the ortho-selec-
tivity to meta-selectivity (Eq. 1.13) [74]. In this approach, the arene bearing an
ortho-directing group initially reacts with Pd catalyst to form cyclometalated
complex 61. Then norbornene inserts into Pd–C bond and directs Pd to activate the
meta-C–H bond, affording complex 62. The following coupling between aryl halide
and complex 62 leads to intermediate 63. Finally, protonation of complex 63 and
dissociation of Pd generates the meta-arylated product 59 (Fig. 1.7). Differs from
the conventionally reported chelation-assisted C–H functionalization reactions
which generally get ortho-products, this approach overrides the ortho-directing
effect of the original directing group (amide group) to achieve the more challenging
meta-selectivity. But the greatest challenge of this approach is the potential com-
petition reactions. For example, the intermediate 61 may couple with electrophile to
form ortho-functionalized product, the intermediate 62 may undergo reductive
elimination to afford benzocyclobutene product, and the intermediate 63 may fur-
ther react with electrophile to generate the disubstituted product. Therefore, it is a
great challenge to selectively achieve the desired meta-functionalized product
among these various competition reactions. The tailor-made ligand 60 developed by
the Yu group was found to have excellent performance in suppressing the side
reactions and promoting the meta-C–H functionalization reaction. This work pro-
vides a novel and potentially general strategy for meta-C–H activation and func-
tionalization. Soon after this seminal work, the strategy of using norbornene (or
modified norbornene) as transient mediator have been quickly developed and
applied to various meta-selective C–H arylation, alkylation, alkynylation and
amination reactions [75–79]. The ligand is found to be crucial for these reactions to
proceed.

ð1:13Þ

Secondary Interaction Directed meta-selective C–H Activation. In 2015,
Kuninobu, Kanai and coworkers reported a novel concept of utilizing secondary
interaction between ligand and substrate to control regioselectivity of C–H trans-
formations [80]. They developed an Ir-catalyzed meta-selective C–H borylation
reaction of arene derivatives using a bipyridine-derived ligand (red part in complex
66). It is proposed that the hydrogen bonding interaction between the pendant urea
moiety of ligand and the carbonyl group of the substrate brings the Ir catalyst to the
proximity of meta-C–H bond (Fig. 1.8, 66) and hence leading to meta-selectivity.
The involvement of this secondary interaction is supported by 1H NMR and control
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experiments. This strategy does not need installation and removal of directing
groups at substrate and common functional groups can be used for catalyst
directing. Thus, it offers an alternative and potentially versatile approach for
regioselective C–H activation. Recently, the Phipps group reported an ion
pair-directing strategy for regioselective C–H transformations [81].

ð1:14Þ
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1.1.3 Asymmetric C–H Activation and Functionalization

Chirality lies in the heart of chemistry, pharmacology, and biology. The direct
asymmetric C–H activation and functionalization provides a powerful and highly
appealing method to construct chiral compounds since it directly uses the simple
hydrocarbons as starting materials without prefunctionalization which improves the
synthetic efficiency and reduces wastes. One of the great challenges in this field is
how to discriminate the multiple C–H bonds with similar properties in one single
molecule. In addition, most C–H bond activation reactions still proceed under harsh
reaction conditions, e.g., high temperature, which influences the stability of the
chiral intermediate and the efficiency of chirality relay. Asymmetric C–H activation
and functionalization reactions have been rapidly developed in recent decades and
received growing attentions.

Conceptually, transition metal-catalyzed asymmetric C–H activation and func-
tionalization reactions can be divided into two main categories: (1) reactions in
which the stereoselectivity is controlled by the C–H activation step and (2) reac-
tions in which the chirality is induced at the functionalization step subsequent to a
non-stereoselective C–H activation event. For the first kind of reaction, the new
chiral center is constructed by prochiral C–H bond cleavage (e.g., asymmetric
insertion of cabene, nitrene, and organometal into C–H bond, desymmetric C–H
activation), and atroposelective C–H bond activation. The chirality generated in the
C–H activation step is maintained in the subsequent functionalization step. For the
second class of reaction, C–H bond is activated in a non-stereoselective way, then
the generated metalated complexes are functionalized stereoselectively via selective
insertion of alkene or alkyne into the C–M (M = transition metal) bond or trans-
metalation or reductive elimination (e.g., asymmetric olefin insertion, asymmetric
oxidative biaryl coupling, asymmetric cross-dehydrogenative coupling).

There have been many reviews and books introducing this active field published
in literature [82–85]. Thus only some selected asymmetric C–H activation and
functionalization reactions are introduced here.

1.1.3.1 Asymmetric C–H Activation

It is an appealing approach to induce chirality in C–H activation step because the
generated chiral [C–M]* complex can be converted to various chiral products via a
variety of functionalization reactions, like C–C, C–N, C–O, or C–X bond formation
reactions.

Atroposelective C–H Bond Activation. In 2000, The Murai group applied this
strategy in the synthesis of atropoisomeric biaryl scaffolds [86]. They installed a
substituent in the ortho position of achiral aryl pyridine substrate via a Rh-catalyzed
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C–H activation and olefination reaction which prevents the rotation around Caryl–

Caryl bond, introducing the axial chirality in this system. Though the enantio excess
of this reaction is only 49%, this early work demonstrated the practicability of this
strategy.

ð1:15Þ

Desymmetric C–H Bond Activation. In 2008, the Yu group made significant
progress in enatioselective C–H activation. They developed a highly enantiose-
lective C–H activation and functionalization reaction via direct desymmetric C–H
activation. As shown in Eq. 1.16, they realized the asymmetric C–H functional-
ization of 2-biphenyl-methyl pyridine via Pd-catalyzed alkylation reaction
employing a mono-N-protected amino acid (MPAA) as chiral ligand [87]. The
reaction works for a broad of substrates with high enantioselectivities [82, 88–91].
The Pd/MPAA catalyst system has been applied to series of enantioselective C–H
activation and functionalization via desymmetric C–H activation of achiral sub-
strate or kinetic resolution of racemic substrate. The successful applications of
MPAA in asymmetric C–H activation and functionalization reactions have
demonstrated that MPAA is a promising chiral ligand, while the specific mecha-
nism of how does MPAA control the enantioselectivity was unclear.
Pd/MPAA-catalyzed asymmetric C–H activation and functionalization reactions as
well as the mechanistic studies will be described in detail in Chap. 4.

ð1:16Þ

Besides the application in desymmetric C–H activation reactions, MPAA is also
used in kinetic resolution. Recently, Yu and coworkers reported an efficient
enantioselective C–H iodination reaction via kinetic resolution for the synthesis of
chiral amines [92]. As shown in Eq. 1.17, when using L–Bz–Leu–OH as ligand, the
R enantiomer of racemic benzylic amine undergoes the iodination reaction much
faster than the S enantiomer (kfast/kslow up to 244), which leads to an excellent
enantioselectivity (up to 99% e.e.). The recovered starting material can be further
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iodinated by using D–Bz–Leu–OH as ligand. This reaction takes place at room
temperature and employs simple MPAA as chiral ligand to realize the enantiose-
lective C–H iodination of both enantiomers of the racemic substrate, obtaining
enantiomerically pure chiral amines.

Pd/MPAA catalyst was applied to the enantioselective C–H arylation of cyclo-
propylmethyamines. Both diastereomers 76 and 77 can be synthesized with high
selectivity by using L- and D-MPAA ligands, respectively (Eq. 1.18) [93].
The enantioselective C–H cross-coupling of benzylamines and enantioselective
olefination of a-hydroxy and a-phenylacetic acids were also achieved via kinetic
resolution method using MPAA ligands [33, 94].

The desymmetric C–H activation strategy was also applied by the Cramer group
to achieve the enantioselective C–H activation and cyclization reaction in 2009.
This reaction is believed to undergo oxidative addition first to insert Pd into the
C–OTf bond then selective C–H activation and reductive elimination to form a new
five-membered ring [95]. In the proposed TS (84) for C–H activation, the ligand is
expected to bind with Pd in a monodentate way in order to leave binding sites for
substrate and acetate group. Thus they screened various bulky monodentate
phosphorus ligands and identified 80 as the optimal ligand which leads to a high
enantioselectivity of 97% e.e. This approach has been successfully employed to
construct various 5-, 6-, and 7-membered ring structures [96–101].

ð1:17Þ
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ð1:18Þ

ð1:19Þ

1.1.3.2 C–H Activation Followed by Asymmetric Functionalization

Stereoselective Functionalization of Metalated Intermediate ([C–M]). The
introduction of chirality in the functionalization step following the C–H bond
activation is an important strategy for asymmetric C–H activation and
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functionalization. The Hartwig group reported the Ir-catalyzed asymmetric hete-
rocyclic arylation of norbornene (Eq. 1.20) [102]. In this reaction, the
Ir/DTBM-Segphos catalyst system is effective in activating the C–H bond of var-
ious heterocyclic compounds such as indole, thiophene, pyrrole, and furan. The
chiral products were obtained in the stereoselective olefin insertion and reductive
elimination step with high selectivity.

ð1:20Þ

The Bergman and Ellamn group developed the Rh-catalyzed asymmetric
intramolecular alkylation reaction (Eq. 1.21) [103]. This enantioselective cycliza-
tion reaction of arylamine substrate proceeds via ortho-C–H activation followed by
intramolecular double bond insertion and reductive elimination which affords the
chiral product 93. Ligand screening experiments suggested that the axially chiral
ligand 94 was the optimal ligand which could lead to a stereoselectivity up to 96%.
The stereoselectivity of the reaction is considered to be determined by the olefin
insertion step.

ð1:21Þ

Asymmetric Oxidative Biaryl Coupling. The axially chiral biaryl compounds
are important chiral ligands and their synthesis has attracted extensive attention.
The construction of atropoisomeric biaryl scaffolds via asymmetric oxidative
coupling provides an essential and most atom economical method to synthesize
axially chiral biaryl compounds. For instance, the Brussee group [104, 105] and the
Kocovsky group [106] have reported the synthesis of chiral BINOL by the
asymmetric oxidative coupling of naphthol in 1983 and 1992, respectively. The
Brussee group obtained a yield of 98% and high enantioselectivity of 96% with
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CuCl2 catalyst and ligand 97. The Kocovsky group used CuCl2 catalyst and ligand
98 to get 36% yield and an enantioselectivity of 96%.

ð1:22Þ
1.2 Introduction to Mass Spectrometry

Mass spectrometry (MS) is an analytical technique providing both qualitative and
quantitative information via measuring the mass-to-charge ratio of ion. The basic
working principle of the mass spectrometer is: the sample is ionized in the first
place, then ions are separated based on their different movements in the electric
field or magnetic field. Then these ions are detected and the ion signal as well as
mass-to-charge ratio are recorded in form of mass spectrum. A mass spectrometer is
mainly composed of an injection system, an ion source, a mass analyzer, a detector
and a data processing system.

As early as 1886, the German physicist E. Goldstein observed the positively
charged particles in the low-pressure discharge experiment for the first time, and
then W. Wein found that the positively charged ion beam could deflect in the
magnetic field or electric field and he established the parallel electromagnetic field
for separating positively charged ion beam. In 1912, Thomson created the first mass
spectrometer in the world and he is lauded as “father of modern mass spectrome-
try”. In 1919, F. W. Aston investigated more than 50 nonradioactive elements using
mass spectrometry and proved the loss of atomic mass and the existence of isotopes
for the first time. He won the Nobel Prize in Chemistry in 1922 because of this
important finding [107]. Since then, mass spectrometry has gradually become a
popular analytical tool. Over the past century, a variety of new technologies of mass
spectrometry keeps emerging one after another. Every leap in technical develop-
ment of mass spectrometry brings breakthroughs in many research fields. Take the
development of ionization technology as an example. The early mass spectrometry
ionization technology mainly includes electron ionization (EI) and chemical ion-
ization (CI). These ionization techniques are only applicable to the detection of
volatile substances. In the early 1980s, the development of plasma desorption
(PD) [108] and fast atomization (FAB) [109] technology led to the application of
mass spectrometry to polypeptides and protein molecules below a molecular weight
of 10,000 u gradually. In the late 1980s, electrospray ionization (ESI) [110] and
matrix-assisted laser desorption ionization (MALDI) [111] were developed, and
these two important soft ionization techniques greatly extend the detection range of
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molecular weight and significantly promote the development of proteomics and
metabolomics. J. B. Fenn and K. TanaKa obtained the 2002 Nobel Prize in
Chemistry for the development of these two mass spectrometry methods for
studying biological macromolecule. As one of the important tools for modern
instrumental analysis, mass spectrometry has penetrated into various disciplines and
has been widely used in various fields such as chemistry, chemical industry,
environment, energy, medicine, criminal science and technology, life sciences,
materials science.

1.2.1 Introduction to Electrospray Ionization Mass
Spectrometry

The electrospray ionization (ESI) technology directly ionizes the species in solvent
into gas-phase ions which could be detected by mass spectrometry. This kind of
method is called electrospray ionization mass spectrometry (ESI-MS) [110].
ESI-MS has gradually become an important tool for mechanistic study of organic
reaction, especially reactions involving organometallic compounds. The ESI tech-
nology provides a very simple way to transfer organometallic complex from the
solution to gas phase, especially when the complex of interest exists as ions in
solution [112]. ESI-MS has been extensively applied in the detection of transient
ionic intermediates to provide clues for the reaction mechanism [113–115].

Using ESI-MS to study reaction mechanism has several advantages: (1) ESI is a
soft ionization method which enables the transfer of the intact ionized complex
from solution into the gas phase directly. An important and controversial issue
regarding the ionization process is whether the structure of the detected ion in the
gas phase is the same as in the solution? There are many work in literature which
have proved that the ion structure detected by ESI-MS is consistent with the ion
structure in solution phase observed by NMR or electrochemistry tools [112, 116,
117]; (2) with ESI-MS, a specific ion of interest could be chose based on
mass-to-charge ratio and analyzed separately, thus avoiding the interference of
solvent and other compounds in the solution; (3) the critical intermediates generated
during the catalytic process are usually unstable and only exist transiently in
solution. When transferring them (or their precursor complexes) into gas phase,
these intermediates become relatively stable under the high vacuum condition in
mass spectrometer and thus provides a promising approach to study their reactiv-
ities by directly colliding with reactants (i.e., ion–molecule reactions); (4) ESI-MS
provides an important complementary technique for NMR since it can detect
paramagnetic compounds; (5) ESI-MS is a highly sensitive analytical tool which
can detect ionic intermediates in very low concentration. In conclusion, ESI-MS has
the advantages of high sensitivity and fast analysis speed and it can offer structural
information of intermediate, which renders ESI-MS to be an important and useful
tool in mechanistic studies.
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1.2.2 Introduction to Ion Mobility Mass Spectrometry

Mass spectrometry separates ions based on their mass-to-charge ratio, thus mass
spectrometry cannot distinguish ions with same values of m/z. Ion mobility spec-
trometry (IMS), also known as ion mobility spectroscopy, is an analytical technique
used to separate ions according to their mobility in the drift region formed by the
electric field and the drift gas. The ions with different sizes and shapes have dif-
ferent mobility and could be separated by IMS. The IMS technique was first
developed in the middle of the twentieth century and widely applied in gas analysis,
detection of explosive complexes, drug testing and environmental monitoring, and
other fields because of its good detection limit, real-time detection capabilities, and
diversified analytical abilities. However, the research about IMS has been gradually
reduced since the late 1970s because IMS cannot provide the mass of ions due to its
low resolution. In the late 1980s, the development and application of soft ionization
techniques such as ESI and MALDI enabled the intact compounds to enter the gas
phase and greatly expanded the detection range of biological macromolecules.
People began to realize the importance of identifying the structure of chemical
compounds and bio-macromolecule. At this time, the special advantages of IMS in
separating isomers and providing structural information started to attract attention.
Since then, a variety of instruments coupling IMS and MS (IM-MS) have been
developed.

Ion mobility mass spectrometry (IM-MS) is a new type of multidimensional
separation mass spectrometry coupling ion mobility spectroscopy (IMS) with mass
spectrometry. It not only provides the mass-to-charge ratio and intensity of detected
ions, but also offers their drift time which can be converted to structural informa-
tion. The combination of structural information revealed by IMS technology and
the mass spectrometry data provides plenty of information which cannot be
obtained by other mass spectrometry, therefore greatly enriches the application of
mass spectrometry. In addition, the introduction of IMS enhances the separation
abilities of MS since ions can be distinguished by their shape in IM-MS. It is
especially useful to isolate the isomers of complexes with same m/z which are not
able to be differentiated by conventional mass spectrometry.

IM-MS technology has been successfully applied to the structural studies of
various macromolecular protein complexes [118]. The Robinson group has made a
lot of outstanding work on the structural studies of protein complexes using
combined ion mobility mass spectrometry and molecular dynamics simulations.
They have studied the quaternary structure of the Tap protein complex [119], the
conformational changes of membrane protein during its binding with lipids [120]
and conformational changes in ATPase [121], etc. The IM-MS method has also
been successfully used to study multimers. The Bowers group from the University
of California, Santa Barbara, used ion mobility mass spectrometry and molecular
dynamics simulations to study the structure of oligomers and oligomerization
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mechanism of Ab42 and Ab40 which provides important information for possible
toxic species and oligomerization pathways for amyloid [122–127]. IM-MS can be
also used in large-scale proteomics and metabolomics when combined with ultra-
high performance liquid chromatography. In addition to its application in macro-
molecular studies, IM-MS is also a powerful tool for mechanistic study of organic
reactions. Schröder and Roithová have conducted a series of mechanistic studies on
organic reactions using ion mobility mass spectrometry [128–133], demonstrating
the outstanding advantages of ion mobility mass spectrometry in distinguishing
between different conformers and isomers.

1.2.2.1 The Basic Principle of Ion Mobility Mass Spectrometry
(IM-MS)

The basic principle of IM-MS is that the ionized species enter into a drift cell filled
with buffer gas and they collide with the buffer gas continually, ions with different
sizes and shapes have different mobility and moves with different speeds, therefore
they across the drift cell with different drift time and thus are separated. The drift
time is related to the rotationally averaged collision cross section.

In the conventional drift tube with a uniform electrostatic field (E), the average
drift velocity (Vd) of an ion in a drift gas is related to its mobility (K) and the electric
field strength (E): Vd = K � E = L/tD, where L is the length of drift tube and tD is
the drift time. In practical applications, the ion mobility is usually converted to
reduced ion mobility (K0), that is, the mobility of ion at a temperature of 273 K and
a pressure of 760 Torr: K0 = K � (273/T) � (P/760). T, P are the temperature of
the drift tube and the pressure of the drift gas. K0 reflects the characters of the ion
itself, closely related to its size and shape. The size of an ion can be evaluated by
the collision cross section, X. According to the Mason-Schamp equation, K has the
following relationship with the collision cross section:

K ¼ 3q
16N

� �
2p
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mM
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X

� �
:

By combining the above equations, then the correlations between collision cross
section and drift time can be determined by the following equation:
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where z is the ion charge state, e is the elementary charge, kb is Bolzmann constant,
and N is the gas number density.
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1.2.2.2 Introduction to the Instruments of IM-MS

Following the progress in ion mobility spectrometry and its successful coupling
with mass spectrometry, a large amount of IM-MS instruments have been devel-
oped. Currently, there are mainly three types of ion mobility instrumentation which
have been successfully coupled with mass spectrometers: drift-time ion mobility
spectrometry (DTIMS), field-asymmetric waveform ion mobility spectrometry
(FAIMS) and traveling wave ion mobility spectrometry (TWIMS) [134, 135].

DTIMS [136] is the simplest configuration of IM-MS instrumentation utilizing
traditional ‘drift-time’ ion mobility spectrometry. As shown in Fig. 1.9a, the sample
is ionized and introduced into the drift tube. The ions drift through the drift tube due
to the electrostatic field, whilst collisions with buffer gas slow the ions’ progress.
Ions are thus separated based on their different motilities. DTMS is the only form of
IM-MS in which the collision cross section of ions can be directly determined from
drift time using Mason-Schamp equation. However, in DTIMS the ions are quickly
slowed down due to the continual collision with drift gas, dramatically decreasing
the duty cycle and leading to low analytical sensitivity. Many improvements have
been made to achieve adequate separation. The basic working principle of FAIMS
[137, 138] is depicted in Fig. 1.9b. In FAIMS, ions move across between a pair of
electrodes. The lower electrode is maintained at ground potential while the upper
electrode has an asymmetric waveform applied to it. Ions waves forward under the
asymmetric electric field and the drift gas. Ions are separated due to the application of
a high-frequency periodic asymmetric waveform, rather than DC voltage used in
DTMS. FAIMS has a high analytical resolution, but the relationship between the
measured drift time and its collision cross section is not as straight forward as that

Fig. 1.9 The three conventional types of ion mobility instrumentation: a drift-time ion mobility
spectrometry (DTIMS); b field-asymmetric waveform ion mobility spectrometry (FAIMS), and
c traveling wave ion mobility spectrometry (TWIMS). Reprinted by permission from Macmillan
Publishers Ltd: ref. [135], copyright 2014
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found in the DTMS. Thus, FAIMS is mainly applied as a separation tool. TWIMS is
a novel method to separate ions utilizing a traveling voltage wave. As shown in
Fig. 1.9c, TWIMS [139] uses stacked ring ion guide. Two types of electric fields are
applied in TWIMS: an RF field is applied to consecutive electrodes in the stacked
ring ion guide, providing a potential well which keeps ions radially confined within
the device; on the other hand, a series of transient DC voltages superimpose on top of
the RF voltage to form a traveling wave which drives ions through the drift region.
The generated traveling wave significantly improves the transmission efficiency of
ions and thus leads to excellent separation power. In addition, the reverse RF voltage
on the adjacent electrode confines ions in the ion guide, which can significantly
reduce the ion loss, leading to good sensitivity and high analytic speed. But the drift
time measured with TWIMS cannot be directly related to the collision cross section.
In this case the conversion of drift time to collision cross section need calibration
which will be discussed in detail in next section.

