Chapter 2
Mechanistic Studies on Pd(OAc),-
Catalyzed Meta-C-H Activation Reaction

Abstract This chapter describes a comprehensive computational study on the
template-assisted and Pd(OAc),-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), model
predicts ortho-selectivity, instead novel dimeric Pd;(OAc), and Pd-Ag(OAc);
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
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Scheme 2.1 The first reported work about Pd(Il)-catalyzed meta-selective C,—H bond
activation using a removable end-on nitrile template

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 C,-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 sp® 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 Pd"—Pd" dimeric
complex [(2-phenylpyridine)Pd(pn-OAc)], (9). Other dimeric palladium complexes
with succinic acid (10) or other carboxylic acids as linker have been reported [53].
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Scheme 2.2 Trimeric and dimeric palladium complexes (7 and 9-11) and monomeric TS8
reported in literature

Many of these dimeric Pd complexes are critical intermediates in Pd"/Pd" catalytic
cycle. High-valent binuclear Pd™-Pd"™ 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 Pd" 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 Pd;(OAc)s was used as reference complex
in the following studies (Fig. 2.1).

2.3.1 Monomeric Pd(OAc), Mechanism

Monomeric Pd pathway was studied first since monomeric Pd(OAc), 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 o-bond metathesis. The computed acti-
vation energies of these four pathways [80] are summarized in Fig. 2.2. The
oxidative addition and o-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

AG (AH)
keal/mol 0.0 (0.0) 8.1(14.8) 13.8 (24.8) 11.8 (24.6)

Fig. 2.1 Trimeric, dimeric and monomeric palladium acetates and their corresponding relative
free energies (electronic energies)
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Fig. 2.2 Four conventionally proposed reaction mechanisms for transition metal-catalyzed C-H
activation and computed activation free energies (electronic energies)

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), 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), is generated from the dissociation of the trimeric Pd;(OAc)g 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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Scheme 2.3 Catalytic cycle of monomeric Pd(OAc), mechanism. Reprinted with the permission
from Ref. [93]. Copyright 2013 American Chemical Society
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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 Intl is formed. Olefin replaces acetic acetate
to coordinate with Pd forming complex Int2. Olefination insertion followed by
p-hydride elimination generates Int5. Then the product dissociates from Pd and
reductive elimination releases acetic acid. Finally the Ag' oxidant oxidizes Pd° to
regenerate the Pd" 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)g is endothermic by 17.0 kcal/mol. The formation of
Int0_a requires 4.0 kcal/mol free energy from Int0a_a. The C—H bond activation step
needs to overcome a barrier of 36.0 kcal/mol and generates cyclopalladated complex
Intl_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
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Fig. 2.3 Energy profile for the meta pathway in the monomeric Pd(OAc), mechanism. Reprinted
with the permission from Ref. [93]. Copyright 2013 American Chemical Society



2.3 Results and Discussion 49

stable complex Int3_a. The following f-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-0 bond, which places two bulky groups (aryl group and benzyl group) in gauche
position in the meta- and para-TS (/3 = 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 12 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 A).
para_TS1_a is also destabilized by steric repulsion between the ether oxygen and
methyl group (O—C distance is 2.77 A).
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meta_TS1_a ortho_TS1_a para_TS1_a
36.0 kcal/mol 30.1 kcal/mol 35.3 kcal/mol

&
meta_TS1_a2 ortho_TS1_a2 para_TS1_a2
36.0 keal/mol 34.2 keal/mol 35.0 keal/mol

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), 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

In summary, ortho-selectivity is predicted by monomeric Pd(OAc), mechanism
which contradicts with the experimentally observed meta-selectivity
(m:p:o = 91:7:2).
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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
Equp 44.1 36.7 432
Erotal 107.2 98.5 106.0

2.3.2 Dimeric Pd,(OAc); Mechanism

The above computational results demonstrated that the traditional monomeric Pd
(OAc), 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), 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 Pd,(OAc), 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
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Fig. 2.5 Energy profile for the meta pathway in the dimeric Pd,(OAc)s mechanism. Reprinted
with the permission from Ref. [93]. Copyright 2013 American Chemical Society

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 MO6 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].
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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 ¥, and ¥, 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 ¥; and ¥, 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 ¥'s) 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 (2*) 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 ¥; and ¥,. 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

Scheme. 2.5 Conformations of meta-C—H bond activation transition state involving dimeric Pd
catalyst. a Two acetate groups (green and purple) are on different sides. b Two acetate groups are
positioned on the same side. Reprinted with the permission from Ref. [93]. Copyright 2013
American Chemical Society
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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 mefa-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); Mechanism

The oxidant screening experiment suggests that Ag(OPiv) is an optimal oxidant
while other oxidants such as O, and Ag(OTTY) resulted in complete loss of reactivity
and selectivity. So Dr. Yang proposed the heterodimeric Pd-Ag(OAc); 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. 2.8 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)s 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 Pd;(OAc)s mechanism
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M: Pd or Ag
Me, Me

t-Bu
t-Bu

ortho-selective meta-selective

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

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 mefa-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.

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 352 36.3 36.3
Esub 33.3 37.7 35.6
Eotal 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 3 (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 /3 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 (/4 = 1°) as well as the repulsion between the
activated benzyl group and the acetate group (C-O distance is 2.84 A). In
meta_TS1_c, these repulsions are avoided since /4 = —44° and the C-O distance
is 2.9 A. 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),, dimeric Pd,(OAc),,
dimeric Pd—-Ag(OAc);, and trimeric Pd;(OAc)e 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),
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), 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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