2021.5 \ol. 40, No. 5

Chinese J. Struct. Chem.

Theoretical Analysis of the Mechanism of Cationic
Pd(11)-catalyzed Fujiwara-Moritani Reaction®

REN Ying® WANG Tao ZHANG Ting-Ting
JIA Jian-Feng WU Hai-Shun
(Key Laboratory of Magnetic Molecules and Magnetic Information Materials of Ministry of Education,
School of Chemistry and Materials Science, Shanxi Normal University, Linfen 041000, China)

ABSTRACT A systematic theoretical investigation has been studied on Fujiwara-Moritani reaction between
3-methoxyacetanilide with n-butyl acrylate by means of density functional theory (DFT) calculations when two
types of Pd(Il) catalysts are employed. In [Pd(MeCN),](BF,), catalytic cycle, a 1,4-benzoquinone(BQ)-induced
C—H activation of trans-(MeCN),Pd(BQ)*" with 3-methoxyacetanilide occurs as the first step to give DC-4pecn,
facilitating the insertion of n-butyl acrylate and S-hydride elimination, followed by recycling of catalyst through
hydrogen abstraction of monocationic BQ fragment. In Pd(OAc), catalytic cycle, it is proposed that the most
favored reaction pathway should proceed in dicationic mechanism involving a BQ-assisted hydrogen transfer for
C—H activation by Pd active catalyst (HOAC),Pd(BQ)* to generate DC-4;,04c, promoting acrylate insertion and
p-hydride elimination, followed by the regeneration of catalyst to give the final product. The calculations indicate
that the rate-determining step in [Pd(MeCN),](BF,), catalytic system is the acrylate insertion, while it is the
regeneration of catalyst in the Pd(OAC), catalytic system. In particular, the roles of BQ and ligand effects have also
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been investigated.
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1 INTRODUCTION

Transition-metal-catalyzed C—H activation has emerged as
the most important and useful means to form C-C, C-0O, C-N,
and C—X (X = ClI, Br, I) bonds in modern organic synthesis
chemistry™. Compared with the traditional catalytic reactions
where expensive unstable organometallic reagents are often
required and the poor atom economy is resulted, the direct
C—H bond activation has been well developed and improved,
thus providing a sustainable and efficient strategy to synthe-
size diverse organic molecules from simple hydrocarbon
derivatives®®!,

Among the various transition-metal-catalyzed cross
exhibited

excellent catalytic activity in C—H activation reactions!”. The

coupling reactions®®, palladium(ll) catalysts
Fujiwara-Moritani (FM) reaction is one typical of such
Pd-catalyzed C—C coupling reactions, first reported in 1967,

However, Many efforts on FM reaction have been often

limited by the high temperature, anhydrous acidic environ-
ments, and high pressures!®). Commonly, FM reactions should
be carried out in the presence of external acid. Mulligan et al.
reported Pd-catalyzed FM reaction of p-methylacetanilide
with n-butyl acrylate in the presence of toluenesulfonic acid
and BQMY. Danton et al. reported site-selective Pd-catalyzed
FM reaction of N,S-heterocyclic systems with olefins in
PivOH!™!. Typically, some acids such as HOAc, TFA, and
PTSA have been used to promote these C—H activation
reactions™™?. Recently, Nishikata and Lipshutz have reported a
novel Pd(Il)-catalyzed FM reaction of 3-methoxyacetanilide
with n-butyl acrylate to produce electron-rich cinnamates
(Scheme 1), More interestingly, this reaction carries out
not only at room temperature in water as the only medium,
but most notably without the addition of external acids.