In 2006, Waters introduced the first commercial travelling wave mass spec-
trometry [140], i.e., SYNAPT. Figure 1.10 shows a schematic of SYNAPT [141,
142]. It is mainly composed of an ion source, a quadrupole mass analyzer,
a traveling wave ion mobility analyzer, and an orthogonal acceleration TOF mass
analyzers. The traveling wave ion mobility analyzer comprises three ion guides.
The mobility separator is the central guide of three and is responsible for separating
ions. There are two ion guides with similar structure but shorter length than the
mobility separator: trap traveling wave ion guide (trap TWIG) and transfer traveling
wave ion guide (transfer TWIG). The former guide collects and stores ions prior to
injection into the separator and the latter one transfers the ions to the TOF. A special
advantage of SYNAPT is that collision induce dissociation can be performed both

Fig. 1.10 Schematic of the SYNAPT G2-s HDMS mass spectrometer. Reprinted from ref. [142],
with kind permission from Springer Science + Business Media
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in the trap and transfer TWIG, i.e., before and after ions enter the mobility cell,
therefore enables multiple dissociation patterns. The movement of ions in the
mobility cell of TWIMS is complicated and the ions drift velocity depends upon
many variables, including the height and velocity of the voltage ‘wave’ applied to
propel ions, the drift gas, and the structure of ions.

The soft ionization technique, such as ESI and MALDI, generally produces
molecular ion. The collision induced dissociation (CID) experiments are usually
performed to get more structural information of the molecular ion. For SYNAPT,
the trap and transfer traveling wave regions can be used independently or together as
collision cells, with or without ion mobility separations. Multiple options for CID
allow a unique and diverse range of experimental possibilities for improved and
more complete structural characterization. Figure 1.11 depicts three possible types
of CID experiments with ion mobility separation (i.e., HDMS mode). In Fig. 1.11a,
the selected ion is dissociated upon the CID in trap cell, then the generated daughter
ions are separated in the mobility cell and they arrive at the detector consecutively.
Figure 1.11b shows a schematic of IMS-CID, in which ions with same m/z selected
by quadrupole are separated in the ion mobility separator and they are dissociated
into fragments upon CID performed in the transfer cell. The generated fragments

Fig. 1.11 A schematic diagram of CID experiments with ion mobility separation using SYNAPT
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have the same drift time with their parent ions, thus providing structural information
for the parent ions separately. This approach is especially useful to study isomers,
complexes with different conformers and multimers of the same m/z. Multi-stage
CID can also be realized with SYNAPT. As shown in Fig. 1.11c, the fragments
generated from the first CID in trap cell were separated in the mobility separator and
further fragmented upon the second CID in transfer cell. A particular advantage of
introducing IMS to multi-stage CID is that the orthogonal separation afforded by IM
separation significantly increases the number of detectable and identifiable com-
ponents in complex mixtures by distinguishing ions of the same m/z.

1.2.2.3 Determination of Experimental and Theoretical CCS Values

Different from DTIMS in which the measured drift time is linearly related to
the collision cross section area, in T-wave IMS system, the measured arrival time
distribution cannot be directly converted to CCS by Mason-Schamp equation and
CCS data is obtained by a calibration approach. In a nutshell, a calibration curve is
established by measuring the drift time of ions with known CCS values (measured
from conventional IM experiments) to obtain the correlation between the drift time
and CCS, then the CCS value of unknown sample is determined by this correlation
function. A general calibration process is described below:

1. Measure the drift time (tD) of the ions of calibrant under exactly the same
instrument conditions optimized for sample.

2. Calculate corrected drift time t
0
D ¼ tD � c

pðm=zÞ=1000, where c is the cor-
rection factor of the instrument.

3. Calculate the normalized cross section (X’) using the published cross section
data (X), reduced mass (l) and charge state (z): X’ = (X � √l)/z, where
l ¼ Mion � mgas=ðMion þmgasÞ.

4. Plot t
0
D versus X’ and fit a linear trendline of the form y = ax + b or power

trendline of the form y = Axb to the data. The choice of trendline depends on the
range of the calibration.

5. Convert corrected drift time t
0
D of the sample to collision cross section using the

following equations:
For values obtained from a linear fit: T-wave CCS = ((at

0
D + b)z)/√l

For values obtained from a power fit: T-wave CCS = (t
0
D)

bAz/√l.

Several algorithms have been developed to calculate the theoretical CCS.
Commonly used algorithms include projection approximation (PA) [143], exact
hard sphere scattering (EHSS) [144] and trajectory method (TM) [145]. The PA
method calculates the orientationally averaged geometric cross section by averaging
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the geometric cross section over all possible collision geometries. PA method
ignores the interaction between ions and drift gas, thus it generally underestimates
the CCS and it is accurate only for small polyatomic ions (<1500 Da) with totally
convex surfaces. The EHSS method calculates the orientationally averaged
hard-sphere CCS by determining the scattering angles between the incoming buffer
gas atom trajectory and the departing buffer gas atom trajectory. It takes into
account multiple scattering but neglects the long-range interactions, therefore
overestimating CCS values. The TM method calculates the scattering angle via a
more realistic potential that accounts for the long-range interactions and multiple
collisions between the drift gas and the polyatomic ion. Among these three meth-
ods, TM method is regarded as the most reliable and accurate method to estimate
the theoretical CCS value, but this method is most time-consuming. The Bowers
group from the University of California, Santa Barbara developed the Sigma pro-
gram [146] which uses the PA method. Recently, this group developed projection
superposition approximation method (PSA) [147] which is based on the PA concept
but improved for calculating larger molecules. The Jarrold group from the
University of Indiana developed the MOBCAL software [148] which incorporates
the three algorithms introduced above. Currently MOBCAL is the most widely
applied software for calculating theoretical CCS values.

Analysis of ion mobility experiment is usually combined with computational
modeling approaches to assist interpreting the experimental data. The possible
structures of the target molecule are generated from computational modeling (with
DFT or MD method). Theoretical CCS values of energy-minimized structures can
be obtained by submitting their corresponding coordinates to the program intro-
duced above. Then these theoretical CCS values are compared with the experi-
mental CCS values to aid in the structural assignment, providing detailed structural
information at the atomic level.

1.2.3 Applications of ESI-MS and IM-MS in Mechanistic
Studies

ESI-MS provides an important tool for mechanistic studies on organic reactions,
especially reactions involving organometallic complexes. As discussed in
Sect. 1.2.1, due to the many advantages of ESI-MS in mechanistic studies, it has
been extensively used in detecting the transient ionic intermediates, providing clues
for mechanistic study or providing supports for proposed mechanism [113–115].
Mechanistic studies by ESI-MS have been reported for a broad range of organic
reactions, such as Bayes-Hiller reaction, C–H bond or N–H bond activation reac-
tion, Diels–Alder reaction, Crubbs olefin metathesis reaction, Heck reaction,
methylation reaction, Suzuki reaction, Stille reaction, Wittig reaction, and many

1.2 Introduction to Mass Spectrometry 27



other reactions. Two recent examples are presented to illustrate the applications of
ESI-MS in mechanistic studies.

As shown in Fig. 1.12, according to the results of deuterium labeling experi-
ments, two possible pathways were proposed for the Rh-catalyzed coupling reaction
between acetylene and carbonyl compounds [149]. In pathway I, acetylene
undergoes oxidative dimerization to form a cationic rhodacyclopentadiene (103)
and carbonyl inserts into 103 to afford intermediate 105, then Brønsted acid-assisted
hydrogenlysis through intermediates 106 and 107 generates the final product. The
difference between pathway I and II lies in the sequence of the first two steps. In
pathway II, the oxidative coupling between the acetylene and carbonyl occurs first
to form intermediate 104, then the second acetylene inserts into 104 to form
intermediate 105. ESI-MS experiments were carried out to understand the reaction
takes place via which pathway. ESI-MS experiments detected intermediates 102,
103, 105 and 106, while ions corresponding to intermediate 104 were not detected.
In addition, the complex 105 was found to dissociate to an ion corresponding to
intermediate 103 in the CID experiment, indicating a retrocarbonyl insertion pro-
cess. Therefore, the ESI-MS experiment provides experimental supports for path-
way I. Computational results suggest that the reaction barrier for the coupling
reaction between acetylene and carbonyl compound is higher than that for the
dimerization of acetylene by 7 kcal/mol, which is in agreement with the ESI-MS
experiment. Computational studies provide more detailed information about the
reaction mechanism: the hydrogenolysis step is the rate-determining step and
Ph3CCO2H acts as Brønsted acid to assist the Rh–O bond cleavage and acts as
ligand to promote the cleavage of H–H bond.

ð1:23Þ

Figure 1.13 shows the Rh-catalyzed coupling of terminal alkynes with car-
boxylic acids and proposed mechanisms for this reaction [150]. The originally
proposed mechanism involves the insertion of Rh into the O–H bond of benzoic
acid (TS111). However, no ionic species involving Rh–H or benzoate were
detected by MS. Instead, the ion corresponding to complex 112 was observed by
MS and was also identified by X-ray and NMR experiments. The complex 112
affords product 110 in a further CID experiment. DFT calculations demonstrate that
a protonation process via TS112 is more favorable than the previously proposed
TS111. The protonation process is followed by b-hydride elimination, leading to an
allene complex which affords the final product 110.
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Fig. 1.13 Proposed mechanism for Rh-catalyzed coupling of terminal alkynes with carboxylic
acids and related computational results
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Fig. 1.12 Plausible reaction pathways I and II for the coupling reaction 1.23. Intermediates 102,
103, 105 and 106 were detected by ESI-MS experiments
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Combining the IMS and MS techniques, IM-MS not only provides the

mass-to-charge ration but also offers structural and conformational information of
ions. On the other hand, the additional dimension of separation introduced by IMS
significantly improves the separation power of MS. IM-MS has a particular
advantage over the conventional MS in distinguishing isomers or complexes with
same mass-to-charge ratio. IM-MS has been widely applied in structural analysis of
macromolecules. It also has been used in mechanistic studies of organic reactions
recently. The Schröder and Roithová group conducted mechanistic studies on a
series of organic reactions using IM-MS [128, 133, 151–153] which demonstrated
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Fig. 1.14 Proposed mechanisms for the pseudoepimerization of Tröger base: a proton-catalyzed
ring opening mechanism and b retro-Diels–Alder mechanism; c Bis-Tröger bases syn-1 and anti-1
studied in ref. [128]
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its outstanding advantage in differentiating isomers and conformers. One example
from their group is presented below.

Tröger base has wide applications in chemistry due to its chirality and rigid
skeleton. Its chirality is resulted from the presence of two bridgehead stereogenic
nitrogen atoms in its structure. As depicted in Fig. 1.14, the chirality of Tröger base
can be inverted via pseudoepimerization. However, as a fundamental question in
the chemistry of Tröger base, the mechanism of the pseudoepimerization remains
unclear. It may occur via a proton-catalyzed ring opening mechanism (a) or a
retro-Diels–Alder (RDA) pathway (b). To understand the mechanism, The Schröder
group investigated the bis-Tröger base syn-1 and anti-1 (Fig. 1.14c) which are
diastereoisomers with different shapes using IM-MS [128]. The mixture of these
diastereoisomers was well differentiated by IM-MS with good resolution
(Fig. 1.15a). More importantly, they observed the isomerization of the protonated
complex syn-1H+ to anti-1H+ in a further CID experiment (Fig. 1.15b). However,
no isomerization of the sodium adduct syn-1Na+ was detected. This observation
precludes the retro-Diels–Alder (RDA) pathway since both syn-1H+ and syn-1Na+

will be able to form anti-conformers via an RDA mechanism. Therefore IM-MS
experiments indicate the importance of proton in pseudoepimerization and provide
experimental supports for proton-catalyzed ring opening mechanism.

1.3 A Brief Introduction to Computational Chemistry

Computational chemistry is an interdisciplinary subject. It utilises the methods of
theoretical chemistry which are efficiently incorporated in computational program
to simulate or calculate the structures or properties of molecules, gases, liquids and
solids, assisting in solving problems in chemistry, material, biochemistry, and other

Fig. 1.15 a Separation of syn-1 and anti-1 complexes using IM-MS and b isomerization of syn-
1H+ to anti-1H+ in CID experiment. Reproduced from ref. [128] by permission of John Wiley &
Sons Ltd
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fields. Computational chemistry directly deals with atoms and molecules, and
provides information which is difficult to be obtained by experimental methods,
offering explains and guidance for experiments. Computational chemistry has
become an indispensable tool and been widely applied in various fields.

1.3.1 Quantum Mechanical Methods

By the late nineteenth century, the laws of physics were based on classical
mechanics, while it was challenged by the phenomena of black body radiation and
photoelectric effect. In 1900, Max Planck offered a proposal that the electromag-
netic energy could be emitted only in a quantized form which successfully
explained the black body radiation. Later Einstein introduced this quantization
concept to the radiation field and successfully accounted for the photoelectric effect.
In 1924, de Broglie pointed out that all the physical particles have wave–particle
duality and their energies could be evaluated with e = hm, which extended the
quantization concept to all objects. In 1926, Schrödinger proposed that a physical
system is described entirely by a wave function W and deduced the famous
Schrödinger equation [154], also known as the wave equation. The
time-independent Schrödinger equation is ĤW ¼ EW, where Ĥ is the Hamilton
operator which acts on the wave function and returns the system energy, E, as an
eigenvalue. The typical form of Hamilton operator involves five contributions to the
total energy of the system: the kinetic energy of the electrons, the kinetic energy of
nuclei, the attraction of the electrons to the nuclei, and the interelectronic and
internuclear repulsions. The general many-particle Hamiltonian describing a system
of N electrons and M nuclei is:
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where all the physical quantities (mass, charge, distance) are in atomic units, i and
j run over electrons, A and B run over nuclei, MA and ZA are mass and nuclear
charge, respectively, RAB is the distance between particles A and B, and ∇2 is the
Laplacian operator.

Schrödinger equation is the fundament of quantum mechanics. Theoretically, if
one has the molecular wave function of a molecule, one can obtain any desired
information about this molecule by solving the Schrödinger equation. All methods
based on quantum mechanics and used by solving the Schrödinger equation are
called ab initio or the first principle methods. However, accurate wave functions for
many-particle systems are extremely difficult to express and the computational
complexity for solving the Schrödinger equation increases exponentially as the
system increases. The accurate solution of Schrödinger equation is only limited to
extremely simple molecules such as H2.

32 1 General Introduction



Approximations are made to simplify and solve the Schrödinger equation of
a complex system. One essential approximation is the Born–Oppenheimer
approximation [154] which ignores the kinetic energy of nuclei since nuclei move
orders of magnitude slower than the electron and considers the electrons move in a
field of fixed nuclear potential. Applying this approximation, the Schrödinger
equation is simplified as
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.
The Born–Oppenheimer approximation is the central law of quantum chemistry

and is the basis of almost all ab initio methods.
Hartree–Fock (HF) method [155] is a classic ab initio method and is based on

‘mean field’ approximation. For a system containing N electrons, its wave function
is expressed as the combination of N wave functions of spin orbital for a single
electron. Every single electron experiences a mean field formed by all of the other
electrons (‘mean field’ approximation). With this approximation, the wave function
of a multi-electron system can be expressed by the wave function of a single
electron:

W0j i ¼ v1 v2 . . . va vb . . . vNj i:

Therefore, the N-electron problem is reduced to N one-electron problem. The
one-electron Hamiltonian can be rewritten as the Fock operator,

fðiÞ ¼ hðiÞþ mHFðiÞ ¼ � 1
2
r2

i �
X
A

ZA
riA

þ
X
b

JbðiÞ � KbðiÞ½ �;

where h(i) involves the terms only determined by electron i (and the fixed nuclei),
mHFðiÞ includes the electron–electron interactions in an average potential. Jb(i) and
Kb(i) are the coulomb and exchange operators respectively. With the Fock operator,
the Hartree–Fock equation can be constructed as

f ið Þva ið Þ ¼ eavaðiÞ:

To solve the Hartree–Fock equation, we first need to choose a set of spin orbital
wave function va which is usually extended to a linear combination of a series of
basis functions (or basis set) /i, i.e., va ¼

P
i Cia/i. Several types of basis functions

including Slater type obitals (STOs), Gaussian type obitals (GTOs), and contract
Gaussian type orbitals (CGTOs) have been developed. Generally, larger number of
well chosen basis functions yields more accurate results, but it is more expensive
and time-consuming. With an infinite basis set, the solution of the Hartree–Fock
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equation will lead to the accuracy limit of this method, i.e., HF limit. However,
performing this kind of calculation is almost never a practical possibility.

HF method always gets energies higher than the exact ground state energy since
it only describes the coulomb repulsion and exchange interaction between electrons.
The error between HF energy and the exact ground state energy is defined as
correlation energy. Although the magnitude of correlation energy is only 1% of the
total energy, it is comparable to the energy of a typical chemical reaction, leading to
large errors in solving chemical problems. A series of post-HF methods, including
configuration interaction (CI), many-body perturbation theory (MBPT), coupled
cluster (CC), and so forth, have been developed in order to approach chemical
accuracy. All these methods are based on HF and make corrections for the corre-
lation energy. The introduction to these methods can be found elsewhere and will
not be discussed here.

Although the post-HF methods afford more accurate results by involving cor-
relation energy, they generally require more computation resource and are hard to
be applied in large systems. Density functional theory [156], DFT, a totally different
approach was developed to solve quantum mechanical problems. The fundament of
DFT is Hohenberg-Kohn theorems developed by Hohenberg and Kohn in 1964
which proposes that for molecule in nondegenerate state its electron density q
uniquely determines the Hamiltonian, and therefore its energy, wave function and
other properties. The energy of a system is described by Kohn–Sham equation
[157]:

E q r*
� �h i

¼
XN
i¼1

Z
ui r*
� �

�r2

2
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� �

dr* þ 1
2
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XM
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� �

dr*þ EXC qðrÞ½ �:

The energy E involves the kinetic energy of the electrons, interelectronic cou-
lomb repulsion, the attraction of the electrons to the nuclei and
exchange-correlation energy. In KS approach, the exchange-correlation potential is
completely unknown. However, the exchange-correlation is of great importance for
describing a system. Thus some approximations are made to describe the
exchange-correlation interaction. Various DFT methods with different
exchange-correlation potential have been developed, including local density
approximation (LDA), generalized gradient approximation (GGA), hybrid func-
tionals, and so forth. For example, the commonly used functional, B3LPY, is a
hybrid functional which combines the Becke type GGA exchange functional [158],
Hartree–Fock exchange functional and LYP type GGA correlation functional [159].

DFT takes the electronic correlation effect into account, leading to a higher
accuracy than HF methods. For N-electrons system, wave function methods need to
deal with 3N variables while DFT methods only need to handle N variables. Thus,
the computational efficiency of DFT methods is much higher than HF and post-HF
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method. The development of DFT dramatically propels the application of quantum
chemistry and achieves tremendous success.

1.3.2 Other Computational Methods

Another class of computational methods is molecular mechanics (MM). Differs
from the quantum mechanics, MM models molecular system based on classical
mechanics and interactions are described by force field (FF). Popular force fields
include CHARMM [160], Amber [161], OPLS [162], Gromos [163], and so on.
Force field used in MM method is constructed with a series of parameters which are
derived from experimental data. MM method is generally less accurate than the
quantum mechanical methods, but its computational speed is much higher which
allows the application of MM in macromolecular system. It has been broadly used
in biochemistry, biophysics, and material science. The use of molecular mechanics
in molecular dynamics enables it to model the dynamics and predict the trajectory
of a molecular system.

Hybrid quantum mechanics/molecular mechanics (QM/MM) method [164–166]
is a computational method which combines the strengths of QM and MM methods,
i.e., the high computational accuracy of QM and high computational speed of MM
method. For example, when modeling the enzyme-catalyzed reactions with
QM/MM method, the active site of enzyme and substrates are treated with QM
method to model the reaction process with high accuracy and the other parts of the
system is described by MM to include the effects of environment with high com-
putational efficiency. Extensive applications in complex systems have been reported
with QM/MM method, especially in enzyme systems.

1.3.3 Applications of Computational Chemistry
in Mechanistic Studies on Organic Reactions

Traditional methods, such as kinetic studies, isotope labeling, capturing and iden-
tifying intermediate and other experimental approaches, play an important role in
understanding the reaction mechanism and propels the development of organic
chemistry. Despite the versatile applications of these methods, they show some
obvious deficiencies in regard to mechanistic studies, including (1) it is hard for
traditional experimental approaches to provide a detailed reaction pathway for a
multi-step reaction, (2) generally it is difficult to obtain the structural information of
intermediates involved in catalytic cycle by experimental tools due to the high
reactivity and transient property of intermediates, and (3) for the organic reactions
with multiple plausible reaction pathways, traditional approaches cannot decide
which reaction pathway is more favorable in energy.
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By taking advantages of the incredible progress in speed and capacities of
computers and the development of computational programs, computational chem-
istry has become a powerful and popular tool and has played an increasing role in
mechanistic studies on organic reactions.

Computational chemistry has a unique advantage in providing detailed infor-
mation at atomic level for organic reactions by calculating structures and energies
of reactants, intermediates, transition states, and products, as well as potential
energy surface of various possible reaction pathways. Combined with experiments,
computational chemistry assists in understanding reaction mechanism which
facilitates reaction optimization and new reaction or catalyst design.

Nowadays, computational chemistry has been frequently used in both compu-
tational and experimental groups. A growing number of publications in chemistry
involve computations [167–172]. Our recently published perspective has demon-
strated the successful applications of combined computational chemistry and
experiments in establishing the mechanisms of chemical reactions [167].
Additionally, the forthcoming chapters will also showcase the applications of
computational chemistry in mechanistic studies. Thus detailed introduction is
skipped here and following part mainly provides some suggestions for conducting
computational studies on the reaction mechanism.

(1) Build a reasonable model for the studied system. In order to reduce the com-
putational cost, simplifications of the studied system are usually necessary,
especially for large systems. While in the meanwhile, the simplified model must
be able to represent the real system to ensure the accuracy. Thus, constructing
an appropriate model is a critical step and a prerequisite for obtaining reliable
computational results. Model construction depends on the characters of the
reaction system. For example, for the system which is not sensitive to steric
effects, the bulky groups can be replaced by smaller substituents to reduce the
size. However, for the reaction in which the steric effect plays an important role
(e.g., in some asymmetric reaction, the steric effect of ligand or substrate is
critical to the stereoselectivity), the bulky substituents have to be included in
the model. In organoctalysis, the intermolecular interactions between substrate
and ligands (e.g., hydrogen bonding interactions) are usually essential, and thus
groups involved in these critical interactions have to be included in the model.

(2) Select an appropriate and reliable computational method. Before performing
computational studies, one should choose a reliable method and an appropriate
basis set according to the chemical problem to be solved and evaluate the
performance of the chosen method. DFT is a popular computational method
used for studying organic reactions. Among them, B3LYP/6-31G(d) [173] has
been used as a general computational method for a long time and applied in
extensive computational works of organic reactions. However, several cases in
which B3LYP fails utterly have been reported [174, 175]. In particular, B3LYP
has rather poor performance in describing the medium to long-range dispersion
which plays a pivotal role in many molecular systems and chemical reactions.
Considerable efforts have been invested to solve this problem. One solution is to
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incorporate the empirical dispersion correction into the existing functionals, e.g.,
DFT-D method developed by the Grimme group [176, 177]. Another solution is
to develop novel functionals which is parameterized to include dispersion
interactions, e.g., M06 suite of density functionals (M06, M06L, M06-2X,
M06-HF …) developed by the Truhlar group [178–180]. Here is an example to
illustrate the importance of selecting an appropriate method: when calculating
the structure of triphenylphosphine ligand coordinated Pd complex, B3LYP
method predicts the Pd(PPh3)2 complex is most stable and underestimates the
binding energy by more than 30 kcal/mol. B3LYP-D and M06 method predict
Pd(PPh3)4 is the most stable complex, which is in accord with experiment [181].

(3) Assess and interpret obtained computational results carefully. Computations
only generate data, one should evaluate the results and consider whether the
computational errors affect the conclusions or not. Generally, the comparisons
between reaction pathways via the same mechanism (e.g., comparison between
TSs of R- and S-conformers, comparisons between reactions of substrates
bearing different substituents) are relatively reliable due to cancellation of
errors. But one should be careful to compare different reaction mechanisms
which may contain different numbers of molecules or have different charge
states. In addition, combining the experimental observations and computational
results to understand the reaction mechanism is extremely important since it
provides essential information to support or disprove the proposed mechanism
(s). At last, as the famous theoretical chemist, Charles Coulson, proposed “Give
us insight, not numbers”, we should not stay on the surface, but should explore
the chemistry behind the data when analyzing the computational results.
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Chapter 2
Mechanistic Studies on Pd(OAc)2-
Catalyzed Meta-C–H Activation Reaction

Abstract This chapter describes a comprehensive computational study on the
template-assisted and Pd(OAc)2-catalyzed meta-selective C–H olefination reaction.
The reaction mechanism, the active form of catalyst, the potential role of silver salt
and the origin of meta-selectivity were investigated in this work. The computational
results demonstrated that the conventionally proposed monomeric Pd(OAc)2 model
predicts ortho-selectivity, instead novel dimeric Pd2(OAc)4 and Pd–Ag(OAc)3
models successfully reproduce the experimentally observed meta-selectivity.

2.1 Introduction

Transition metal-catalyzed C–H activation reactions have received great attention in
recent years [1–12]. The strategy to use directing group to increase the reactivity
and control regioselectivity have been extensively applied in C–H activation
reactions [13–20]. While in most of the directing group-assisted C–H activation
reactions, substrate usually binds with transition metal to form a five- or
six-membered cyclic transition state and active ortho-C–H bond selectively.
A breakthrough work from the Yu group reported an ingenious template strategy
for meta-selective C–H activation of arenes (Scheme 2.1) in 2012 [21]. In this
strategy, they used end-on nitrile template to direct Pd to reach and activate meta-
C–H bond via a macrocyclic structure. With this method, they realized meta-C–H
activation and olefination reactions of a broad range of arene substrates including
toluene derivatives and phenylpropionic acid derivatives. This new method over-
rides the electronic and steric bias of substrates as well as the ortho directing effect
of chelating group to activate the remote meta-C–H bond which is 10 or 11

The results presented in this chapter have been published in the following article:

Yang, Y.-F.┴; Cheng, G.-J.┴; Liu, P.; Leow, D.; Sun, T.-Y.; Chen, P.; Zhang, X.; Yu, J.-Q.;
Wu, Y.-D.; Houk, K. N. J. Am. Chem. Soc. 2014, 136, 344. (┴: co-first author).

© Springer Nature Singapore Pte Ltd. 2017
G.-J. Cheng, Mechanistic Studies on Transition Metal-Catalyzed C–H Activation
Reactions Using Combined Mass Spectrometry and Theoretical Methods,
Springer Theses, DOI 10.1007/978-981-10-4521-9_2
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chemical bonds away from the directing group (nitrile group) with high selectivity.
The template design concept in this work represents remarkable progress in the field
of C–H activation and opens new opportunities for achieving unusual selecitivities
in C–H activation of arenes.

Since the Yu group’s seminal work, the template strategy has rapidly been
applied to a series of Pd(II)-catalyzed Caryl-H activation and functionalization to
achieve meta and para selectivity [21–33]. These extensive successful examples
demonstrate the enormous potential in synthetic application for this strategy.
Understanding on reaction mechanism will facilitate the development of new
reactions. However, its reaction mechanism and the origin of meta-selectivity were
unclear. Therefore, we conducted mechanistic studies on reaction 1 and intended to
address two critical issues: (1) what is the mechanism of reaction 1 and what is the
active form of the catalyst? (2) What is the origin of meta-selectivity?

In regard to the active form of the catalyst, palladium catalyst can be effective in
various forms [34] depending on the ligand, temperature, solvent and other reaction
conditions. Despite the general mechanism of Pd-catalyzed C–H bond activation
has been explored by experiments [35–40] and computations [41–47], it is still
controversial about whether monomeric, dimeric or trimeric Pd is the active cata-
lyst. In the oxazoline directed Pd-catalyzed sp3 C–H activation and iodination
reaction reported by the Yu group [48], they characterized the X-ray structure of the
C–H activated trinuclear palladyacycle complex 7. The Houk group investigated the
mechanism of this reaction [49] and found that monomeric Pd complex is the active
catalyst and this trimeric intermediate is formed via a monomeric Pd transition
state (8).

Dimeric palladium complexes are quite common in literature [50, 51]. For
example, the Ritter group [52] synthesized acetate group bridged PdII–PdII dimeric
complex [(2-phenylpyridine)Pd(l-OAc)]2 (9). Other dimeric palladium complexes
with succinic acid (10) or other carboxylic acids as linker have been reported [53].
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Many of these dimeric Pd complexes are critical intermediates in PdII/PdIV catalytic
cycle. High-valent binuclear PdIII–PdIII complexes [54] have also been developed
and applied as redox catalysts for C-X reductive elimination [55]. In a recently
published work by the Hartwig group [56], the C–H arylation of pyridine N-oxide is
assisted by a cyclopalladated dinuclear Pd complex in which C–H bond cleavage
occurs at one Pd center while the functionalization step proceeds at the second Pd
center. In the study on Pd-catalyzed C–H oxidative coupling of
1,3-dimethoxybenzene with benzo[h]quinolone by Sanford and Schoenebeck and
co-workers [57], both monomeric and dimeric Pd mechanisms have been investi-
gated. Their study showed that the predicted selectivity is equivalent for carbonate
and acetate, no matter whether dimeric or monomeric Pd complexes are considered
and the C–H bond activation of the substrate occurs at one PdII center in their dimeric
model.

Monomeric Pd complex has been extensively considered as active form for
palladium catalysts. Most of mechanistic studies of palladium acetate catalyzed
reactions are based on monomeric palladium complex [41–43, 58–61].

We speculated that for remote C–H activation and functionalization, the active
species may be affected by the template. Thus, in the present work, we investigated
several possible mechanisms involving monomeric, dimeric and trimeric palladium
as active catalyst (Scheme 2.2).

2.2 Computational Method

All DFT calculations were carried out using Gaussian 09 program [62]. Geometry
optimization was performed with B3LYP [63–66] hybrid density functional theory.
LANL2DZ + f (1.472) [67, 68] basis set with effective core potential (ECP) was
used for Pd, LANL2DZ + f (1.611) basis set with ECP was used for Ag, and 6-31G
(d) [69, 70] basis set was used for other atoms. Frequency calculation for optimized
structures was conducted at the same level of theory to verify the stationary points
to be real minima (no imaginary frequency) or transition state (one imaginary
frequency) and to obtain thermodynamic energy corrections. Single point energies
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were calculated at M06/SDD-6-311++G(d, p) [71–74] level and the solvent effect
was evaluated by using SMD solvation model [75]. The relative energies with ZPE
corrections and free energies (at 363.15 K) are in kcal/mol. 3D structures are dis-
played with CYLView [76].

2.3 Results and Discussion

We first calculated the possible states of palladium acetate, i.e., trimeric, dimeric,
and monomeric forms of palladium acetate. Trimeric palladium acetate is the most
stable complex which is in agreement with previous experimental study [49].
Dimeric palladium complexes B (with four acetate bridges) and C (with two acetate
bridges) are less stable than trimeric palladium acetate A by 8.1 kcal/mol and
13.8 kcal/mol, respectively. Monomeric palladium acetate D is also less stable than
A by 11.8 kcal/mol. Therefore, trimeric Pd3(OAc)6 was used as reference complex
in the following studies (Fig. 2.1).

2.3.1 Monomeric Pd(OAc)2 Mechanism

Monomeric Pd pathway was studied first since monomeric Pd(OAc)2 was con-
ventionally considered as active catalyst for palladium acetate catalyzed reactions in
experimental and computational works. There are four commonly proposed
mechanisms for transition metal-catalyzed C–H activation reactions: oxidative
addition, electronic aromatic substitution (EAS), concerted metalation and depro-
tonation (CMD) [36, 41, 60, 77–79] and r-bond metathesis. The computed acti-
vation energies of these four pathways [80] are summarized in Fig. 2.2. The
oxidative addition and r-bond metathesis pathways are highly unfavorable and their
activation free energies are 69.5 and 54.1 kcal/mol, respectively. Trials for locating
TS of EAS pathway were failed. The optimizations of TS for EAS pathway always
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converged to the intermediate with arene coordinating with Pd which indicates EAS
pathway is not favorable. CMD pathway has the lowest activation energy
(36.0 kcal/mol) among the four mechanisms which is in accordance with the pre-
vious study on Pd(OAc)2 catalyzed C–H activation reaction [49, 81]. Thus we only
considered the CMD mechanism in the following sections.

The catalytic cycle of reaction 1 is depicted in Scheme 2.3. The monomeric Pd
(OAc)2 is generated from the dissociation of the trimeric Pd3(OAc)6 complex. The
nitrile group of substrate coordinates with Pd to form an intermediate Int0a and the
further binding of C–H bond of the substrate with Pd leads to Int0. In Int0, the
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C–H bond is pre-activated via agostic interaction with Pd. After C–H bond acti-
vation step, a cyclopalladated complex Int1 is formed. Olefin replaces acetic acetate
to coordinate with Pd forming complex Int2. Olefination insertion followed by
b-hydride elimination generates Int5. Then the product dissociates from Pd and
reductive elimination releases acetic acid. Finally the AgI oxidant oxidizes Pd0 to
regenerate the PdII catalyst.

The reaction profile for monomeric Pd pathway is shown in Fig. 2.3. The forma-
tion of monomeric palladium complex Int0a_a from the binding of the substrate
towards trimeric Pd3(OAc)6 is endothermic by 17.0 kcal/mol. The formation of
Int0_a requires 4.0 kcal/mol free energy from Int0a_a. TheC–Hbond activation step
needs to overcome a barrier of 36.0 kcal/mol and generates cyclopalladated complex
Int1_a. The replacement of acetic acid by olefin is exothermic by 5.8 kcal/mol. The
olefin insertion step is a facile process with a barrier of 24.8 kcal/mol which leads to a

Fig. 2.3 Energy profile for the meta pathway in the monomeric Pd(OAc)2 mechanism. Reprinted
with the permission from Ref. [93]. Copyright 2013 American Chemical Society
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stable complex Int3_a. The following b-hydride elimination step is very favorable
process with a low barrier of 12.8 kcal/mol. Therefore, the C–H activation step is the
rate-determining step as well as regioselectivity-determining step.

To investigate the regioselectivity, the TSs for meta-, ortho-, and para-C–H
activation were calculated since C–H activation step is the regioselectivity-
determining step. We took into account the different coordination states of the
nitrile group of the substrate. As presented in Fig. 2.4(b), both TSs with nitrile
coordinating with Pd (meta_TS1_a, ortho_TS1_a and para_TS1_a) and TSs
without nitrile group binding with Pd (meta_TS1_a2, ortho_TS1_a2 and
para_TS1_a2) were calculated. It is found that in the TSs in which the nitrile group
does not bind with Pd the substrate adopts a similar conformation with the ground
state of the substrate (Fig. 2.4a). The dihedral angles around the C-O bond of benzyl
ether in all these structures are close to 180°. Computational results demonstrate that
the TS for ortho-C–H bond activation is more favorable than the corresponding
meta- and para-TS by 1.8 and 0.8 kcal/mol, respectively, suggesting that the
monomeric pathway mainly leads to ortho- and para-C–H bond functionalized
products in the absence of the nitrile directing group.

In the case of the nitrile group coordinating with Pd, the activation barriers for
meta- and para-TS do not change much compared to the previously discussed case
without nitrile group binding to Pd. But the activation barrier of ortho-TS decreases
significantly when the nitrile group coordinates with Pd, indicating the template
promotes ortho-C–H bond activation for monomeric mechanism. The
ortho_TS1_a is 5.9 kcal/mol lower in activation free energy than meta-TS1_a.

To understand the ortho-selectivity for monomeric mechanism, a further
distortion-interaction analysis [82] was conducted. As shown in Scheme 2.4, the
activation barrier is decomposed by an unfavorable distortion energy which is due
to the conformational changes of the substrate and catalyst from reactant state to
transition state and a favorable interaction between the catalyst and substrate. The
system is divided into catalyst part and substrate part and their distortion energies
are evaluated by the energetic differences from the reactant state to TS.
Computational results (Table 2.1) demonstrate that the energetic differences of
ortho-, meta-, and para-TS are mainly attributed to the differences in distortion
energy of the substrate part. The substrate in ortho_TS1_a is less distorted (the
distortion energy is 36.7 kcal/mol) while the distortion energies of substrate part for
meta_TS1_a and para_TS1_a are 44.1 and 43.2 kcal/mol which are much higher
than that in ortho_TS1_a. Structural analysis indicates that the greater distortion in
meta_TS1_a and para_TS1_a is mainly due to the torsion about the benzyl ether
C–O bond, which places two bulky groups (aryl group and benzyl group) in gauche
position in the meta- and para-TS (w3 = 78° and 64°, respectively), while the two
bulky groups are in anti-position in the preferred ortho-TS. In addition,
meta_TS1_a is destabilized by the torsion about w2 which is enlarged from −101°
in reactant to −118° in meta-TS as well as steric repulsion between the nitrogen
atom of the nitrile group and the ortho carbon atom (N–C distance is 2.81 Å).
para_TS1_a is also destabilized by steric repulsion between the ether oxygen and
methyl group (O–C distance is 2.77 Å).
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In summary, ortho-selectivity is predicted by monomeric Pd(OAc)2 mechanism
which contradicts with the experimentally observed meta-selectivity
(m:p:o = 91:7:2).

Fig. 2.4 a Lowest energy conformation of toluene derivative substrate with nitrile-containing
template. b Optimized geometries of meta, ortho, and para C–H activation transition states of the
monomeric Pd(OAc)2 mechanism. In TS1_a, the nitrile group is coordinated to Pd; in TS1_a2, it
is not. Gibbs activation free energies with solvation correction are given in kcal/mol. Reprinted
with the permission from Ref. [93]. Copyright 2013 American Chemical Society
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2.3.2 Dimeric Pd2(OAc)4 Mechanism

The above computational results demonstrated that the traditional monomeric Pd
(OAc)2 mechanism fails to explain the meta-selectivity of reaction 1 which impels
us to investigate new mechanistic scenarios. Compared to the widely studied
substrates in Pd(OAc)2 catalyzed C–H bond activation reactions, substrate 1 fea-
tures with a long linker which connects the remote directing group (nitrile group)
and the aryl ring. The long linker enables both the directing group and the aryl
group of the substrate to bind with two different Pd atoms in dimeric Pd catalyst to
form a larger macrocycle. We expect that the larger macrocycle in dimeric Pd
model may reduce the ring strain and distortion in meta-TS which destabilizes
meta-TS in monomeric Pd model. Therefore, the present work further investigated
the dimeric Pd2(OAc)4 mechanism.

It is worth noting that different from the dimeric palladium acetates reported in
literature which usually have two same Pd atoms (same coordination state and same
functions), the two Pd atoms have different roles in the dimeric Pd model proposed

Scheme. 2.4 Schematic diagram for distortion-interaction analysis

Table 2.1 Distortion energy analysis of C–H activation TSs of monomeric models

Distortion energy (kcal/mol) meta_TS1_a ortho_TS1_a para_TS1_a

Ecat 63.1 61.8 62.8

Esub 44.1 36.7 43.2

Etotal 107.2 98.5 106.0
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in the present work. In the new dimeric Pd model one Pd coordinates with
the nitrile group and another Pd coordinates with aryl group of the substrate and
activates the C–H bond. Two Pd atoms are connected by two bidentate acetate
groups. The computed energy profile for dimeric Pd mechanism is shown in
Fig. 2.5. The C–H bond activation is also the rate-determining step and
regioselectivity-determining step. The activation barrier of C–H activation for
dimeric Pd model is 29.3 kcal/mol which is 6.7 kcal/mol lower than monomeric Pd
model. The direct comparison of the activation energies of dimeric Pd mechanism
and monomeric Pd mechanism requires a reliable computational method to pre-
cisely calculate the key interactions such as nonbonding interactions between Pd
atoms, dispersion interactions in the macrocycle and the binding energy of ligand
with Pd. The recently published benchmark studies have demonstrated that M06
provides reasonable accuracy to describe the ligand binding energy and dispersion
energy [83–85]. We also tested the performance of M06 in calculating the dimer-
ization energy of Pd dimer. The result with M06 method is in reasonable agreement
with higher-level calculations (MP2 and CCSD(T)), suggesting it is also applicable
to describe the nonbonding Pd–Pd interactions in present study [86].

Fig. 2.5 Energy profile for the meta pathway in the dimeric Pd2(OAc)6 mechanism. Reprinted
with the permission from Ref. [93]. Copyright 2013 American Chemical Society
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We focused on the TSs of C–H bond activation since it determines the regios-
electivity. For dimeric catalyst model, there are many possible conformations for
intramolecular TS because it is a macrocycle (n-membered ring, n = 14 (ortho), 15
(meta), 16 (para)). In order to search these conformations systematically, we
examined the structure very carefully and identify four major factors which would
lead to different conformations. As shown in Scheme 2.5, the first factor is the
dihedral angles W1 and W2 which determines the relative position of nitrile group
and the benzene ring of substrate (on the same side of the benzene ring of template
or on different sides). The second factor is the dihedral angles W3 and W4 that
determines which C–H bond of two meta-C–H bonds (or two ortho-C–H bonds)
will be activated. The third factor is the rotation of the spectator acetate group
(dihedral angles W5) which brings the carbonyl above or below the Pd coordination
plane. The fourth factor is the relative position of two acetate groups (green and
purple in Scheme 2.5) which may locate at different sides (Scheme 2.5(a)) or the
same side (Scheme 2.5(b)) of dimeric Pd catalyst.

Four variables result in 16 (24) conformations for intramolecular meta-C–H and
intramolecular ortho-C–H bonds activation, respectively. And eight conformations
for intramolecular para-C–H bond activation were obtained since there is only one
para-C–H which is not affected by the dihedral angles W3 and W4. There are
likewise three conformations for intermolecular C–H activation in which the nitrile
group does not coordinate to the Pd center. Thus we studied 43 conformations in
total. Eight favorable conformations (within a free energy window of 2.5 kcal/mol
from the lowest one) are shown in Fig. 2.6.