The Pd-catalyzed C—H activation reactions have been
extensively studied both experimentally and theoretically!*,
which are devoted to understanding the mechanisms involved
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in the cleavage of C—H bond and the role of catalytic species.
Especially, Pd(OAc), as catalyst is oftentimes used, where
acetate is considered to be involved in aromatic proton-
abstraction®™. Thus, the role of Pd(OAc), is generally to
activate the arene and abstract the hydrogen atom of the C—H
bond by one of the acetate ligands in a classic six-membered
transition state (Scheme 2). Nishikata’s reaction represented a
highly active dicationic Pd(Il) catalyst, [Pd(MeCN),](BF,)2,
which can easily activate aromatic C—H bonds without acetate
ligands and external acids (Scheme 1a). However, it was
found that the acid plays an important role in the reaction
catalyzed of Pd(OAc), (Scheme 1b). On the basis of the
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results, they also proposed the cationic Pd(ll)-catalyzed
mechanism of FM reactions, shown in Scheme 3, which
involves a Pd(I1)/Pd(0) redox cycle mechanism. Initially, the
aromatic C—H bond activation between 3-methoxyacetanilide
with the cationic Pd(ll) species proceeds using the directing
group via Wheland-like species to give monocationic species,
followed by alkyne insertion. The g-hydride elimination and
regeneration catalyst take place to form the final product.
Nevertheless, BQ was found to be critical to the two Pd(Il)
catalytic systems, without which the reaction essentially did

not take place in water.
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In view of the importance and versatility of C—C cross- reaction. In this paper, with the aid of DFT calculations, we

coupling reactions via direct C—H activation, it is necessary to have investigated the mechanism of Pd(ll)-catalyzed C—C

develop mechanistic understanding of Nishikata’s FM coupling reaction of 3-methoxyacetanilide with n-butyl
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acrylate in detail. Through these studies, we hope to answer
the following questions: (1) How does the cationic palladium
species [Pd(MeCN),](BF.), catalyze the reaction without
acetate ligands? (2) Does the BQ promote the catalytic cycle?
If yes, how does the BQ play its role in catalytic cycle? (3)
Why acid was found to be vital to the Pd(OAc), catalytic
systems? These questions are very important for us to
understand the reaction better and may provide helpful
information for the development of new, more effective
catalyst systems on similar reactions.

2 COMPUTATIONAL DETAILS

All the energies and molecular geometries presented in this
paper were performed with the Gaussian 09™° program
package, using the B3LYP level of density functional theory
(DFT)21 vibrational frequency was calculated at the same
level of theory to ensure each equilibrium structure with no
imaginary frequency or each transition state with only one
imaginary frequency and to get thermal energy corrections
and zero-point energy (ZPE). Especially, the only one
imaginary frequency of every transition state showed the
desired vibration orientation. The 6-311++G(d, p)©” basis set
was used to describe C, H, O, and N atoms, while the Pd atom
was described using the LANL2DZ?Y basis set. Polarization
function was added for Pd (G = 1.472)2. Furthermore,
intrinsic reaction coordinates (IRC)®?*! were also calculated
for the transition states to identify that such structures are
connecting the two adjacent minima on the potential energy
surface. In order for further explanation, the natural bond
orbital (NBO)24 package was used for some structures to
analyze the natural charges.

To examine the aforementioned method reliability, the
M06/SDD*!  was employed and single-point energy
calculations for the structures involved in the whole reaction
were carried out. Compared with the relative energies
calculated by the two density functionals B3LYP and MOB6, it
is found that the general trends of the potential energy surface
are consistent with each other (see Table S1 in the Supporting
Information). In addition, the SMD continuum solvation
model®” in water was used to account for the solvent effects.
The solvation Gibbs energy was
B3LYP/6-311++G(d, p) (LANL2DZ for Pd atom) level and
added to the gas-phase thermal correction Gibbs energy to get

performed at the

the solvent-corrected Gibbs energy.

3 RESULTS AND DISCUSSION

To understand the detailed mechanism of Pd-catalyzed FM
reaction of 3-methoxyacetanilide with n-butyl acrylate, the
two catalytic systems of [Pd(MeCN),](BF,), and Pd(OAc),
have been comprehensively investigated by discussing series
of reasonable structures of intermediates and transition states.
Subsequently, a comparison of two
[Pd(MeCN),](BF,), and Pd(OAC), is studied.
3.1 Mechanism of [Pd(MeCN),](BF,), catalyzed C-H

activation/C—C cross-coupling reaction

The mechanism of [Pd(MeCN),](BF,), catalyzed FM

reaction is proposed on the basis of Nishikatas’ study. There

catalytic cycles

are four steps in the cycle: C—H activation, acrylate insertion,
pS-hydride elimination, and recycling of catalyst. The Gibbs
energy profiles for this mechanism are shown in Figs. 1, 3,
and 5, and some critical geometrical structures of proposed
pathways are illustrated in Figs. 2 and 4.