The lowest activation barriers for meta-, ortho-, and para-C–H bond activation
are 29.3, 29.7, and 33.4 kcal/mol, respectively, all are significantly lower than the
corresponding activation barriers for counterpart TSs of monomeric Pd model.
The TS for intramolecular meta-C–H bond activation has the lowest activation
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Fig. 2.6 The favored conformations of TS (within a free energy difference of 2.0 (2.5) kcal/mol)
and their relative free energies (in kcal/mol, values in black were calculated at 298.15 K and values
in red parentheses were calculated at 363.15 K)
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energy. It is worth noting that among these stable conformations, there are seven
conformations contribute to the meta-C–H bond activation and only one confor-
mation is responsible for ortho-C–H bond activation. According to Boltzmann
distribution of these TS conformers, the ratio of meta and ortho product is estimated
to be 83:17 at 363.15 K. In consideration of activation free energy and the number
of stable conformations of TS, meta-C–H bond activation is found to be more
favored than ortho-C–H bond activation for dimeric catalyst model. This result is in
agreement with experimentally observed meta-selectivity.

We sought to explore the structural characters of these stable conformations and
found in these stable conformations two benzene rings prefer to be mutually per-
pendicular and the conformations which are more close to the optimized structure
of template 1 are more stable. We also found the distortion of the template 1 and the
ring strain of cyclopalladated macrocycle are the key factors to influence the sta-
bility of TS.

In literature, the monomeric Pd catalyst model is frequently proposed while
dimeric Pd catalyst model is less investigated. It is understandable since in most
cases, the substrate is a relative small molecule and the C–H bond to be activated is
always close to the directing group, thus the substrate prefers to bind with one Pd
atom and the C–H bond is activated via a stable five- or six-membered cyclic TS.
However, in substrate 1, the meta-C–H bond is 11 chemical bonds away from the
nitrile group which enables the substrate to bind with dimeric Pd to form macro-
cycle in which the ring strain and distortion of the substrate are released.

2.3.3 Dimeric Pd–Ag(OAc)3 Mechanism

The oxidant screening experiment suggests that Ag(OPiv) is an optimal oxidant
while other oxidants such as O2 and Ag(OTf) resulted in complete loss of reactivity
and selectivity. So Dr. Yang proposed the heterodimeric Pd-Ag(OAc)3 catalyst
model, in which the nitrile group binds to Ag and two carboxylic groups bridge Ag
and Pd atoms. Pd still act as catalyst to activate the C–H bond. The crystal structure
of dimeric Pd–Ag complex has been reported in literature in which Ag binds with
three or four ligands. But there is no report about Pd–Ag acts as catalyst to activate
C–H bond before our work published. The potential energy surface of dimeric Pd–
Ag mechanism was shown in Fig. 2.7 and it indicates that the C–H bond activation
step is still the rate-determining step and also the regioselectivity-determining
step. The structures of the most favorable TSs are presented in Fig. 2.8. The acti-
vation barriers for dimeric Pd–Ag complex catalyzed meta-, ortho-, and para-C–H
bond activation are 24.8, 27.8, and 28.3 kcal/mol, respectively. Therefore, dimeric
Pd–Ag model also predicts meta-selectivity.
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Fig. 2.7 Energy profile for meta pathway in heterodimeric Pd-Ag(OAc)3 mechanism. Free
energies (enthalpies) are with respect to Pd3(OAc)6 and Ag2(OAc)2. Reprinted with the permission
from Ref. [93]. Copyright 2013 American Chemical Society

Fig. 2.8 C–H activation transition states and activation free energies for meta, ortho,
and para pathways of Pd–Ag (TS1_c) dimeric mechanism. Reprinted with the permission from
Ref. [93]. Copyright 2013 American Chemical Society
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2.3.4 Trimeric Pd3(OAc)6 Mechanism

Since dimeric catalyst model successfully explains the meta-selectivity, we further
investigated trimeric catalyst model to investigate whether trimeric Pd is also
reactive in C–H activation. Similar to the dimeric case, trimeric Pd catalyst model
has many possible conformations resulted from the macrocyclic TS structure. We
tried different TS structures including C-conformation (TS1_d and TS1_d2) and
S-conformation (TS1_d3) as well as the different coordinating status of nitrile
group which are depicted in Fig. 2.9. However, they have much higher energy
barriers (>37 kcal/mol) than momeric and dimeric TSs due to greater distortions of
the trimeric catalyst which indicates this trimeric catalyst model is not reasonable.
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Fig. 2.9 C–H activation transition states and activation free energies for meta, ortho, and para
pathways of trimeric Pd3(OAc)6 mechanism
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2.3.5 Origin of Meta-Selectivity in Dimeric Mechanism

One can conclude from the above computational results that both monomeric and
trimeric Pd mechanisms can be ruled out since the former leads to ortho-selectivity
and the latter has high activation barriers. The dimeric Pd–Pd and Pd–Ag models
are more favorable than trimeric and monomeric Pd models in terms of activation
energies and they successfully predict the experimentally observed meta-selectivity.
Therefore, a deeper analysis on the origin of meta-selectivity for dimeric mecha-
nism was performed.

As discussed in Sect. 2.3.1, in monomeric Pd model, Pd prefers to activate the
ortho-C–H bond. Forcing the Pd to reach the remote meta-C–H bond will cause
larger ring strain and distortion in the monomeric TS. The distortion energy of the
substrate part of meta- and ortho-TS are 44.1 and 36.7 kcal/mol, respectively
(Table 2.1). While in dimeric TS, the nitrile group and the activated C–H bond are
bound to different Pd atoms (or Pd and Ag atoms). This special binding mode
extends the size of the macrocyclic TS and directs Pd to get close to meta-C–H
bond without introducing ring strain and torsion strain (Scheme 2.6). The distortion
energy of the substrate part of meta- and ortho-TS are 33.3 and 37.7 kcal/mol,
respectively (Table 2.2), demonstrating that the dimeric model significantly releases
the distortion in meta-TS. In addition, the meta-TS is more flexible than ortho-TS in
dimeric model. More low-energy meta-TS conformers are located in the confor-
mational search.

Scheme. 2.6 Monomeric and dimeric C–H activation transition states. Reprinted with the
permission from Ref. [93]. Copyright 2013 American Chemical Society

Table 2.2 Distortion energy analysis of C–H activation TSs of dimeric models

Distortion energy (kcal/mol) meta_TS1_c ortho_TS1_c para_TS1_c

Ecat 35.2 36.3 36.3

Esub 33.3 37.7 35.6

Etotal 68.5 74.0 71.9
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Because the TS geometries for dimeric Pd–Pd and Pd–Ag mechanism are
similar, we did structural analysis for dimeric Pd–Ag model to understand the origin
of meta-selectivity. The most stable conformations of ortho-, meta-, and para-TS
for dimeric Pd–Ag model are shown in Fig. 2.7.meta_TS1_c has a lower activation
barrier than ortho_TS1_c by 3 kcal/mol. In monomeric TS, meta- and para-TS are
destabilized by the torsion strain of w3 (two large groups forms gauche confor-
mation about the benzyl ether bond). While this unfavorable torsion strain is
diminished in dimeric TSs because the larger sized macrocyclic TS allows the anti
arrangement about w3 in all three regioisomeric transition states. On the other hand,
ortho_TS1_c is destabilized by the steric repulsion between the activated benzyl
ring and the ether oxygen atom (w4 = 1°) as well as the repulsion between the
activated benzyl group and the acetate group (C–O distance is 2.84 Å). In
meta_TS1_c, these repulsions are avoided since w4 = −44° and the C–O distance
is 2.9 Å. In addition, the C-N-Ag angle is about 160° in meta_TS1_c and
ortho_TS1_c which is close to the value of the angle (180°) in the most favorable
conformation. While this angle distorts to be 135° in para_TS1_c.

In order to elucidate how the substrate distortion controls the regioselectivity, a
distortion-interaction analysis was performed. As shown in Table 2.2, meta-TS has
the lowest distortion energy. It is found all the TSs have similar distortion energies
in catalyst part and the major difference is from the substrate part. The substrate in
ortho_TS1_c and para_TS1_c suffers greater distortion leading to higher distor-
tion energies of 5.5 and 3.4 kcal/mol than meta_TS1_c, respectively, further
supporting that the substrate distortion in the C–H activation transition
states controls the regioselectivity.

2.4 Summary

In this chapter, we studied the reaction mechanism and regioselectivity for the
palladium acetate catalyzed remote meta-C–H activation and olefination reaction.
Possible reaction mechanisms with monomeric Pd(OAc)2, dimeric Pd2(OAc)4,
dimeric Pd–Ag(OAc)3, and trimeric Pd3(OAc)6 acting as active catalyst were
investigated. Among these mechanisms, trimeric Pd model is ruled out due to the
high activation barrier and the CMD mechanism with dimeric catalyst is found to be
the most favorable mechanism. The frequently proposed monomeric Pd(OAc)2
model has a higher activation barrier than dimeric models and leads to ortho
product. Instead, the novel dimeric Pd–Pd and Pd–Ag mechanisms successfully
reproduce the experimentally observed meta-selectivity. In the dimeric model, the
nitrile group and the activated C–H are bound to two different Pd atoms of dimeric
catalyst which forms a larger macrocycle. In the dimeric meta-TS, the large sized
macrocycle direct the Pd to meta-C–H bond without inducing ring strain and tor-
sion strain, thus promoting meta-C–H activation. This new model extends our
knowledge about dimeric metal system as well as provides new ideas for the design
of directing groups and new insights for the possible roles of additives used in
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organic reactions. Ag(OAc)2 is usually considered to act as oxidant, while our work
suggests that silver salt may be involved in the active dimeric catalyst. After our
work, Schaefer and co-workers [87] also proposed similar dimeric Pd–Pd and Pd–
Ag models for Pd-catalyzed C–H activation reaction. Other works using dimeric
catalyst or exploring the role of silver salts [88–92] have been reported recently.
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Chapter 3
Mechanistic Studies on Pd(MPAA)-
Catalyzed Meta- and Ortho-C–H
Activation Reactions

Abstract This chapter presents a mechanistic study on Pd/MPAA
(mono-N-protected amino acid)-catalyzed meta- and ortho-C–H activation reac-
tions by a combined mass spectrometry and density functional theory (MS/DFT)
method. A novel model for C–H activation was established which reveals the role
of MPAA in promoting reactivity by favorably forming bidentate coordination with
Pd and serving as the proton acceptor in C–H activation. It opens a new avenue for
ligand and template design.

3.1 Introduction

The direct C–H bond activation provides an efficient methodology for constructing
carbon–carbon or carbon–heteroatom bond. Improving selectivity and reactivity
represents a longstanding goal in the field of C–H bond activation. In recent years,
ligands have been widely applied in C–H activation due to their ability to modulate
the activity and selectivity of transition metal catalysts. Recently, the Yu group
developed mono-N-protected amino acid (MPAA) ligands which are successfully
applied to various C–H activation reactions to improve reactivity and control
selectivity. In 2012, they reported a remote meta-C–H activation directed by a
nitrile-containing template (Eq. 3.1) [1]. With the assistance of the MPAA ligand,
the template overrides the intrinsic electronic and steric biases achieving high meta-
selectivity (up to 96%). The MPAA ligand was found to be essential to obtain high
yield and regioselectivity. Similar reaction conditions were applied to ether directed
ortho-C–H activation of substrate 3 (Eq. 3.2). MPAA ligand significantly improves
the yield from 11% (without ligand) to 92% [2].

The results presented in this chapter have been published in the following article:

Cheng, G.-J.; Yang, Y.-F.; Liu, P.; Chen, P.; Sun, T.-Y.; Li, G.; Zhang, X.; Houk, K. N.; Yu,
J.-Q.; Wu, Y.-D. J. Am. Chem. Soc. 2014, 136, 894.

© Springer Nature Singapore Pte Ltd. 2017
G.-J. Cheng, Mechanistic Studies on Transition Metal-Catalyzed C–H Activation
Reactions Using Combined Mass Spectrometry and Theoretical Methods,
Springer Theses, DOI 10.1007/978-981-10-4521-9_3
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The Pd(OAc)2/MPAA catalyst system has been successfully applied in a broad
of reactions to improve yield, shorten the reaction time, promote regio- and
enantio-selectivity. Reported reactions include carboxyl directed C–H alkylation
[3], olefination [4] and arylation reactions [5], hydroxyl group directed C–H ole-
fination reaction [6], nitrile group directed cross-coupling reaction [7], amide
directed arylation [8], carboxyl directed C–H activation and C–O bond coupling
reaction [9], silanol directed olefination [10], P(O)Ph2 group directed olefination
[11], intramolecular coupling reactions [12], and so forth. Chiral MPAA ligands are
also employed to achieve asymmetric C–H activation [13–20] which will be dis-
cussed in the next chapter.

MPAA ligands are amino acid derivatives which are simple and commercially
available or could be easily synthesized. The capability to improve reactivity and
selectivity as well as readily availability make MPAA ligands to be especially
appealing for C–H activation. The understanding on the mechanism of
MPAA-assisted C–H activation and the effect of MPAA will provide important
information for further development of new ligands and new reactions. In a com-
putational study by Musaev and coworkers, they proposed a reaction mechanism
involving N–H bond cleavage followed by C–H bond activation by an external base
[21]. In the present work, we explored the Pd/MPAA-catalyzed meta-C–H and
ortho-C–H activation reactions (Eqs. 3.1 and 3.2) by combined mass spectrometry
and density functional theory (MS/DFT) method to reveal a novel model involving
monomeric Pd(MPAA) species and understand the role of MPAA in promoting
reactivity as well as controlling regioselectivity.

3.2 Experimental Methods and Computational Details

3.2.1 Experimental Methods

The experiments were performed with a SYNAPT G2-S HDMS instrument with an
electrospray ion source [22]. The instrument is equipped with a quadruple mass
filter after ion source for the selection of parent ions. In the collision-induced
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dissociation (CID) experiment, the mass-selected ions enter an argon-filled linear
ion trap in which argon is present at an approximate pressure of 8 � 10−3 mbar.
After collision, the ions enter a time-of-flight (TOF) region for analysis.

For a given ion of interest, the elemental composition is confirmed by exami-
nation of the associated isotope envelopes in the source spectra and the structure is
determined by analyzing the fragments obtained from collision induced dissociation
experiments.

For ion generation, millimolar solutions of Pd(OAc)2 (Energy Chemical, 99%),
N-Ac-Glycine (Energy Chemical, 98%), and N-Boc-Glycine (Energy Chemical,
98%), respectively, in HPLC-grade methanol (Fisher-Scientific) or acetonitrile
(Fisher-Scientific) were prepared. 1:1 mixed solutions of Pd(OAc)2 and N-protected
glycine (N-Ac-Glycine and N-Boc-Glycine) dissolved in methanol or acetonitrile
were infused to the ESI at a flow rate of 3 ll min−1 via a syringe pump. Nitrogen
was used as a nebulizing and desolvation gas at a source temperature of 100 °C.

3.2.2 Computational Details

All DFT calculations were carried out using Gaussian 09 program [23]. Geometry
optimization was performed with B3LYP [24–27] hybrid density functional theory.
LANL2DZ + f (1.472) [28, 29] basis set with ECP was used for palladium atom
and 6-31G (d) [30, 31] basis set was used for other atoms. Frequency calculation for
optimized structures was conducted at the same level of theory to verify the sta-
tionary points to be real minima (no imaginary frequency) or transition state (one
imaginary frequency) and to obtain thermodynamic energy corrections. Single point
energies were calculated at M06/SDD-6-311 ++G(d, p) [32–35] level and the
solvent effect was evaluated by using SMD solvation model [36]. The relative
energies with ZPE corrections and free energies (at 298.15 K) are in kcal/mol.
RMSD values were calculated by chimera software [37] and RMSD counts all
atoms which involved in model. 3D structures are displayed with CYLView [38].

3.3 Results and Discussion

3.3.1 Identifying Pd(MPAA)(Solvent) Complexes
by ESI-MS

Mass spectrometry experiments were carried out to explore the coordination
complexes generated from the trimeric precatalyst [Pd(OAc)2]3 and MPAA ligands.
A 1:1 mixture of Pd(OAc)2 and N-acetyl-glycine or N-Boc-glycine dissolved in
methanol or acetonitrile was analyzed by electrospray ionization mass spectrometry
(ESI-MS). No charged palladium acetate species were detected. Instead
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MPAA-coordinated palladium complexes, [Pd(N-Ac-Glycine)(solvent)2, H]
+ and

[Pd(N-Boc-Glycine)(solvent)2, H]
+, (solvent = methanol or acetonitrile) were

observed and confirmed by the isotope pattern in source spectra [39]. As shown in
Fig. 3.1, two solvent molecules (methanol or acetonitrile) successively dissociate
from [Pd(N-Ac-Glycine)(solvent)2, H]

+ upon collision with argon gas in trap cell,
suggesting that solvent molecules bind with Pd as neutral ligands. The dissociation
of solvent molecules was also observed for [Pd(N-Boc-Glycine)(solvent)2, H]+

which confirms the solvent molecules acts as neutral ligands to coordinate with Pd
(Fig. 3.2). The most possible protonation position is the carbonyl group of the
carboxyl group or the N-protecting group of MPAA ligand as indicated by DFT
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Fig. 3.1 Collision-induced dissociation (CID) mass spectra of a [Pd(N-Ac-Glycine)(CH3OH)2,
H]+ and b [Pd(N-Ac-Glycine)(CH3CN)2, H]+. c Possible protonation positions for
[Pd(N-Ac-Glycine)(CH3OH)2, H]

+ and corresponding relative energies (in kcal/mol). Reprinted
with the permission from Ref. [58]. Copyright 2013 American Chemical Society
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calculations (Fig. 3.1c). Thus the MS experiment and DFT calculation demonstrate
that the deprotonated amino acid coordinates with Pd in a bidentate fashion. This
provides the first experimental evidence that both acetates in Pd(OAc)2 are replaced
upon MPAA coordination. Previously, displacement of one of the acetates [21] or
an acetylacetonate [40] from palladium(II) complexes by MPAA has been observed
by NMR. Monomeric and dimeric Pd acetate species have been observed previ-
ously in a mixture of Pd(OAc)2 and benzoquinone in AcOH/DMSO(1:1) [41].
Under the present reaction condition, palladium black was easily formed especially
in methanol solvent which has a reductive property and [Pdn(CH3CN)

m]+ clusters
were detected in acetonitrile solvent. These observations indicate that Pd(II) can be
easily reduced to Pd(0) under the reaction condition used here and on the other hand
it demonstrates that MPAA promotes formation of monomeric Pd(II) complexes
even without an oxidant or excess AcOH.

Fig. 3.2 Collision-induced dissociation (CID) mass spectra of a [Pd(N-Boc-Glycine)(CH3OH)2,
H]+ and b [Pd(N-Boc-Glycine)(CH3CN)2, H]

+
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3.3.2 Computational Studies on the Dissociation of Trimeric
[Pd(OAc)2]3

3.3.2.1 Dissociation of Trimeric [Pd(OAc)2]3 to Monomeric Palladium
Complex

MS experiments have detected the MPAA-coordinated monomeric Pd complex.
Then we conducted computational studies to investigate the dissociation of trimeric
[Pd(OAc)2]3 precatalyst. As illustrated in Fig. 3.3, the dissociation of [Pd(OAc)2]3
to form monomeric Pd(OAc)2 complex is endergonic by 15.2 kcal/mol [42].
MPAA ligand may replace one acetate molecule and coordinate with Pd in mon-
odentate mode leading to complex 5-B. The energy required for the formation of
5-B is 14.6 kcal/mol which is similar to that for 5-A. The acetate could further
activate the N–H bond of MPAA affording a dianionic ligand which binds with Pd
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in bidentate fashion to form complex 5-C. The N–H deprotonation requires to
overcome a low barrier of 16.8 kcal/mol with respect to [Pd(OAc)2]3 and the
resulting intermediate 5-C is 5.3 kcal/mol more stable than monomeric Pd(OAc)2
(5-A). Here the normally unfavorable deprotonation of the N–H bond in amino
acids is promoted by both the N-acyl group and the stronger binding of the
deprotonated N with Pd, leading to a stable Pd complex with a dianionic bidentate
MPAA ligand (5-C). This is in agreement with the above MS experimental
observations of the stable Pd-MPAA complex.

3.3.2.2 Dissociation of Trimeric [Pd(OAc)2]3 to Dimeric Palladium
Complex

The dissociation of trimeric [Pd(OAc)2]3 precatalyst to dimeric palladium complex
was also studied. As shown in Fig. 3.4, the dissociation of [Pd(OAc)2]3 could lead
to a four acetate molecules linked dimeric [Pd(OAc)2]2 complex (Ac_dimer_Pd)
which is featured with a cage structure. This process is endergonic by
11.5 kcal/mol. The open structured dimeric [Pd(OAc)2]2 complex
(Ac_dimer_Pd_C) with two acetate bridges has a higher energy than the cage
structure by 6.5 kcal/mol. The MPAA-coordinated dimeric Pd complexes have also
been investigated. The dimeric Pd2(OAc)2(MPAA)2 has four possible conforma-
tions. In AG_dimer_cf1, two acetate groups act as bridge molecules to connect two
Pd atoms and two MPAA ligands bind with different Pd atoms in bidentate mode,
respectively. The energy of AG_dimer_cf1 is 16.5 kcal/mol. In AG_dimer_cf2,
two MPAA ligands and two acetate molecules act as bridges to link two Pd atoms
forming a cage structure. The energy of AG_dimer_cf2 is as high as 32.2 kcal/mol.
In AG_dimer_cf3 and AG_dimer_cf4, two acetate groups bind with two different
Pd atoms, respectively, and two MPAA ligands link two Pd atoms. The difference
between them lies in the binding mode of MPAA. The carboxyl group and the
N-protecting group of MPAA coordinate with Pd in AG_dimer_cf4. The free
energies for AG_dimer_cf3 and AG_dimer_cf4 are 49.4 and 35.6 kcal/mol,
respectively.

Thus the [Pd(OAc)2]2 complex, Ac_dimer_Pd adopting a cage structure is the
most stable dimeric palladium compound. Ac_dimer_Pd is more stable than
monomeric Pd(OAc)2 by 3.7 kcal/mol, but is still higher than the monomeric
MPAA-coordinated complex 5-C by 1.6 kcal/mol. On the other hand, dimeric
Ac_dimer_Pd will form an open structure upon the binding of the substrate which
is much higher than 5-C in energy. Therefore, the formation of monomeric Pd
(MPAA) complex is much more favorable than dimeric palladium complex at the
present of MPAA ligand. In other words, MPAA ligand promotes the dissociation
of trimeric Pd precatalyst to generate monomeric complex.
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3.3.3 C–H Activation Mechanism

3.3.3.1 Four Conventionally Proposed Mechanisms for C–H
Activation

For transition-metal catalyzed C–H activation reactions, there are four most fre-
quently proposed mechanisms [43] including oxidative addition, electronic aromatic
substitution, concerted metalation and deprotonation (CMD) [44–49], and r-bond
metathesis. Computational studies on these four mechanisms for reaction 1 suggest
that the reaction is unlikely to proceed through oxidative addition or r-bond
metathesis mechanisms since their barriers are about 50 kcal/mol (Fig. 3.5).
Location of the transition state for electronic aromatic substitution pathway always
led to the arene-coordinated intermediate, indicating this pathway is also unfavorable.
The CMD pathway has the lowest activation barrier among these four pathways,
which is consistent with previous studies on Pd-catalyzed C–H activation reactions
[50, 51]. Thus, the following studies are based on CMD mechanism (Fig. 3.6).

3.3.3.2 Monomeric Palladium-Catalyzed C–H Activation

The C–H activation by monomeric palladium catalyst was investigated. We
explored various CMD models of C–H activation of substrates 1 and 3 involving
different counter-ions coordinated to the Pd and employing either the acetate
(pathways A, B, D, E, and H) or the N-acyl carbonyl (pathway C) or the carboxyl
group of MPAA (pathway F and G) to activate the C–H bond. The calculated
activation barriers for these pathways are summarized in Table 3.1.

Pathway A represents the traditional Pd(OAc)2 (5-A) catalyzed C–H activation
in the absent of MPAA ligand. The activation barriers of pathway A for substrates 1
and 3 are 30.5 (meta-C–H bond) and 34.3 kcal/mol, respectively. In pathway B, the
MPAA ligand coordinates with Pd in a monodentate way and acetate group
abstracts the proton from the substrate. The activation barriers for pathway B are
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similar to pathway A, suggesting the effect of monodentate MPAA ligand on the
reactivity of palladium catalyst is negligible.

For bidentate MPAA-coordinated catalyst 5-C (Pd(MPAA)(AcOH)2), two AcOH
molecules dissociate upon the coordination of the directing group and C–H bond of
the substrate. Traditional CMD mechanism requires an acetate to deprotonate the
C–H bond. While here all four coordination sites of the Pd are occupied by the ligand
and the substrate, leaving no binding site for acetate. Employing an acetate to
activate the C−H bond in this Pd(MPAA)(substrate) complex will require either
dissociation of the MPAA ligand to form an unfavorable monodentate binding mode
(pathway B) or outer-sphere deprotonation with an unbound acetate (Pathway D).
Pathway D is highly unfavorable due to the charge separation in transition state and
the activation barriers are more than 40 kcal/mol for both substrates 1 and 3.

The present study proposed a novel C–H deprotonation mechanism involving
the bidentate Pd(MPAA) catalyst (Pathway C). Instead of an external acetate, the
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Table 3.1 Calculated activation free energies (activation electronic energies) of pathways A-H
(kcal/mol) for substrates 1 and 3

A B C D E F G H

1 ortho 30.2
(23.3)

30.0
(23.6)

25.5
(21.4)

44.1
(33.6)

36.2
(31.1)

31.6
(25.0)

31.0
(21.7)

meta 30.5
(24.5)

29.2
(22.2)

23.6
(20.8)

46.4
(37.0)

36.4
(33.0)

31.5
(24.3)

59.7
(56.7)

34.8
(26.8)

para 31.3
(24.0)

29.1
(21.5)

24.1
(20.6)

41.0
(32.0)

33.8
(31.8)

32.0
(24.3)

33.5
(27.4)

3 ortho 34.3
(29.1)

33.0
(26.9)

28.9
(27.3)

43.8
(35.9)

34.2
(30.9)

34.9
(29.4)

65.9
(64.6)

33.5
(27.3)
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N-acyl group on the dianionic MPAA ligand acts as a base to deprotonate the C–H
bond. The activation free energies for Pathway C are 23.6 and 28.9 kcal/mol for
substrates 1 and 3, respectively, which are 4–7 kcal/mol lower than those of
Pathways A and B (Table 3.1). This is in agreement with the increased reactivities
in the presence of MPAA ligand.

Other CMD models were also considered. Pathway E is the intermolecular C–H
activation by Pd(OAc)2 which has a higher (for substrate 1) or similar (for substrate
3) activation barrier than pathway A. Pathway F uses the monodentate MPAA as
proton acceptor and has a similar activation energy with its counterpart, pathway B.
In pathway G, the carboxyl group of bidentate MPAA acts as base to deprotonate the
substrate. The carboxyl group of bidentate MPAA is a poor proton acceptor, and the
calculated activation free energies for pathway G is about 60 kcal/mol. For pathway
H, the dissociation of directing group releases a coordinating site for acetate group
which eliminates the charge separation encountered by pathway D. But the activa-
tion barrier for pathway H is still much higher than that for pathway C.

3.3.3.3 Dimeric, Trimeric Pd, and Dimeric Pd–Ag Catalyzed C–H
Activation

For substrate 1, the long linker between the meta-C–H bond and nitrile group
enables the C–H activation by dimeric Pd–Pd or Pd–Ag or trimeric Pd catalysts
(Fig. 3.7) as proposed in Chap. 2. The calculated activation energies are summa-
rized in Table 3.2. Both the [Pd(OAc)2]2 and [Pd(OAc)2]3 models have much
higher activation barriers than model C. This could be explained by the dissociation
of precatalyst (Figs. 3.3 and 3.4). The calculated dissociation energies have
demonstrated that MPAA ligand promotes the dissociation of [Pd(OAc)2]3 and the
formation of monomeric Pd(MPAA) complex is more favorable than the formation
of [Pd(OAc)2]2. The activation energy for PdAg(OAc)3 model is 25.2 kcal/mol
(meta-C–H bond) which is lower than [Pd(OAc)2]2 and [Pd(OAc)2]3 models.
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However, the PdAg(OAc)3 model prefers ortho-C–H activation and could not
reproduce the experimentally observed meta-selectivity.

3.3.3.4 Summary for C–H Activation Mechanisms

In the present work, various monomeric palladium, dimeric palladium, dimeric
palladium-silver, and trimeric palladium catalysts catalyzed C–H activation
mechanisms were investigated. Among these mechanisms, the new model C pro-
posed in this work is the most favorable mechanism.

To understand why pathway C is more favorable than other mechanisms and the
origin of the promotion effects of MPAA on reactivity, an energy decomposition
analysis was conducted for the representative models (models A, B, and C). As
shown in Fig. 3.8, the process of palladium acetate catalyzed C–H activation can be
divided into three steps: dissociation of [Pd(OAc)2]3 precatalyst to active catalyst,
binding of substrate to the catalyst, and the C–H bond cleavage. Therefore, the

Table 3.2 Calculated activation free energies (activation electronic energies) of dimeric Pd–Pd,
Pd–Ag, and trimeric Pd-catalyzed C–H activation of substrates 1. Energies are given in kcal/mol

[Pd(OAc)2]2 model PdAg(OAc)3 model [Pd(OAc)2]3 model

1 ortho 34.2 (22.2) 24.0 (11.0) 42.5 (27.4)

meta 35.0 (23.8) 25.2 (12.9) 52.3 (35.9)

para 33.3 (22.5) 25.7 (12.1) 49.2 (33.9)
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activation barrier for C–H bond activation is composed of the dissociation energy
from precatalyst to active catalyst (DGdissociation), the binding energy of substrate
(DGsub-binding) and the energy required for C–H bond cleavage (DGC–H cleavage).
Figure 3.8 demonstrates that the binding of substrate to catalysts 5-A, 5-B, and 5-C
(DGsub-binding) needs similar free energies for substrates 1 and 3, respectively.
Analogously, the activation free energies for C–H bond cleavage (DGC–H cleavage)
are comparable for substrate coordinated complexes. The main differences of these
three pathways lie in the dissociation energy (DGdissociation). The formation of
catalyst 5-C is much more favorable than 5-A and 5-B. Thus the preference of
pathway C and the promotion effect of MPAA ligand on reactivity can be attributed
to the stabilization of monomeric palladium species by bidentate MPAA ligand
which decreases the dissociation energy and lowers the whole barrier for C–H
activation. This also explains the preference of pathway C over the dimeric Pd-Pd,
Pd-Ag and trimeric Pd mechanisms in the presence of MPAA ligand.

Similar effects have been found in strong r-donor ligand accelerated C–H
activations in which the strong binding ligand may also stabilize the active
monomeric palladium catalyst leading to improved reactivity [52]. However, for
substrates with weak binding affinity neutral r-chelating ligand, e.g., pyridine, may
occupy all available binding sites of palladium which deactivates palladium catalyst
[53]. Here as a dianionic ligand, MPAA ligand replaces two carboxylate anions to
occupy two coordinate sites, and thus does not compete with substrate coordination.
This advantage enables MPAA ligand to facilitate C–H activation of substrates with
weakly coordinating directing groups.

The C–H activation with Pd(MPAA) complex also benefits from the greater
basicity of the N-acyl carbonyl (i.e., an amidate) than acetate (e.g., pathways A and
B). The smaller bite angle of the MPAA ligand compared to two acetate ligands
also leads to less steric hindrance for coordination of the directing group. The planar
geometry of the dianionic MPAA ligand places the N-acyl group in a favorable
co-planar orientation to deprotonate the C–H bond while maintaining the square
planar geometry of the palladium (see Fig. 3.10 for 3D structure).

3.3.4 Potential Energy Surface for Reaction 1

The reaction process and energy profile of reaction 1 is shown in Fig. 3.9. The
reaction initiates from the dissociation of trimeric [Pd(OAc)2]3 precatalyst to
monomeric palladium catalyst. The binding of MPAA ligand to palladium leads to
complex int0 which undergoes N–H bond activation to generate dianionic MPAA
coordinated complex int1. The activation free energy for N–H bond cleavage is
16.8 kcal/mol. Then the substrate coordinates with palladium and MPAA activates
the C–H bond of the substrate to generate the cyclopalladium complex int3. The
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activation barrier of C–H bond activation is 23.6 kcal/mol. After accepting the
proton from substrate, MPAA ligand converts to acetimidic acid which could easily
isomerize to amino acid and regenerate MPAA ligand. Following the C–H acti-
vation and several ligand exchange steps, olefin insertion and b-hydride elimination
leads to olefination product. Activation free energies for olefin insertion and
b-hydride elimination steps are 15.9 and 14.5 kcal/mol, respectively. Finally, the
product dissociates from the catalyst and the oxidation of Pd(0) regenerates Pd(II)
catalyst. It is found that the C–H bond activation is the rate-determining step [50,
54, 55] and the regioselectivity-determining step.

3.3.5 Origin of Meta-Selectivity

After determining the role of the MPAA ligand on reactivity, we investigate the
origin of regioselectivity. For substrate 3, the experimentally observed ortho-
selectivity can be easily understood since the substrate can form six-membered
cyclopalladium ring to activate ortho-C–H bond while the short linker apparently
prevents the Pd from accessing the meta- and para-C–H bond. Therefore, we
focused on the origin of the unique meta-selectivity in the reaction with substrate 1.

A systematic conformational search located 9, 9, and 5 conformers for ortho-,
meta-, and para-C–H activation transition state, respectively. The most stable
ortho-, meta-, and para- TS conformations in pathway C are depicted in Fig. 3.10.
The transition state leading to the meta-product is the most stable TS, which is in
agreement with experiment.

To unveil the origin of meta-selectivity, a model TS without a linker between
benzene and acetonitrile was constructed. Without the constraint of the linker, the
substrate in 6-TS could adopt the most favorable conformation to interact with
MPAA ligand and Pd catalyst. The structure of 6-TS is perfectly planar with Pd1,
C2, O3, and C4 atoms in the same plane (a1(Pd1-C2-O3-C4) = 0°). This places the
N-acyl group to an ideal orientation to deprotonate the benzene C–H bond. The
benzene plane is perpendicular to the coordination plane of Pd (a2 = 90°) in order
to achieve the optimum orbital overlap between the p orbital of benzene and the
d orbital of the Pd. Here, we compared the ortho-, meta-, and para-TS with
the model TS and found meta-7-TS is the closest structure to 6-TS. The planarity of
the N-acyl group and the perpendicular orientation of the benzene ring are rea-
sonably well preserved in meta-7-TS (a1 = 0° and a2 = 88°). Slight deviation from
this optimum geometry was observed in para-7-TS (a1 = –6° and a2 = 84°). More
significant distortion is observed in ortho-7-TS (a1 = 17° and a2 = 81°).
Superimposing these three TSs with model TS reveals RMSDs (Root Mean Square
Deviation, RMSD) of 0.10, 0.19, and 0.42 Å for the meta-, para-, and ortho-TS,
respectively, indicating that the meta-TS mimics the non-constrained model best.
On the hand, it is well known that the C–C single bond adjacent to carbonyl (i.e.,
O5 = C6-C7-C8) prefers a syn-planar geometry (a3 = 0°). The dihedral angle a3 is
−7° in reactant 1, and it increases to −27°, −42°, and −60° in meta-7-TS, para-
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7-TS, and ortho-7-TS, respectively. Therefore, the template is less distorted in
meta-TS while the template suffers stronger distortion in para- and ortho-TS.

3.3.6 Substituents Effects of MPAA Ligand

According to the proposed model C, the electronic and steric effects of substituents
R1 and R2 on MPAA ligand could affect the electrophilicity of palladium and the
basicity of N-protecting group, hence influencing the reactivity of C–H bond
activation. In accordance with this prediction based on model C, the yield decreases
from 95 to 10% when replacing the acetyl group with a tert-butyl group for R1. The
calculated activation barrier of C–H bond activation with the Boc-Gly-OH is
2.7 kcal/mol higher than with the Ac-Gly-OH ligand, in agreement with experi-
mental observation. The tert-butoxyl group of Boc-Gly-OH ligand is
electron-withdrawing group which decreases the basicity of the carbonyl group of
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6-TS meta -7-TS
23.6 (20.8)

para-7-TS
24.1 (20.6)
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25.5 (21.4)

Fig. 3.10 Model transition state 6-TS and the most stable conformations for meta-, para-, and
ortho-TS of substrate 1 in pathway C. Activation free energies (activation electronic energies) are
given in kcal/mol. Reprinted with the permission from Ref. [58]. Copyright 2013 American
Chemical Society
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N-protecting and results in a higher activation barrier. The agreement between
theory and experiment further supports the proposed mechanism. In addition, by
properly introducing effective R2 groups on the rigid chelating MPAA skeleton, it is
possible to create a chiral environment for asymmetric C–H bond activation [13–
20]. The chiral MPAA ligand assisted asymmetric C–H activation will be discussed
in the next chapter.

A long linker between coordinating group and active site of C–H bond enables
substrates to achieve remote functionalization. Based on the monomeric transition
state model, the linker in substrates can be adjusted to obtain unusual selecitivities
in arenes functionalization by remote C–H bond activation [56, 57] (Fig. 3.11).

3.4 Summary

In summary, the mono-N-protected amino acid (MPAA)-assisted C–H activation
and olefination reactions have been studied by combined mass spectrometry and
computational methods. The key intermediate Pd(MPAA) complex was captured by
MS. It is the first time to observe the dianionic bidentate MPAA coordinated Pd
complex by experiment. Our study uncovered a novel CMD mechanism in which
the MPAA ligand acts as bidentate ligand and the N-protecting group of MPAA
acts as proton acceptor. This innovative model successfully explained the pro-
moting effects of MPAA ligand on reactivity and the origin of regioselectivity. It is
found that MPAA promotes the dissociation of trimeric palladium precatalyst to
form active monomeric catalyst and thus decreases the barrier for C–H bond
activation, leading to improved reactivity. The model with the direct involvement of
dianionic MPAA as the proton acceptor in C–H activation opens new avenues for
ligand and template design. For example, it is attractive to develop other kinds of
ligands which could act as both bidentate ligand and base. Recently, the Yu group
designed a new hydroxamic acid ester ligand in which the carboxyl group of
MPAA is substituted by hydroxamic acid ester and applied this new ligand for
asymmetric C–H activation [8]. In addition, currently MPAA ligand is employed
along with palladium catalyst in most of the cases, the development of application
of MPAA ligand with other transition metals may bring new catalytic properties

Pd
N

OO

OR1

H

H

R2

Ligand Yield Calc. ΔG‡ (ΔE‡)

R1 = Ac, R2 = H 95% 23.6 (20.8)
R1 = Boc, R2 = H 10% 26.3 (24.0)

kcal/mol

DG

Fig. 3.11 Effects of substituents on the MPAA ligand. Reprinted with the permission from Ref.
[58]. Copyright 2013 American Chemical Society
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and new reactions. On the other hand, based on the monomeric transition state
model, the linker in substrates can be adjusted to accomplish site-selective func-
tionalization of remote C–H bonds in various arenes and heteroarenes.
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Chapter 4
Mechanistic Studies on Pd(MPAA)-
Catalyzed Enantioselective C–H
Activation Reactions

Abstract A combined ion-mobility mass spectrometry (IM-MS) and DFT study
has been carried out to investigate Pd/MPAA(mono-N-protected amino acid)-
catalyzed direct asymmetric C–H activation reactions of several prochiral sub-
strates. The IM-MS experiments reveal that the activation of C–H bond can be
achieved in PdII(MPAA)(substrate) complex which supports that the N-protecting
group acts as proton acceptor. DFT studies lead to the establishment of a chirality
relay model which successfully explains the enantioselectivity for all the relevant
reactions studied. The enantioselectivity originates from the rigidity of the bidentate
MPAA and rigid coordination of the substrate. The effect of bulkiness of the
N-protecting group on enantioselectivity is also discussed.

4.1 Introduction

The direct functionalization of inert C–H bonds [1–16] provides a powerful method
for organic synthesis which has attracted extensive attention. Many efforts have
been devoted to this research area, while enantioselective C–H activation still
remains as one of the challenges in this field [17–20]. In recent years, Yu and
coworkers developed a strategy that employs chiral monoprotected amino acids
(MPAA) as ligands [21–23] to realize enantioselective C–H activation. This method
has been successfully applied to desymmetric C–H functionalization of prochiral

The results presented in this chapter have been published in the following article:

Cheng, G.-J.; P.; Chen, P.; Sun, T.-Y.; Zhang, X.; Yu, J.-Q.; Wu, Y.-D. Chem. Eur. J. 2015, 21,
11180.

© Springer Nature Singapore Pte Ltd. 2017
G.-J. Cheng, Mechanistic Studies on Transition Metal-Catalyzed C–H Activation
Reactions Using Combined Mass Spectrometry and Theoretical Methods,
Springer Theses, DOI 10.1007/978-981-10-4521-9_4
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substrates and enantioselective C–H functionalization of racemic compound via
kinetic resolution [24–38]. An example is shown in Eq. 4.1.

N

R1

R1 Pd(OAc)2 (10 mol%)
RB(OH)2 (3 eq.)

BQ (0.5 eq.)

Ag2O (1 eq. )
THF, 60 °C, 20h

L= Boc-Leu-OH

50-91% yield, 70-95% ee1

N

R1

R1

H

H R

P1

ð4:1Þ

The prochiral substrate 1 contains two identical aromatic rings which have same
chemical reactivities and steric environments, imposing great challenges on dif-
ferentiating them to achieve enantioselective C–H activation. In 2008, the Yu group
successfully realized an effective desymmetric C–H activation/C–C coupling
reaction of prochiral substrate 1 by using chiral N-protected amino acids as ligand
[35]. The nature of N-protecting group of the MPAA ligand has a significant
influence on the enantioselectivity and reactivity. As shown in Scheme 4.1, using
the mono-N-protected amino acid Boc-Val-OH (L1) as ligand leads to a good yield
and e.e. while the unprotected amino acid L2 suppresses the reactivity. The
Piv-protected amino acid ligand, L3, results in a poor enantioseletivity. The use of
ester (L4) and diprotected amino acids, L5 and L6 were found to afford rather poor
enantioselectivity.