This mechanism starts with trans-(MeCN),Pd(BQ)*
(DC-0pmecn)- The complex is chosen as the starting point for
the following reasons: (1) Nishikata and Lipshutz reported the
catalyst is a dicationic palladium(ll) species, which is formed
by ionization of the catalyst precursor [Pd(MeCN),](BF,), in
water. And BQ could competitively ligate the palladium(Il)
catalyst. More importantly, BQ presumably participates in
proton abstraction. (2) Four possible active forms of catalyst
from [Pd(MeCN),](BF,), are calculated (Scheme 4). It is
found that trans-(MeCN),Pd(BQ)*" is more stable than
trans-(BQ),Pd(MeCN)** and cis-(BQ),Pd(MeCN)*" by 0.8
and 2.3 kcal/mol, whereas cis-(MeCN),Pd(BQ)?* is more
stable than trans-(MeCN),Pd(BQ)** by 2.5 kcal/mol,
respectively. It is
cis-(MeCN),Pd(BQ)?* is not suitable for C—H activation.
From the geometric configuration of cis-(MeCN),Pd(BQ)%", it

noteworthy that the structure of

can be seen that as the Pd center activates the ortho carbon of
directing group, the abruption of BQ is concomitant. The
subsequent C—H activation fails because hydrogen transfer
cannot occur without the base ligand. Thus, the trans-
(MeCN),Pd(BQ)?* is more likely to be the active species to
bind the reactant-catalyst coordination site through the
abruption of a MeCN ligand, contributing to the later C—H
activation with the help of BQ molecule. Apart from the lower
energy, the geometric configuration is another crucial factor
for choosing trans-(MeCN),Pd(BQ)?* as the active catalyst
species and also as the energy reference together with the
reactants.
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Scheme 4. Forms of the catalyst from [Pd(MeCN),](BF).

C—H activation begins with coordination of 3-methoxyace-
tanilide and DC-0pecn relaxing to the intermediate DC-1yecns
followed by releasing one molecule MeCN ligand from the Pd
center. Then, the vacant coordination site would be occupied
by the C—H bond of 3-methoxyacetanilide via the transition
state DC-TS(2/3)mecn- The intermediate DC-3yecn formed is
feathered by an agnostic interaction of C—H bond to Pd atom.
Following this, the BQ-induced hydrogen transfer proceeds in
an o-bond metathesis mechanism resulted in the cleavage of
the C—H bond, as shown in Fig. 1. The feature of dicationic
transition state DC-TS(3/4)mecn IS an intermolecular hydro-
gen transfer of the H3 atom from 3-methoxyacetanilide to the
02 atom of BQ ligand, concomitant with a ruptured Pd—0Oggq
bond (3.243 A) and C—H bond (1.391 A), leading to the