NHBoc

COOH

BocN

COOH

N(Boc)2

COOH

NHBoc

COOMe

NH2

COOH

L1
63% yield, 70% ee

L2
no reaction

L3
58% yield, 7% ee

L4
86% yield, 0% ee

L5
74% yield, 7% ee

L6
63% yield, 6% ee

NHPiv

COOH

Scheme 4.1 Selected results of ligand screening experiment for Pd/MPAA-catalyzed desymmetric
C–H activation/C–C coupling reaction Eq. 4.1
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After this pioneer work, Pd(OAc)2/MPAA catalyst system was widely employed
to enantioselective C–H activation reactions. The enantioselective C–H activation
of diphenylacetic acids was accomplished using Boc-Ile-OH as chiral ligand. With
PhI(OAc)2 as oxidant and KOAc as base, the enantioselective C–H activation/C–O
bond formation reaction affords chiral benzofuranones with excellent e.e. (p2-a)
[26]. The enantioselective C–H olefination of diphenylacetic acids was also realized
using MPAA as ligand (p2-b) [24].

O

OH

L= Boc-Ile-OH2

Pd(OAc)2 (5 mol%)

KHCO3 (2.0 eq.)

BQ (5 mol%)

t-Amyl-OH, 90 °C, 48 h

p2-a 46% yield, 95% ee

H

H

COOH

H

Ph

Ph
ð4:2Þ

O

OH

R1

R1

L= Boc-Ile-OH2

Pd(OAc)2 (5 mol%)

KOAc (2.0 eq.)

PhI(OAc)2 (1.5 eq.)

t-BuOH, 80 °C, 12 h

p2-b 37-85% yield, 89-96% ee

O
O

H

H

ð4:3Þ

Enantiopure diarylmethylamines (p3) are important drug scaffolds, and consid-
erable effort has been devoted to synthetic method development. Yu and coworkers
reported the first example of enantioselective C–H iodination of prochiral diaryl-
methylamine (3) using readily available chiral MPAA as ligand [27].

H

NHTf

Pd(OAc)2 (5 mol%)

t-Amyl-OH, 50 °C, 12 h

70-90% yield, 87-97% ee

H

I

NHTf

R1

R1

R1

R1

L= Bz-Leu-OH

CsOAc (3 eq.)

3

Na2CO3 (3 eq.), 3eq. I2

p3

ð4:4Þ

They extended the strategy of employing chiral MPAA ligands to enantiose-
lective alkylation of C(sp3)–H bonds. Promising initial results were also obtained in
asymmetric alkyl C–H activations of a pyridyl substrate containing gem-dimethyl
groups (4) with up to 37% e.e. (Eq. 4.5) [35]. They further developed enantiose-
lective C–H activation of cyclopropanes (5) employing MPAA as chiral ligands
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[36]. This reaction was found to be compatible with a diverse range of organoboron
reagents and proceeds under mild conditions (Eq. 4.6).

N
+    BuB(OH)2

Pd(OAc)2 (10 mol%)

AgO2(1 equiv), BQ(0.5 equiv)

t-AmylOH, 6 h, 100 °C

Ligand

N

Bu

∗

p4 38 % yield, 37% ee

Ligand =
Ph

NHBoc

COOH

(R)
(S)

4

ð4:5Þ

O H
N

Me

H H

F
F

CN
F

F
+ Ph BPin

Pd(OAc)2 (5%)

AgCO3 , NaHCO3, BQ

t-AmylOH, H2O, 
N2, 40 °C

TcBoc-Leu-OH
O H

N

Me

Ph H

F
F

CN
F

F

p5 47% yield, 78% ee

O

OH
N
H

O

OCCl3
TcBoc-Leu-OH =

5

ð4:6Þ

Planar chiral ferrocenes are very useful chiral ligands. Preparation of planar
chiral ferrocenes is a longstanding interest but also challenge in organic synthesis.
In 2013, the You group [25] and the Wu group [28] reported the asymmetric C–H
arylation and olefination reactions of N,N-dimethylaminomethylferrocene (6),
respectively. In both reactions, MPAA ligands were used as the chiral ligand,
affording high enantioselectivity (90–99%). Beside the application in desymmetric
C–H activation reactions introduced above, MPAA is also used in kinetic resolution
as introduced in Chap. 1 [31, 32, 37, 38].

Pd(OAc)2 (10 mol%)

TBAB (0.25 equiv)
K2CO3 (1 equiv)

DMA, 60 °C
10 h, air

Boc-L-Val-OH (20 mol%)

p6-a 79% yield, 98% ee

NMe2

Fe

NMe2

Fe

H Ph

+   C6H5B(OH)2

H

6

ð4:7Þ
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Pd(OAc)2 (5 mol%)

TBAB (0.5 equiv)
K2CO3 (0.3 equiv)

DMA, 60 °C
10 h, air

Boc-L-Phe-OH (10 mol%)

p6-b 79% yield, 98% ee

NMe2

Fe

NMe2

Fe

H

+

H

6

R

R

ð4:8Þ

The reactions introduced above demonstrate the great potential of MPAA as
effective chiral ligands for enantioseletice C–H activation reactions. In addition,
MPAA are simple and readily available ligand which makes it more appealing.
A mechanistic understanding of how chiral MPAA control the enantioselectivity
will be helpful to the further development of enantioselective C–H bond activation.
Obviously, the conventional concerted deprotonation and metalation (CMD)
mechanism [39–44] for C–H bond activation involving palladium acetate (models
A and B in Scheme 4.2) [40, 43–48] cannot account for the origin of enantiose-
lectivity. Yu and coworkers obtained an X-ray crystal structure of the dimeric
Pd2(1)2(OAc)2 complex and proposed that MPAA binds with Pd in a bidentate
manner [35], which is believed to be crucial for the enantioselectivity. Kinetic study
by Blackmond and coworkers also supported the MPAA-bidentate model [49]. Yu
proposed a gearing effect that relays the chirality from MPAA to substrate via Pd
complex. However, the detail of how the gears connect to each other is absent.
Musaev and coworkers reported a theoretical study on the enantioselectivity of
reaction 1 using the bidentate MPAA model in the enantioselectivity-determining
step [50]. Through a series of calculations, they found that model C (Scheme 4.2) is
most favorable for the C–H bond activation. This model features an acetate anion as
the deprotonation base in an outer-sphere manner. They also reported that this
model reproduces the experimentally observed R selectivity [51]. This model nicely
explains the observation that monodentate ligands L4, L5, and L6 fail to give e.e.
higher than 10%, because they cannot achieve bidentate coordination. But it is not
clear how the model can explain the low enantioselectivity by L3. In addition, the
origin of the enantioselectivity has not been unambiguously identified.

Ph
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Pd

N
O
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H

O

OiPr
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Ph

N

Pd

O
O

H
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O

H

O

OiPr
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O
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H
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N

Pd

O O
O

O

H

Scheme 4.2 Possible CMD (concerted metalation and deprotonation) mechanisms for the C–H
activation of substrate 1
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In our recent study of Pd/MPAA-catalyzed meta-selective C–H activation of
tethered arenes bearing a template, we identified the PdII-MPAA(solvent)2 complex
with MS [52]. Most interestingly, calculations indicated that the N-protecting group
can serve as an internal base to deprotonate the C–H bond. This model reproduces
the experimentally observed meta-selectivity well. A significant difference of the
internal model (D shown in Scheme 4.2) from the model C is the absence of an
external base. This makes model D very rigid, thus it may provide a better
stereo-control.

Despite these studies, the involvement of the N-protecting group in C–H bond
activation has not been directly proved. The detailed understanding of enantiose-
lectivity (or the gearing effect) is still lacking. In the present study, we applied a
combination of ion-mobility mass spectrometry (IM-MS) and theoretical study to
reveal the critical role of N-protecting group in C–H activation. We captured the
key intermediates from the mixture of catalyst, MPAA ligand and substrates, and
confirmed the C–H activation can occur without an external base. We then
developed a step-by-step relay of chirality model to understand the gearing effect
with various MPAA ligands. The chirality relay model is also found to operate for
reactions studied [53].

4.2 Experimental Methods and Computational Details

4.2.1 Experimental Methods

The MS experiments were conducted with a SYNAPT G2-s HDMS instrument
with an electrospray ion source. More details about this hybrid mass spectrometer
are presented elsewhere [54]. The instrument is mainly composed of an ion source,
a quadrupole mass analyzer, a trap cell, a traveling wave ion-mobility analyzer,
a transfer cell, an orthogonal acceleration time-of-flight (TOF) mass analyzer and
a detector (Scheme 4.3a). Under HDMS mode, the mass-selected ions are accu-
mulated in the trap section and periodically released into the ion-mobility
(IM) section, in which the ions are separated according to their mobility. After
extraction from the IM section, the ions pass through a transfer cell and enter a
reflectron TOF region and arrive at the detector which continuously records mass
spectra and the arrival time distribution. As described in Scheme 4.3b, the collision
induced dissociation (CID) experiment can be performed in the trap cell (in front of
the IM section) under TOF mode by increasing the applied voltage of the trap
cell (Etrap). In this case the fragments will separated only based on m/z
(Scheme 4.3b). Or as shown in Scheme 4.3c, CID can be performed in the trans-
fer cell (behind the IM section) in which the generated daughter ions will have
the same drift time as their parent ions under HDMS mode. Experimental drift time
can be converted to the collision cross section (CCS) values by calibration
approach, descriptions of this approach can be found in Chap. 1 [55–57]. CCS data
were calibrated using polylysine.
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For a given ion of interest, the elemental composition was confirmed by exam-
ination of the associated isotope patterns in the source spectra. Fragmentation
analysis was performed with CID experiment to analyze the structure of ions. All the
species detected in the present study were assigned by comparing the experimentally
obtained isotopic pattern with the theoretically calculated one. The structures were
determined based on the CID experiment and theoretical calculation.

4.2.2 Computational Details

Theoretical CCSs were estimated using the open source software program
MOBCAL [58]. In brief, this program calculates rotationally averaged cross sec-
tions of input coordinate files based on three different models/algorithms, including
the projection approximation (PA) [59], exact hard sphere scattering (EHSS) [60],
and the trajectory method (TM) [61]. The trajectory method (TM) is considered to
be the most reliable method to calculate the CCS since this approach takes into
account the long-range interactions and close collisions between the ion and buffer
gas atom, as well as the effects of multiple collisions. In this work, the CCS values
obtained from MOBCAL using trajectory method and DFT optimized structure as
input were compared to the experiment-derived ones.

(a) Schematic outline of the SYNAPT G2-s HDMS setup.

ion source Quadrupole trap IMS transfer TOF detector

Scheme 4.3 a Schematic outline of the SYNAPT G2-s HDMS setup. b ESI-MS/MS experiment.
Mass-selected ions are fragmentated in the trap section. Since IMS section is off, fragments of ions
with same m/z arrive at detector at the same time. c IMS-CID experiment. CID is conducted in
transfer section after IMS separation. Ions with same m/z are separated based on size in IM section
and their fragments generated in the transfer section maintain the mobility separation
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All the DFT calculations were carried out with the Gaussian 09 package [62].
Unless mentioned otherwise, geometry optimizations were performed with the
B3LYP hybrid functional [63–66]. The LANL2DZ + f (1.472) [67, 68] basis set
with ECP was used for Pd atom and the 6-31G (d) [69, 70] basis set was used for
other atoms. Frequency analysis was conducted at the same level of theory to verify
the stationary points to be real minima or saddle points and to obtain the thermo-
dynamic energy corrections. Single point energies were calculated at the
M06/SDD-6-311++G(d, p) [71–74] level. Solvent effects (Solvent = THF for
substrate 1, solvent = (2-propanol, read), eps = 12.47 for substrate 2 and sol-
vent = 1-pentanol for substrate 3) were evaluated by using the SMD solvation
model [75]. The relative energies with ZPE corrections and free energies (at
298.15 K) are in kcal/mol. 3D structures are displayed with CYLView [76].

4.3 Results and Discussion

4.3.1 Identifying Pd(MPAA)(Substrate 1) Complexes
by ESI-MS/MS

Owning to the capability to introduce species in solution sample to the gas phase,
electrospray ionization (ESI) enables mass spectrometry (MS) to become a pow-
erful tool in mechanistic studies. We started the study by identifying the critical
intermediates of the reaction of 2-benzhydrylpyridine (1) using electrospray ion-
ization mass spectrometry (ESI-MS). The presence of a strongly coordinating
group, pyridine, makes it possible to isolate and manipulate the Pd(MPAA)(sub-
strate) complex in the mass spectrometer. An 1:1:1 mixture of Pd(OAc)2,
N-acetyl-Alanine [77] and 1 in methanol was analyzed by ESI-MS. The expected
[Pd(N-Ac-Alanine)(1), -H]+ complex was detected at m/z 481 and confirmed by the
isotope pattern (Fig. 4.1).

Fig. 4.1 Isotope pattern of protonated complex [Pd(N-Ac-Alanine)(1), -H]+ derived from a 1:1:1
mixture of Pd(OAc)2, N-acetyl-alanine and 1 dissolved in CH3OH. Calculated isotope pattern is
shown in red and measured isotope pattern is in black
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To obtain more information about its structure, the ion of m/z 481 was subjected
to further MS/MS analysis. Upon collision with Ar, the parent ion m/z 481 disso-
ciated in two channels colored with red and blue, respectively (Fig. 4.2).
Dissociation channel I (red) showed the loss of the N-Ac-Alanine ligand (−131 Da)
and resulted in the formation of the cyclopalladated complex ion (Ib) of m/z 350.
Further dissociation of a neutral Pd (−106 Da) from Ib released a cationic complex
Ic of m/z 244. This major dissociation channel indicates that the activation of C–H
bond in 1 and the formation of Pd–C metalation complex take place in solvent or
during collision induced dissociation (CID) process (as discussed in the next
paragraph). As a minor pathway, dissociation channel II (blue) was observed with
the formation of an ion Ib′ of m/z 352. This fragment ion was assigned as the
protonated complex of unactivated 1 and Pd, with the loss of dehydrogenated
N-Ac-Alanine (−129 Da). The ion m/z 246 (Ic′) matches the protonated substrate 1,
which dissociates from Ib′ with the loss of Pd (−106 Da).

The observation of two dissociation channels implies two possibilities: (1) The
parent peak at m/z 481 contains one species Ia′, in which substrate 1 has not been
activated before evaporating into the gas phase from solution. CID leads to both
activation of C–H in 1 (major) and dissociation of unactivated 1 (minor); (2) If the
substrate 1 has been activated in solution, the parent peak at m/z 481 may contain
two different species Ia and Ia′. CID of the mixture of Ia and Ia′ then results in two
dissociation channels. Clarifying these two scenarios by characterizing the com-
ponents of the parent complexes would provide important information to under-
stand the reaction mechanism. If Ia′, in which the C–H bond remains intact, is
isolated in the gas phase and activated upon low energy CID, then the MS provides

Fig. 4.2 Fragmentation analysis of protonated complex [Pd(N-Ac-Alanine)(1), -H]+ derived from a
1:1:1 mixture of Pd(OAc)2, N-acetyl-alanine and 1 dissolved in CH3OH. Fragmentation analysis was
conducted at Etrap = 10 eV. Reproduced from ref. [96] by permission of John Wiley & Sons Ltd.
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direct evidence that the C–H bond can be abstracted by MPAA in the absence of an
external base. Characterization of the components of the parent ion will be dis-
cussed in the next section.

4.3.2 The IM-MS Experiment of Pd(MPAA)(Substrate 1)
Complexes

The observation of the two possible channels of dissociations of intermediates
I indicates the possibility of coexistence of Ia/Ia′. However, Ia/Ia′ cannot be
separated by a conventional mass spectrometer since they have same m/z. Thus, an
additional tool is needed to address this issue. Ion-mobility mass spectrometry
(IM-MS) [54, 78, 79], which can distinguish ions with the same m/z based on the
molecular shapes, has been proven to be powerful for illustrating structural infor-
mation of biomolecules [80–84]. Schröder and Roithová’s pioneering work
demonstrated the capability of IM-MS in studying reaction mechanisms [85–90].
Therefore, we were encouraged to employ IM-MS to probe the components and
structure of the parent ions.

Ia/Ia′ was first subjected to an ion-mobility investigation. Unfortunately,
mass-selected ion of m/z 481 (Ia/Ia′) could not be separated in the ion-mobility
section. A single IMS peak corresponding to a collision cross section (CCS)
of 125 Å2 was detected (Fig. 4.3). Theoretical CCSs [91] for Ia and Ia′ were
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Fig. 4.3 Ion-mobility trace of the protonated ions [Pd(N-Ac-Alanine)(1), -H]+ (m/z 481).
(mobility gas: N2, gas pressure: 5.23 mbar; collision gas: Ar, gas pressure: 1.87 � 10−2 mbar,
Utrap: 0 V, Uransfer: 0 V)
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calculated to be 129 and 130 Å2 [92], respectively, which were unable to be dif-
ferentiated by the instrument.

4.3.3 Identifying Pd(MPAA)(Substrate 2) Complexes
by ESI-MS/MS

Because the [Pd(N-Ac-Alanine)(1), -H]+ cannot be separated in ion-mobility sec-
tion, we then turned to examine the intermediates derived from substrate 2,
diphenylacetic acid. An 1:1:1:1 mixture of Pd(OAc)2, N-acetyl-alanine, 2 and
potassium acetate [93] dissolved in methanol was analyzed by ESI-MS. A cationic
complex [Pd(N-Ac-Alanine)(2), K, -2H]+ was detected at m/z 500, as indicated by
the isotope pattern and fragment analysis (Fig. 4.4).

The ion of m/z 500 was selected for further MS/MS experiment. Two dissoci-
ation channels were also observed for [Pd(N-Ac-Alanine)(2), K, -H]+ as shown in
Fig. 4.5. In the major dissociation channel (red channel), the parent ion [Pd
(N-Ac-Alanine)(2), K, -H]+ either lost the neutral ligand, N-Ac-Alanine, to generate
a cyclopalladated complex ion IIb (m/z 369) or lost the neutral complex Pd(2) to
release a cationic complex IId of m/z 170. The further elimination of Pd from ion
IIb resulted in a cationic complex IIc of m/z 263. The observation of this disso-
ciation channel suggests the C–H activation of 2 and the formation of Pd–C met-
alation complex. In the minor dissociation channel (blue channel), the dissociation
of a neutral substrate (m/z 226) was detected which indicates the existence of
unactivated substrate 2 in the parent ion.

As discussed in the previous section for substrate 1 (vide supra), the observation
of two dissociation channels implies two possibilities that either the parent ion of
m/z 500 contains one species IIa′ or two different species IIa and IIa′. More
importantly, if IIa which contains unactivated substrate is isolated in the gas phase

Fig. 4.4 Characterization of protonated complex [Pd(N-Ac-Alanine)(2), K, -2H]+ with mass
spectrometry. Calculated isotope pattern is shown in red and measured isotope pattern is in black
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and activated upon low energy CID, then the MS experiment provides direct evi-
dence that the C–H bond can be activated by MPAA in the absence of an external
base. To characterize the components of the parent ion, IM-MS experiment was
conducted which is discussed in the next section.

4.3.4 Separating Pd(MPAA)(Substrate 2) Complexes
by IM-MS

The mass-selected ion of m/z 500 was analyzed by IM-MS method and separated
into two peaks (Fig. 4.6), indicating that there are two distinguishable isomers or
conformations for the cationic complex [Pd(N-Ac-Alanine)(2), K, -2H]+. In this
experiment, a smaller component has a shorter drift time compared to a larger one.
The drift time for each component was converted into a CCS value. The experi-
mentally derived CCS values for the fast and slow components are 123 and 141 Å2,
respectively.

Fig. 4.5 Fragmentation analysis of protonated complex [Pd(N-Ac-Alanine)(2), K, -2H]+ (m/z
500) (collision gas: Ar, gas pressure: 1.87 � 10−2 mbar, Utrap: 10 eV, Uransfer: 0 eV). Reproduced
from Ref. [96] by permission of John Wiley & Sons Ltd.
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4.3.5 Structural Assignment of Pd(MPAA)(Substrate 2)
Complexes

Density functional theory (DFT) calculations were conducted to optimize the
possible structures of the complex [Pd(N-Ac-Alanine)(2), K, -2H]+ and calculate
the corresponding energies. Theoretical CCS values were then calculated for these
optimized structures using MOBCAL. The structures of the two peaks were
assignment by comparing the theoretical and experimental CCS values. As listed in
Fig. 4.7, fifteen possible structures of complex [Pd(N-Ac-Alanine)(2), K, -2H]+

were computed considering different locations of K and H, different conformations
as well as different states of substrate (activated or unactivated). The substrate is
activated in structures IIa-X (X = 1*6) while it remains unactivated in structures
IIa′-X (X = 1*9). These structures were divided into two groups according to
their theoretical CCS values. For structures in group I, both the carboxyl group and
the phenyl group of the substrate bind with Pd, leading to relatively compact
structures, and their calculated CCS values are between 123 and 131 Å2, which are
close to the experimental CCS value (123 Å2) of the fast peak. Therefore, the group
I is composed of both activated (IIa) and unactivated (IIa′) isomers. The calculated
CCS values of group II are between 139 and 141 Å2 which agrees well to the
experimental CCS value (141 Å2) of the slow peaks. Group II only contains
structures with unactivated substrates (IIa′) because the larger CCS corresponding
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Fig. 4.6 Ion-mobility trace of the protonated ions [Pd(N-Ac-Alanine)(2), K, -2H]+ (m/z 500).
(mobility gas: N2, gas pressure: 5.23 mbar; collision gas: Ar, gas pressure: 1.87 � 10−2 mbar,
Utrap: 0 V, Uransfer: 0 V)
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to extended geometries could only be achieved when the carboxylate group of
substrate 2 binds with Pd via bidentate way which orientates two unactivated
phenyl groups away from the Pd center.