charge separation between the more stable monocationic
intermediate DC-4yecny and the monocationic BQ fragment
(4-oxocyclohexa-2,5-dienylidene)oxonium. The Gibbs energy
profile in Fig. 1 shows that the C—H activation section is
predicted to be exoergic by 10.3 kcal/mol with a moderate
Gibbs energy barrier of 23.8 kcal/mol. From the above-
mentioned relative Gibbs energies, in order to test the activity
of trans-(BQ),Pd(MeCN)?** and cis-(BQ),Pd(MeCN)?*, the
corresponding C—H activations have been also calculated.
Such trans-(BQ),Pd(MeCN)** and cis-(BQ),Pd(MeCN)?*
catalyzed C—H activation pathways are not favorable both
kinetically and thermodynamically with respect to the
trans-(MeCN),Pd(BQ)?. The relative information is detailed
in the Supporting Information.
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Fig. 1. Geometrical structures and Gibbs energy profile for the C—H activation in [Pd(MeCN)4](BFa)..
The solvation-corrected relative Gibbs energies and electronic energies (in parentheses) are given in kcal/mol
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Based on the generation of the intermediate DC-4pecn, We
studied the acrylate insertion and f-hydride elimination of
Pd-catalyzed with MeCN ligand. The T-shaped three-coor-
dinate intermediate DC-4ycn With a vacant site is coor-
dinated by the C=C double bond of acrylate, leading to the
four-coordinate intermediate DC-5ayecn. Then the C4 atom
of acrylate attacks the C1 atom of 3-methoxyacetanilide,
which results in the formation of C-C bond through a
four-membered cyclic transition state DC-TS(5a/6a)pmecn. The
Gibbs energy barrier for this step is 16.9 kcal/mol. In
DC-6ayecn, the O atom of substrate n-butyl acrylate
coordinates with Pd and the coordination mode of the C=C
double bond changes from #?> — #' to Pd, which guarantees
the stability of DC-6ayecn effectively. Next, DC-6apecn
undergoes S-hydride migration to regenerate alkene and get
(%-alkenyl)Pd intermediate DC-7apecn Via a five-coordinate
transition state DC-TS(6a/7a)vecn. Furthermore, the acrylate
insertion and p-hydride elimination of Pd-catalyzed without
ligand or with BQ as ligand are also studied, as shown in Fig. 2.
For simplification, Fig. 3 only shows the Gibbs energy profile

of favorite path, and other paths are given in the supporting
information (Fig. S3). By comparing the energetics of these
pathways shown above, it is illustrated that the pathway with
MeCN ligand is preferred, because the Gibbs energy barrier of
the C—C bond coupling portion (DC-5apecn — DC-6apecn,
DC-6bpecn — DC-7bpecn, and DC-5cpecny — DC-6Cpecn)
is the lowest Gibbs energy maximum for the three paths (19.7,
28.0, and 25.6 kcal/mol relative to DC-4yecn, respectively).
The corresponding transition states, DC-TS(5a/6a)pecn and
DC-TS(5¢/6C)pecn,  are
DC-TS(6b/7b)pecn Mainly due to the ligand effects. Further-
more, the weaker metal coordination of MeCN ligand versus

lower in  energy than

BQ ligand leads to DC-TS(5a/6a)mecn having more activity,
as revealed by the charges of the Pd and N atoms (0.469 e and
-0.383 e) versus the Pd and O atoms in DC-TS(5¢/6C)uecn
(0.507 e and -0.547 e). Frontier molecular orbital (FMO)
calculations are performed to support the above claim (Fig.
S7). The data imply that the MeCN ligand gives low
activation barrier as compared to those with BQ ligand or
without ligand.
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Fig. 3. Gibbs energy profile for acrylate insertion and g-hydride elimination from DC-4pyecn to DC-7amecn in [PA(MeCN)4](BF4)..

The solvation-corrected relative Gibbs energies and electronic energies (in parentheses) are given in kcal/mol

Following the p-hydride elimination, the regeneration of
catalyst takes place. From DC-7ayecn, four pathways can be

conceivable, as shown in Fig. 4. Fig. 5 only shows the Gibbs

energy profile of the favorite path, and other paths are given
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in supporting information (Fig. S4). Replacement of the
product ligand in complex DC-7ayecy by MeCN ligand or
BQ ligand would give precursor complexes DC-8apecn,
DC-8byecn, and DC-8Cpecns respectively. DC-8dyecn having
the coupling product as a ligand is relatively more unstable
than DC-7apecn by 13.3 kcal/mol. On the basis of the
of DC-8apmecn,  DC-8byecns
DC-8Cpecn, and DC-8dyecn, the incoming monocationic BQ