The observation that complexes [Pd(N-Ac-Alanine)(1), -H]+ cannot be differ-
entiated by IMS while two peaks was detected for complex [Pd(N-Ac-Alanine)(2),
K, -2H]+ demonstrate that the structure of substrate is crucial for the separation
between two isomers (Ia/Ia′ and IIa/IIa′). The carboxylate group of substrate 2 can
bind with substrate via bidentate way which orientates two phenyl groups away
from the Pd center and forms an extended structure. However, the substrate 1 with a

Fig. 4.7 Calculated structures of [Pd(N-Ac-Alanine)(2), K, -2H]+ complex (energies are
presented in kcal/mol) and theoretical CCS (collision cross section) values of [Pd
(N-Ac-Alanine)(2), K, -2H]+ complex calculated by MOBCAL with trajectory method (TM)
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monodentate pyridine group cannot achieve extended geometry in complex Ia′.
Thus, this experiment further confirmed that the structural difference between IIa
and IIa′ is attributed to the substrate part, instead of the MPAA ligand part, sup-
porting the structural assignment for IIa and IIa′.

4.3.6 Activation of C–H in Pd(MPAA)(Substrate 2)
Complexes Proven by IMS-CID Experiment

The detection of two peaks for IIa and IIa′ by IM-MS also assists to clarify the
previously proposed two scenarios and supports the second proposal that substrate
2 has been activated in solution and the parent ion peak at m/z 500 contains two
different species IIa and IIa′. Most importantly, the separation of IIa′ with unac-
tivated substrate provides a chance to study the C–H bond activation in the gas
phase.

Following the separation of two ions in the ion-mobility section, CID analysis
for these two components was conducted in transfer cell (after the IM section)
(Fig. 4.8). Upon collision with Ar, the fast component (Fig. 4.8b) may lose
N-Ac-Alanine ligand to generate [Pd(2), K, -2H]+ complex (m/z 369, IIb) or neutral
[Pd(2), -2H] to yield the potassium adduct of N-Ac-Alanine (m/z 170, IId). Both of
these two ions indicate the C–H bond in 2 has been activated. Different from the
previous two cases shown in Figs. 4.2 and 4.5, negligible loss of the unactivated
starting substrate was observed, implying that the fast component mainly contains
activated species.

For the CID of the slow peak (Fig. 4.8c), the primary fragment [Pd
(N-Ac-Alanine), K, -2H]+ (m/z 274) with a neutral loss of substrate 2, confirms that
the C–H bond of 2 remains intact. According to the analysis in Sect. 4.3.5, the slow
peak only contains complexes with unactivated substrates. However, ions of m/z
369 and m/z 170 were also detected in the CID spectrum of the slow component.
This observation indicates that the unactivated substrate 2 in the slow component
can be activated after being isolated by ion-mobility section. This facile process to
activate 2 in the slow component IIa’ indicates that the MPAA ligand can abstract a
proton from the substrate in the absence of an external base, supporting the model
D in Scheme 4.2.

In conclusion, we observed the critical PdII(MPAA)(substrate) complex using
MS. Two isomers (with activated or unactivated substrates) of PdII(MPAA)(sub-
strate 2) complex were separated by IM-MS. After separation, the substrate was
shown to be activated by MPAA ligand for the slow component. This finding
supports the internal base model and suggests that the C–H bond of the substrate
can be activated without an external base. Having identified the species relevant to
C–H activation through MS studies, we turned to computational methods to obtain
their structures at the atomic level and elucidate the origin of enantioselectivity.
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(a)

(b)

(c)

Fig. 4.8 a Ion-mobility trace of the protonated ions [Pd(N-Ac-Alanine)(2), K, -2H]+ (m/z 500)
and the CID mass spectra of the fast (b) and the slow (c) components at Etrans = 25 V. Reproduced
from Ref. [96] by permission of John Wiley & Sons Ltd.
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4.3.7 Computational Study on Reaction Mechanism

For the different reactions under investigation, a general catalytic cycle is depicted
in Scheme 4.4. These reactions share a similar C–H activation step, but differ in the
functionalization step, so C–H bond activation is expected to be the
enantioselectivity-determining step.

Table 4.1 summarizes the computational results of the four representative
pathways (Scheme 4.2). Several calculation methods were tested. Computational
results with wB97XDa and B3LYP-D3a methods which involve corrections for
dispersion interaction show similar trends with the result of M06a. M06b using M06
optimized geometry also gives a consistent result with M06a. The following dis-
cussion is based on the results of M06a.

Pathway A represents the system without a chiral MPAA ligand. It was calcu-
lated to have a moderate activation free energy of 22.6 kcal/mol, which indicates
that the reaction can take place in the absence of MPAA ligand. In pathway B, a
monodentate MPAA ligand bound to the Pd is too flexible and too far away for
chiral induction. Thus, it is not surprising that no difference in activation free energy
is calculated for the formation of the R and S enantiomers. Pathway C is the
outer-sphere model proposed by Musaev and coworkers [50]. In this model, the C–
H bond is deprotonated by an external base which is flexible, leading to an acti-
vation free energy difference of 1.1 kcal/mol between the pathways leading to the
R and S enantiomers. This model has a higher activation free energy than model
B and D. Furthermore, the IM-MS experiment demonstrates that the C–H bond can
be activated in the Pd(MPAA)(substrate) complex without an external base.

In model D, the N-protecting group acts as the internal base. It is expected to
effectively relay the chirality of the a-chiral carbon center to the spatial orientation
of the carboxylate group, which is directly involved in the deprotonation step that

C-H activation
C-H 

functionalization
[Pd(OAc)2]3
+ MPAA

alkylation reaction
arylation reaction
lactonization reaction,
olefination reaction and
iodination reaction

C
Pd

L

L

C HC R

DG

DGDG

Scheme 4.4 General catalytic cycle for Pd(OAc)2/MPAA catalyzed C–H activation
and functionalization
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determines the enantioselectivity. Indeed, pathway D favors the R product over the
S product by 4.0 kcal/mol which corresponds to a high e.e. (99.8%). Nevertheless,
the calculated activation free energy for the formation of the preferred R enantiomer
in pathway D is about the same as the one calculated for pathway B. It is thus
possible that pathway B may compete with pathway D, resulting in a reduction in
enantioselectivity. As will be discussed later, this may indeed be the case for L3.

4.3.8 Computational Study on the Origin
of Enantioselectivity

We further studied the origin of enantioselectivity for pathway D. Figures 4.9 and
4.10 show the four transition states for the C–H activation of substrate 1, which
determine the enantioselectivity. In these transition states, Pd coordinates with two
rigid moieties, the MPAA ligand and the substrate in a square planar coordination.
The MPAA ligand binds with Pd in a bidentate way, forming a pseudo-planar
five-membered ring. The side-chain (iPr) of amino acid points upward. This ori-
entation is used throughout the text. The N-protecting group is bent downward
below the Pd coordination plane [94] as indicated by a C1–N2–Pd–O3 (a1)
dihedral angle of about 140°. Although this leads to a partial loss of conjugation,
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Fig. 4.9 Four transition states for the C–H activation of substrate 1. The prochiral carbon may
point downward (D) or upward (U)
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the severe steric repulsion from the iPr group is avoided. For the substrate, both the
pyridyl group and the phenyl group that undergoes C–H activation coordinate with
Pd. The substrate coordinates with Pd in a six-membered ring that adopts a
twist-boat conformation. Pd and C7 locate at two heads of the “boat”, puckering the
activated phenyl group and pyridyl group into a “face-to-face” conformation.

In TS[D-R] and TS[D-S] the prochiral carbon (C7) points downward, orienting
the coplanar ortho C–H bond (to be activated) below the Pd coordination plane.
The downward orientation of the C–H bond matches with the preferred confor-
mation of the bent internal base (Boc). While in TS[U-S] and TS[U-R], the
prochiral carbon (C7) is upward, making the ortho C–H bond (to be activated)
upward. This makes the hydrogen abstraction by the internal base Boc unfavorable.
Thus, TS[D-R] and TS[D-S] are about 5 kcal/mol more stable than TS[U-S] and
TS[U-R], respectively. It is also clear that the spectator phenyl group at C7 prefers
axial over equatorial by about 4 kcal/mol (Fig. 4.9).

Table 4.2 summarizes the calculated relative energies of the four transition states
as well as the relative distortion energies of the catalyst part (Pd and MAPP) and
substrate part (substrate) of the four transition states. TS[D-R] is approximately
4.8 kcal/mol more stable than TS[U-S]. The two transition states have nearly the
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Fig. 4.10 Optimized geometries of four transition states for the C–H activation of substrate 1
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same geometry for the substrate part as indicated by the small energy difference of
0.6 kcal/mol. As mentioned above, the activated C–H bond in TS[D-R] points
downward, matching the downward position of the Boc group However, the C–H
bond in TS[U-S] points upward. In order to accept the proton, the Boc group is
forced to go upward. Thus, the a1 dihedral angle becomes about −172°. This is the
main reason why the catalyst part of TS[U-S] is less stable than that of TS[D-R].

TS[D-R] is also approximately 4.0 kcal/mol more stable than TS[D-S]. Since
the two structures have very similar geometry for the catalyst part, the major
difference is from the destabilization in the substrate part of TS[D-S]
(3.1 kcal/mol). The spectator phenyl group in TS[D-R] is at the axial position. It
avoids steric interaction with the pyridyl and the reactive phenyl groups. On the
other hand, the spectator phenyl group in TS[D-S] is equatorial and is subject to
strong steric repulsions with the two rings. The C6–C7–C8–C9 (a3) and C6–C7–
C10–C11 (a4) dihedral angles are −5.2 and 35.3°, respectively. The 9.2 kcal/mol
destabilization of TS[U-R] with respect to TS[D-R] can be mainly attributed to the
destabilizations in the catalyst part and the substrate part, as discussed above.

4.3.9 Chirality Relay Model and Its Application

Previously, it was proposed that the repulsion between the substrate and the MPAA
leads to the observed enantioselectivity [17, 35]. We do not find a direct interaction
between the iPr (or Boc) group and the substrate since the closest distance between
these moieties is about 3 Å. Therefore, we propose a relay mechanism to explain the
enantioselectivity (Fig. 4.11). Here, steric repulsion of the amino acid side-chain
(iPr) pushes the N-protecting group below the Pd coordination plane. Since the
N-protecting group is the internal base for proton abstraction, it requires the substrate
to coordinate in such a way to have the activating C–H bond directing downward to
the carbonyl oxygen of the N-protecting group. The sp2 C–H bond constrains the
prochiral carbon at the coplanar ortho position also to orient downward. Finally, due
to the rigid coordination of the substrate, the steric effects of the RS (small group) and

Table 4.2 Distortion analysis [95] of four TSs for C–H activation of substrate 1 and related key
dihedral anglesa (energies are reported in kcal/mol)

DDE 6¼ Relative Distortion
Energy

Key dihedral angles

Catalyst
part

Substrate
part

a1 (C1–N2–
Pd–O3)

a2 (C1–N2–
C4–C5)

a3 (H6–C7–
C8–C9)

a4 (C6–C7–
C10–C11)

TS[D-R] 0.0 0.0 0.0 140.4 101.6 −103.6 129.6

TS[D-S] 4.0 0.3 3.1 139.8 101.5 −5.2 35.3

TS[U-S] 4.8 3.9 0.6 −172.4 60.5 106.2 −134.4

TS[U-R] 9.2 4.0 3.6 −172.9 60.7 4.9 −37.6
aThis table summarizes relative electronic energy, and relative distortion energy for the catalyst part and
substrate part in these transition states. DDEdis(cat.) and DDEdis(sub.) are energy difference between
corresponding fragments using TS[D-R] as reference

4.3 Results and Discussion 103



RL (large group) discriminate the formation of the R and S enantiomers. The RL

should take the sterically less crowded position (axial) which avoids forming
eclipsed conformation with the reacting upward phenyl group.

The above relay model can be easily applied to the reactions of substrates 2 and 3
since these two substrates are diphenyl derivatives and share similar structural fea-
tures with substrate 1. As shown in Fig. 4.11, the spectator phenyl group (RL) adopts
the axial position to avoid steric interactions with the neighboring groups, leading to
the formation of R enantiomers, in agreement with experimental observations.

The above model can be equally well applied to understand the enantioselective
reactions involving substrates 4–6. The computational results are presented in
Fig. 4.12. In the case of substrate 4 containing gem-dimethyl groups, we calculated
a difference of activation free energies of 0.9 kcal/mol between R and
S enantiomers. Four transition states are possible, but only the two transition states
with the spectator methyl group in the axial position are presented. The other two
transition states with the spectator methyl group in the equatorial position are less
stable due to steric repulsion with the pyridyl ring. Substrate 4 also coordinates to
Pd in a twisted conformation. Since there is a near staggering about the C4–C5
bond, the activated C–H bond points downward in 4-TS-R but upward in 4-TS-S,
as can be clearly seen in Newman projects. However, because the cyclopropane
amino acid ligand has two Ca substituents, the bending of the N-protecting group is
less significant than in 1, as indicated by the larger dihedral angle a1 of 167° in
4-TS-R, as compared to a1 of 140° in TS[D-R]. Thus, the calculated free energy
difference between 4-TS-R and 4-TS-S is reduced to 0.9 kcal/mol.

For the reaction of substrate 5, we only located two transition states. Because of
the rigidity in substrate coordination, only the hydrogen atoms 4 and 5 on the
inward face of the cyclopropane plane (anti to the methyl group) can be deproto-
nated by the carbonyl group. The other two hydrogen atoms are placed on the
outward face of the cyclopropane plane (syn to the methyl group) and are too far
away from the carbonyl group of the N-protecting group. Different from the methyl
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Fig. 4.11 The chirality relay model and its application to the C–H activation of substrates 2 and 3
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group in 4, the sp3 C–H in 5 is constrained by the rigid cyclopropane. 5-TS-R and
5-TS-S have a a1 dihedral angle of 135° and −174°, respectively. Thus, the former
is calculated to be more stable than the latter by about 3.8 kcal/mol, leading to the
preferred formation of the R product, as observed experimentally.
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Fig. 4.12 Optimized geometries of transition states for C–H activation of substrates 4, 5 and 6.
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In the case of the ferrocene substrate, 6, we were also able to locate two tran-
sition states, as shown in Fig. 4.12. The NMe2 group occupies the upper face of the
ferrocene, to avoid steric interactions with the unsubstituted Cp (cyclopentadienyl)
group. In the lowest energy transition structure, 6-TS-Sp, the Fe-Cp moiety is anti
to the iPr of the amino acid. The activated C–H bond orients itself towards the
N-protecting group, with a1 dihedral angle of about 141°. In 6-TS-Rp, the Fe-Cp
moiety is syn with respect to the iPr group. The C–H points upward. Thus, the
N-protecting group has to move upward in order to abstract the proton, as indicated
by the a1 dihedral angle of about −174°. This results in a destabilization of about
3.9 kcal/mol for the transition state.

4.3.10 Potential Competing Pathways

The above results demonstrate that the internal model (pathway D) can effectively
relay the chirality from ligand to substrate. For instance, the calculated difference in
activation free energy between the formations of R and S enantiomers is about
4.0 kcal/mol for substrate 1, corresponding to a high e.e. (99.8%). However, the
experimental e.e. is only about 70%. Our computational results indicate that
pathway B may compete with pathway D in some cases, resulting in partial loss of
enantioselectivity. A quantitative evaluation of this competition is rather difficult
because the accuracy of the calculations is not sufficient for the small energy
differences, but it will be interesting to qualitatively understand the essential loss of
enantioselectivity (7% ee) with L3 for the reaction of substrate 1. The difference
between L1 and L3 lies in the N-protecting group. We thus calculated the transition
states for the pathways B and D with L3. As shown in Fig. 4.13, the calculated
activation free energies for the transition states for pathway D leading to the R and
S products are 21.9 and 27.6 kcal/mol, respectively. A very high enantioselectivity
would be expected, which is in disagreement with experiment. The calculated
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activation free energies of the transition states for pathway B leading to the R and
S products are 18.5 and 18.8 kcal/mol, respectively. These activation free energies
are much lower than those with pathway D, indicating that with L3, pathway B with
poor stereoselectivity may be indeed dominant, in agreement with the experimental
observation.

As expected, the calculated activation free energies of pathway B with L1 and L3
are quite similar, as the N-protecting group is away from the reaction center.
However, for pathway D, the calculated activation free energies with L3 are over
2.6 kcal/mol higher than those with L1. For pathway D, the MPAA ligand has to
undergo conformational change from the most stable conformation to accommodate
the bidentate binding mode (Fig. 4.13). As shown in Fig. 4.14, the bulky tBu group
ofL3 suffers from a large steric repulsion inD-TS, making pathwayD less favorable.
Therefore, the bulkiness of the N-protecting group can affect the enantioselectivity.

4.4 Summary

In this work, we studied a series of Pd(OAc)2/MPAA catalyzed asymmetric C–H
activations by IM-MS and DFT methods. Critical complexes [Pd(MPAA)(1), -H]+

and [Pd(MPAA)(2), K, -2H]+ have been detected by ESI-MS. With the aid of
IM-MS, the complex involving unactivated substrate was separated, and it was
found to be deprotonated under further CID experiment, suggesting that the C–H
bond of the substrate can be activated without an external base.

In conjunction with DFT calculations, the model postulating the deprotonation
by an internal base (pathway D) successfully accounts for the enantioselectivity for
all studied reactions. In this model, MPAA coordinates with Pd in bidentate fashion
and the N-protecting group acts as an internal base in the enantioselectivity-
determining step. The enantioselectivity originates from the rigidity of the bidentate
MPAA and substrate coordination. The steric repulsion from the amino acid

2.06
2.00

2.35

4.4

D-TSB-TS

Fig. 4.14 Calculated stereoviews of transition states for pathways B and D using Piv-Val-OH as
ligand
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side-chain positions the N-protecting group below the coordination plane of Pd. As
a result, the hydrogen abstraction by the N-protecting group occurs more favorable
on the face of Pd coordination plane anti to the side-chain of amino acid.

Our computational results also suggest several factors to be considered in further
developing Pd/MPAA catalyzed asymmetric reactions: (1) bidentate binding of
MPAA, (MPAA with bulky N-protecting group which destabilize the bidentate
binding mode such as L3, gives poor enantioselectivity); (2) significant bending of
the N-protecting group, (the cyclopropane amino acid ligand has two Ca sub-
stituents, the bending of the N-protecting group is less significant and consequently
results in moderate enantioselectivity); (3) rigid scaffold of substrate for relaying
chiral information, (the C–H bond in a flexible group, e.g., freely rotatable sp3 C–H
in methyl group, is more difficult to be well differentiated). Finally, the model here
also provides an effective way to rationalize the relay of chirality and could suggest
novel approaches for the design of new ligands other than MPAA.
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Chapter 5
Mechanistic Studies on Copper-Catalyzed
sp3-C–H Cross-Dehydrogenative Coupling
Reaction

Abstract This chapter introduces a detailed computational study on two
Cu-catalyzed sp3-C–H cross-dehydrogenative coupling (CDC) reactions using O2

and tert-butyl hydroperoxide (TBHP) as oxidant, respectively. Plausible reaction
mechanisms including the single electron transfer (SET) mechanism, a novel
mechanism which O2 directly involves in C–H bond cleavage, CuIII mechanism and
radical mechanism were considered. Benchmark studies were performed to select a
reliable computational method to describe the SET process.

5.1 Introduction

C–C bond formation is central transformation in organic synthesis [1]. Over the past
decades, transition metal-catalyzed cross-coupling methods such as Heck [2, 3]
reaction, Suzuki [4], Negishi [5], and Stille [6] couplings have been the methods of
choice to construct C–C bond. Despite the tremendous success, the requirement of
prefunctionalization of substrates limits their applications. Cross-dehydrogenative
coupling (CDC) reaction, which couples two C–H bonds directly to form C–C bond
[7–13], has emerged as an important protocol to construct C–C bond. Compared to
traditional C–C coupling reactions, CDC reaction avoids prefunctionalization
which makes synthetic pathway more efficient with less reaction steps and reduces
by-products caused by prefunctionalization. During the last decade, CDC reactions
have made much progress and various CDC reactions between different types of
C–H bonds (sp3, sp2 and sp C–H bonds) have been developed [8, 10, 14–17]
(Scheme 5.1).

Toward improving CDC reactions, much progress has been made to employ
readily available, environmentally friendly oxidant and abundant, sustainable cat-
alysts. In 2007, The Li group reported a copper-catalyzed CDC reaction in water

The results presented in this chapter have been published in the following article:
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78, 943.
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using O2 as oxidant (Eq. 5.1) [18]. Copper catalysts are cheap, less toxic, and
abundant compared to other transition metal catalysts. Oxygen is a sustainable
oxidant in green chemistry. This reaction realizes the activation of two sp3 C–H
bonds under mild conditions and produces water as by-product. It serves as an
excellent example of green chemistry. On the other hand, its products, tetrahy-
droisoquinoline derivatives, are important biological active pharmaceuticals which
makes this reaction more attractive.

N
Ph O2 N

Ph

Cu Nu H
N

Ph
Nu

1 2

step 1: formation of iminium ion step 2: nucleophilic addition

3
H2O, 60°C

ð5:1Þ

To facilitate further development of this reaction, mechanistic studies have been
conducted experimentally. In 2011, Klussmann’s group studied a similar reaction
and captured the important intermediate—iminium 2 [19], which suggests a reac-
tion sequence that an initial C–H bond activation of tetrahydroisoquinoline to from
iminium cation, then nucleophilic addition between iminium cation and nucleophile
anion to afford heterocoupling product. It is well known that avoiding homocou-
pling product is one of the challenges in cross-coupling reactions [20, 21]. Here, for
this reaction, the formation of iminium helps to avoid the homocoupling reaction
because of charge repulsion which makes this protocol more appealing.

Although the structure of key intermediate 2 has been revealed and this inter-
mediate can successfully explain the selectivity of cross-coupling product, the
details of the formation of iminium intermediate remained unknown. This iminium
intermediate is usually proposed to be formed via single electron transfer process
(SET) [22, 23] since copper can serve as a one-electron oxidant. However, there is
no direct experimental evidence to support this hypothesis. On the other hand, the
theoretical study for this reaction meets many difficulties which caused by O2 and
SET process [24–26]. Reactions of transition metal complexes with O2 often
involve state crossing between triplet and singlet states and the calculation of state
crossing is still challenging [27–29]. For SET, simulating the dynamic process of
SET and calculating the activation energy of SET step are difficult [30, 31].

C X Y C+
cat. [M]

[O]
C C

X, Y = Br, OTf, SiR3, SnR3, BR2, etc.

(a) tranditional cross-coupling reactions (b) Cross-Dehydrogenative-Coupling (CDC) reactions

C H H C+
cat. [M]

[O]
C C

Scheme 5.1 Various cross-coupling methods for C–C bond formation
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Moreover, finding an appropriate and reliable method to calculate SET is a hard
task because SET process involves radical and ion species with very different
electronic structures. To our knowledge, the calculation of SET process is still rare.

In this work, we established a benchmarking to validate a reliable method to
calculate SET process. Using this method, we did DFT calculations to investigate
the mechanism and gave a detailed picture of the formation of iminium intermediate
and subsequent nucleophilic addition. We also explored an alternative pathway for
the similar CDC reaction which employs tert-butylhydroperoxide (TBHP) as
oxidant.

5.2 Computational Method

All DFT calculations were performed using Gaussian 09 program [32]. Based on
the benchmark studies in Sect. 5.3 (vide infra) and good performance of M06 [33]
functional in describing cooper system reported in literatures, here we used M06
functional for geometry optimization and energy calculation. The 6-311+G(d, p)
basis set was employed for the C, H, N, and O atoms and def2-TZVP [34–37] was
used for Cu and Br. SMD [38] model was applied to account for solvent effects.
Frequency calculations at the same level of theory were also performed to verify the
stationary points as minima (zero imaginary frequencies) or transition states (one
imaginary frequency). Transition states were located using the Berny algorithm.
Intrinsic reaction coordinates (IRC) were calculated for the transition states to
confirm that such structures indeed connect two relevant minima [39]. Reactions of
transition metal complexes with O2 often involve state crossing between triplet and
singlet states. We employed an approach developed by Harvey and coworkers to
optimize the geometry of minimum energy crossing points (MECP) [40] between
potential energy surfaces of different spin states. The relative energies with ZPE
corrections and free energies (at 298.15 K) are in kcal/mol. 3D structures are dis-
played with CYLView [41].

5.3 Results and Discussion

5.3.1 Benchmark Studies

As introduced in Sect. 5.1 (vide supra) it is very important to choose a reliable
computational method to describe copper system and single electron transfer pro-
cess for the studied reaction. Recent theoretical studies have demonstrated that
B3LYP [42–44], mPWPW [45–47], and the M06 [48–50] series have good
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performance in modeling similar copper systems. But the accurate calculation of
SET process which needs to compare the open- and closed-shell configurations of
different charge states is still challenging [30, 31]. Based on our long-standing
interest in evaluating DFT functionals, we conducted benchmark studies to seek an
appropriate method for the system under investigation.

However, there are no systematic data for SET process reported in literature.
Considering the one-electron redox involves the electron transfer from donor to
acceptor which represents the thermodynamics of SET process, we chose experi-
mental one-electron redox potentials for benchmark studies. Five amines [51, 52]
which share some structural similarities with the substrate 1 and have available
experimental redox potential values were chosen (Scheme 5.2, complexes A to E).
With this data set, we examined the performance of a series of functionals,
including B3LYP, mPWPW, M06, M06L and M06-2X, together with various basis
sets by comparing the calculated and experimental redox potential.

The redox potential Ecalc. (in V) was computed as indicated in Eq. 5.2 [53–57]:

Ecalc ¼ GOx � GRed� �
=F�0:03766�4:44; ð5:2Þ

where GOx and GRed are the free energies (in Hartree) of the oxidized and reduced
systems in solvent, respectively. F is the Faraday constant which equals to
23.06 kcal mol−1 V. −0.03766 eV is the energy value of a free electron at 298 K
which was calculated by Barmess [58]. −4.44 eV is the free energy change asso-
ciated with the reference NHE half-reaction i.e., Hþ aqð Þþ e�ðgÞ ! 1=2H2ðgÞð Þ
[59]. Solvent effects were estimated by SMD model in acetonitrile since most
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Scheme 5.2 Relevant compounds employed in benchmark studies
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experimental redox values are measured in acetonitrile. The energies of these
compounds using different methods were calculated with their optimized
geometries.

Table 5.1 lists the values of error of calculated single electron redox potentials
(Ecal-Eexptl). It shows that all methods tested underestimate the single electron redox
potentials of the testing data set. The computational results of the first four rows of
Table 5.1 which use B3LYP functional but with different basis sets demonstrate
that 6-311+G(d, p) has the best performance. In all the functionals tested, M06 gave
the smallest average error (−0.262 V). It is worth noting that M06 performed better
than M06-2X for this system [33, 60], although the latter was parameterized for
main group thermochemistry. According to previous works about redox potential
calculation [53], the systematic errors of calculated redox potentials in Table 5.1
could be carefully calibrated.

In order to test the robustness of our method, we extended the tested compounds
to another 8 complexes (Scheme 5.2, complexes F toM) which share less structural
similarities with our reactant. The correlation between the experimental and
M06/6-311+G(d,p)-calculated standard redox potentials is plotted in Fig. 5.1. The
slope and intercept are 1.00 and 0.35 V respectively. The correlation coefficient is
0.99 which shows a strong correlation between the experimental and theoretical
standard redox potentials, indicating that this method is reliable to calculate SET
processes.

According to the benchmark studies and the performance on describing copper
system, M06 was chosen for the following mechanistic studies. 6-311+G(d,p) was
used for C, H, N, and O atoms. Correspondingly, the triple-f detf2-TZVP basis set
was employed for Cu and Br.

Table 5.1 Differences between the experimental standard redox potential and theoretical standard
redox potential calculated at different theoretical levels. Reproduced from Ref. [71] by permission
of John Wiley & Sons Ltd.

Method Ecalc-Eexptl(V)

A B C D E Average

B3LYP/6-31g −1.085 −0.586 −0.789 −0.680 −0.670 −0.762

B3LYP/6-31+g(d) −0.484 −0.341 −0.318 −0.467 −0.475 −0.417

B3LYP/6-311+g(d, p) −0.436 −0.306 −0.234 −0.397 −0.412 −0.357

B3LYP/6-311++g(2df,
2p)

−0.464 −0.302 −0.284 −0.423 −0.440 −0.382

mPWPW/6-311+g(d, p) −0.429 −0.253 −0.252 −0.352 −0.363 −0.330

M06/6-311+g(d, p) −0.294 −0.235 −0.142 −0.312 −0.326 −0.262

M06L/6-311+g(d, p) −0.422 −0.318 −0.232 −0.419 −0.443 −0.367

M062X/6-311+g(d, p) −0.338 −0.331 −0.158 −0.360 −0.376 −0.313
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5.3.2 Mechanistic Studies on the Reaction Using Oxygen
as Oxidant

5.3.2.1 The Formation of Iminium Intermediate 2

As introduced in Sect. 5.1 (vide supra), Klussmann captured the critical iminium
intermediate under a similar reaction condition [19] which suggests a catalytic cycle
involving iminium ion. However, details about the formation of this iminium inter-
mediate remained unclear. As depicted in Scheme 5.3, there are several plausible
pathways to form iminium ion. In the pathways A–C, CuBr is the active catalyst. In
pathway A, the C–H bond is cleavaged by bromide via a r-bond metathesis manner
which is often proposed for transition metal-catalyzed C–H bond activation. In
pathway B, Cu abstracts H of the substrate via a three-membered ring TS to afford
iminium and copper hydride intermediates. Pathway B can also be considered as
oxidative addition of C–H bond to CuI center. In pathway C, O2 is directly involved
in the C–H activation step: O2 interacts with Cu and abstracts the proton from
substrate 1 to generate iminium ion and peroxide complex BrCuIOOH−. The Stahl
group has reported the insertion of oxygen to Pd-H bond [61, 62], but reports about
oxygen directly activate C–H bond is still rare in literature [63]. In most of the
oxygen involved transition metal-catalyzed reactions, oxygen is considered as ter-
minal oxidant to regenerate catalyst. In pathways D and E, CuII act as the active
catalyst. The difference between pathways D and E lies in that the deprotonation takes
place at the first SET step (pathway D) or at the second SET step (pathway E).

Figures 5.2 and 5.3 show the potential energy profiles of pathways A-C and the
potential energy profiles of pathways D and E, respectively. For pathway A,
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Fig. 5.1 Correlation between the experimental and calculated standard redox potentials
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attempts to locate the TS of r-bond metathesis failed. The optimizations of TS of
pathway A always obtain the reactant structure. Then we calculated the interme-
diate A1 generated after C–H activation and found A1 has a very high energy of
47.5 kcal/mol. Therefore, the activation barrier for pathway A should be higher
than 56.0 kcal/mol, suggesting that pathway A is not possible under the reported
reaction condition. Pathway B has a high activation barrier of 43.4 kcal/mol due to
the formation of unstable copper hydride complex which also rules out this
mechanism. Pathway C is initiated by the coordination of O2 with Cu to form triplet
intermediate C2 in which the spin density locates mainly at the O2. The singlet-state
counterpart C2′ is less stable by 15.2 kcal/mol. Computational result demonstrates
that the C–H bond cleavage occurs at the triplet surface. In the transition state
structure TS1-C, copper adopts a linear bis-coordination (∠BrCuO = 170.5°)
revealing the oxidation state of Cu has not changed. The O–O bond in TS1-C is
elongated to 1.29 Å (O–O bond is 1.20 Å in C2), indicating O2 is reduced to
peroxide. Furthermore, the C–H bond of tetrahydroisoquinoline increases to
1.38 Å, demonstrating the oxidation of substrate 1. The minimum energy crossing
point (MECP) between triplet and singlet states was successfully located. It is quite
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Scheme 5.3 Four proposed pathways for the formation of the iminium intermediate. Reproduced
from Ref. [71] by permission of John Wiley & Sons Ltd.
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close to TS1-C in structure and energy. The intermediate C3 obtained from C–H
bond activation is very stable and its free energy is −21.0 kcal/mol. In C3, the
iminium ion coordinates with Cu via electrostatic interactions, the distance between
Cu and N atom is 3.48 Å. The activation barrier for pathway A is 29.2 kcal/mol
which could be overcome under the experimental condition.

It is widely accepted that CuI can be easily oxidized to CuII in the present of an
oxidant [64–66] which is also the precondition of SET mechanism D and E.
Possible CuII species under the experimental condition include CuIIBr(OH) and
CuBr2. Cu

IIBr(OH) might be precipitate. On the other hand, CuIX2 (X = Cl or Br)
was detected as counterion in the crystal structure of iminium ion 2. Therefore,
CuIIBr2 was used as active catalyst in SET mechanism because it can form CuIBr2
anion by accepting one electron.

Different from the bis-coordinated, linear CuI complex, CuII complex prefers to
adopt four coordination structures. CuIIBr2 binds with two water molecules to

Fig. 5.2 Potential energy profiles of pathways A, B, and C. Free energies and electronic energies
are given in kcal/mol. Reproduced from Ref. [71] by permission of John Wiley & Sons Ltd.
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afford a four-coordinated complex E1 which undergoes ligand exchange to form
E3. E3 also adopts four-coordinated geometry and the spin density mainly dis-
tributed on CuBr2, indicating E3 remains a CuII complex. E3 can either undergo
C–H activation (pathway D) to afford intermediate D4 or undergo single electron
transfer (pathway E) to form intermediate E4. The computation result shows that
E4 is much more stable than D4. For pathway D, the distance between Br and Cu is
3.48 Å in TS1-D, indicating Br atom that abstract the proton is likely to be a
radical. Thus a considerable activation barrier (27.6 kcal/mol) is expected. The
following SET step from D4 to imiunium 2 is an exothermic process. For pathway
E, the single electron transfer of E3 leads to doublet intermediate E4 and CuIBr2

−

ion. This SET step is a facile process thermodynamically and kinetically. Then
replacing CuIBr2

− with CuIIBr2 affords E5 which undergoes the second SET. The
transition state TS1-E can be regarded as a TS of proton-coupled electron transfer.
In TS1-E, electron transfers to CuII and in the meanwhile the proton is abstracted
by Br−, leading to iminium intermediate 2 and CuIBr with a large driving force. The
overall barrier for pathway E is 21.2 kcal/mol.

As analysis above, the critical iminium intermediate 2 is possibly formed via
pathways C and E. The calculated activation barriers for these two pathways can be
overcome under the experimental condition and the calculated KIE values of both
pathways are in agreement with KIE experiments (vide infra) [67]. Although a
lower barrier for pathway E suggests the reaction may be more possible to proceed
via SET mechanism, pathway C cannot be excluded for the following reasons:
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(1) the oxidation of CuI to CuII is unclear in pathway E; (2) CuIX2
− (X = Br or Cl)

anion was observed in the crystal structure of iminium intermediate, indicating CuI

can be existed in the present of O2; (3) the direct comparison between pathways C
and E is less accurate because the two pathways proceed at different spin states.

5.3.2.2 The Nucleophilic Addition Step

The reaction process after the formation of iminium intermediate 2 is straightfor-
ward: the nucleophile is deprotonated and further reacts with iminium ion 2 via
nucleophilic addition to afford product E9. The potential energy profile of the
reaction of nitromethane and iminium ion 2 is depicted in Fig. 5.4. The compu-
tational result shows that the nucleophilic addition step is a faster process than the
formation of iminium intermediate 2, which is in accord with experimental results.

Based on the overall reaction profile, C–H activation is the rate-determining
step. The calculated kinetic isotope effect (KIE) kH/kD values of TS1-C and TS1-E
are 5.1 and 5.3, respectively, which are comparable to the experimental value (4.5)
[67]. In pathway C, O2 directly involves in the C–H bond activation step and the O-O
bond is elongated in TS1-C. Pathway E does not include O2, thus these two path-
ways could be differentiated by 18O KIE. The calculated 18O KIE value of TS1-C is
1.5 [68, 69], while TS1-E will not show 18O kinetic isotope effect. Therefore, we
expect that the 18O KIE experiment could further verify the mechanism.

Combining all the computational results discussed above, we summarized the
catalytic cycle for reaction 1 as depicted in Scheme 5.4. The catalytic cycle is mainly
constituted by C–H activation step and nucleophilic addition step. Our theoretical
study on the copper-catalyzed aerobic CDC reaction supports that the critical iminium
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intermediate 2 is formed via SET mechanism but also unveils an alternative mech-
anism in which O2 is directly involved in C–H bond cleavage (blue part).

5.3.3 Mechanistic Studies on the CDC Reaction
Using TBHP as Oxidant

The CDC reactions of tetrahydroisoquinoline derivatives have been extensively
explored with different catalysts, oxidants, and nucleophiles. Klussmann and
coworkers reported a CDC reaction of substrate 1 using tert-butyl hydroperoxide
(TBHP) as oxidant [67]. They found that different from the reaction employing O2 as
oxidant, an amino peroxide 3a instead of imunium ion was detected (Eq. 5.3).
Klussmann and coworkers ruled out the SET mechanism (pathways D and E in
Scheme 5.3) by comparing the relative nucleophilicity of TBHP with other nucle-
ophilic reactants. Instead, they proposed a radical mechanism (Scheme 5.5)
according to further detailed kinetic studies.
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Given that the existing contradiction of the radical inhibition reactions between
Li’s and Klussmann’s groups and the observation that radical inhibitor cannot
completely suppress the reaction in Klussmann’s experiment, also concerning about
radical reactions may generate homo-coupled side products which is not reported in
this cross-coupling reaction, thus we carried out computational study to explore the
possibility of alternative pathways for the CDC reaction when using TBHP as oxi-
dant. It also serves as a comparative study for the previous reaction with O2 as
oxidant to investigate whether different oxidant leads to different reaction mecha-
nisms. Because the radical mechanism was proposed based on a critical experimental
observation of 3a as an intermediate, therefore we focused on the formation of 3a.

The energy profile of the radical mechanism is depicted in Fig. 5.5. The radical
pathway F starts with the oxidation of CuIBr by tBuOOH to form CuIIBr(OH) and
tBuO� radical. CuIIBr(OH) reacts with a second molecule of TBHP via a
four-membered ring TS1-F to afford CuIIBr(OOtBu) and water. In the following
step, the tBuO� radical abstracts a hydrogen atom from substrate 1 to generate a
radical F6. The activation barrier for this step is 22.7 kcal/mol. Then the radical F6
reacts with the doublet compound F5 formed during the previous process to pro-
duce complex 3a and CuIBr. Based on the overall profile, the hydrogen abstracting
step is the rate-determining step for radical pathway. The calculated KIE value of
radical pathway F is 1.45, which is much smaller than the experimental KIE value
(3.4). This theoretical KIE value of TS1-F is close to the calculated KIE value
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(1.79) for the CuBr catalyzed oxidation reaction of N,N-dimethylaniline by
T-HYDRO.

Aside from the radical pathway, we also considered an alternative mechanism
which involves a CuI/CuIII catalytic cycle. The Himo group reported that the barrier
for the reaction of CuIBr and TBHP to form high-valent complex CuIIIBr(OtBu)2 is
16.9 kcal/mol [70] which can be easily overcome under the experimental condition
under investigation. As shown in Fig. 5.5, the CuIII pathway G starts with the
oxidative addition reaction of BrCuI(TBHP) (F1) to form CuIIIBr(OtBu)(OH) (G1).
The activation free energy for the first step was calculated to be 24.6 kcal/mol.
Substrate 1 coordinates with intermediate G1 leading to a four-coordinated CuIII

complex (G2). Then tBuO ligand abstracts the hydrogen of the substrate, in the
meanwhile the electron transfer to the copper center, generating imiunium inter-
mediate G3. This process takes place with a low barrier and a large driving force
due to the instability of high-valent CuIII species G2. The following nucleophilic
addition by another molecule of TBHP affords the observed intermediate 3a. But
for the CuIII mechanism, the oxidative addition step is the rate-determining step,
which is not consistent with the KIE experiment.

Because TBHP can oxidize CuI to CuII, thus SET mechanism is also possible for
the Cu/TBHP system. As shown in Fig. 5.3 and 5.5, the SET pathway has a
comparable activation barrier with CuIII mechanism. In summary, computational

Fig. 5.5 Potential energy profiles of pathways F (radical pathway) and G (CuIII pathway). Free
energies and electronic energies are given in kcal/mol. Reproduced from Ref. [71] by permission
of John Wiley & Sons Ltd.
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results for the Cu-catalyzed CDC reaction with TBHP as oxidant demonstrate that
the radical pathway is more favorable. But CuIII and SET mechanism cannot be
excluded completely. The experimental KIE value (3.4) is between the KIE value of
pathway E (5.11) and the KIE value of pathway F (1.49), suggesting both pathways
are possible for this Cu/TBHP system.

5.4 Summary

In this chapter, we studied the Cu-catalyzed sp3 C–H cross-dehydrogenative cou-
pling reactions with O2 and TBHP as oxidant. In order to choose an appropriate
computational method to describe the Cu system and SET process, a benchmark
study was performed. The single electron redox potentials were employed for
calibration since it reflects the thermodynamic properties of single electron transfer
process. Our computational results as well as the data in literature suggest that
M06/6-311+(d,p) is an appropriate method for calculating the system under
investigation since it is reliable for calculating the SET process and it has good
performance in describing Cu system.

Applying this method, we did the first computational study on the Cu-catalyzed
aerobic CDC reaction of tetrahydroisoquinoline derivative. The computational
results suggest this reaction is likely to take place via a single electron transfer
mechanism in which the critical iminium intermediate 2 is formed from a radical
cation compound E4 rather than a radical species D4. Besides the SET mechanism,
our study unveils another alternative reaction mechanism (pathway C) in which O2

is directly involved in the C–H bond cleavage step. For the overall reaction process,
the C–H bond activation step is the rate-determining step while the subsequent
electrophilic addition step is a faster step. For both pathways C and E, C–H acti-
vation is the rate-determining step and the calculated KIE values are 5.05 and 5.11,
respectively, which are comparable to the experimental value (4.5). Considering the
different roles of O2 in pathway C and E, we predicted that 18O KIE may be able to
differentiate these two mechanisms.

As a comparative study, we also investigate the similar CDC reaction with
TBHP as oxidant. Different from the reaction with O2 as oxidant, an amino per-
oxide instead of iminium ion was observed for the reaction employing TBHP as
oxidant. For this reaction, the radical pathway, CuIII pathway and SET pathway
were found to have comparable activation free energies. CuIII mechanism can be
ruled out because the oxidative addition is calculated to be the rate-determining step
which contradicts with experimental observations. For both radical pathway and
SET pathway, the C–H activation step is the rate-determining step which is con-
sistent with experiments. The KIE experiments and computational results cannot
exclude either of these pathways at this point.
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