conformation complexes
fragment would enter the Pd coordination sphere by attacking
the vacant site. These lead to the four-coordination complexes
DC-9apecn; DC-9bpecn, DC-9Cpecn, and  DC-9dpecn
correspondingly. Furthermore, four corresponding transition
states DC-TS(8a/9a)mecns DC-TS(8b/9b)mecn,
DC-TS(8¢/9C)mecns and  DC-TS(8d/9d)mecn
located. As illustrated in Fig. 5, the step (DC-8apmecn —

have been

DC-9apecn) needs to overcome the Gibbs energy barrier of
11.9 kcal/mol relative to DC-7apecn, Which is lower than the
other steps (DC-8bpecy — DC-9bpecn: DC-8Cpecn —
DC-9Cpecn, and DC-8dpecy — DC-9dpecn) shown in
supporting information (Fig. S4) by 5.2, 13.6, and 9.9

HO,

+MeCN or BQ Qo ""

— product 6 TPd—L,
H5
L,=MeCN L,=MeCN DC-TS(8a/9a)yecn
L,;=MeCN L,=BQ  DC-TS(8b/9b)yecy
L,=BQ 1,=BQ  DC-TS(8¢/9¢)yecn
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+
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0O Tapeon® @ —
o}

-MeCN

OCH,
DC-TS(8d/9d)yecn

kcal/mol in turn. The next step is the migration of H5 atom of
DC-9apmecn; DC-9bpecn; DC-9Cpmecns and DC-9dpyecn tO
form the more stable DC-10apecn;
DC-10bpecn, DC-10Cpecn, and DC-10dpecn. The hydride
migration transition states DC-TS(9b/10b)pmecn:
DC-TS(9¢/10C)pmecn: and DC-TS(9d/10dpecn) are clearly
higher in energy than DC-TS(9a/10a)pmecn
DC-9apecn- Finally, the resulting DC-10ayecn, DC-10bpecn,
DC-10cpecn, and DC-10dy.ecn are then coordinated by BQ or
MeCN ligand to regenerate the active DC-Oy.ecn, respectively.

conformations

relative to

All these results indicate that the relative stability of these
precursor complexes is closely related to the ligand. The
complexes of the Pd center with two MeCN ligands are more
active than those of the complexes of the Pd center (where L =
MeCN, BQ, and product). Thus, the regeneration of catalyst
via the pathway from DC-8ay.ecn to product is Kinetically and
thermodynamically favored over the regeneration of catalyst
DC8cpmecns

via and

DC-8dpecn to the product.

the pathways from DC8byecn,
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Fig. 4. Proposed pathways for regeneration of catalyst from DC-7amecn
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Fig. 5. Gibbs energy profile for regeneration of catalyst (DC-7amecn — DC-Omecn) in [PA(MeCN)4](BF4)2. The
solvation-corrected relative Gibbs energies and electronic energies (in parentheses) are given in kcal/mol

On the basis of the above discussions, a whole catalytic
cycle for the mechanism of [Pd(MeCN),](BF,), catalyzed FM
reaction is completed. As shown in Figs. 1, 3, and 5, the
compounds involved in the reaction coordinates of the most

favorable pathway in kinetics and thermodynamics all have
MeCN ligand. Obviously, the acrylate insertion is the
rate-determining step of the catalytic cycle. The magnitude of
the overall activation barrier (27.2 kcal/mol) is moderate,
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demonstrating the feasibility of the proposed mechanism.
Although the MeCN ligand is more catalytically active than
the BQ ligand including stabilizing the dicationic palladium(Il)
species, the BQ is critical in the reaction inducing the proton
migration in C—H activation and helping catalyst recovery.
3.2 Mechanism of Pd(OACc), catalyzed C—H
activation/C—C cross-coupling reaction
For comparison, we also studied the C—H activation/C—C
cross-coupling reaction catalyzed by Pd(OAc),. Two active
forms of the Pd(ll) catalysts, (HOAc)Pd(BQ),?* and
(HOAC),Pd(BQ)?"), could exist in the presence of HBF,, BQ,
and water. (HOAC),Pd(BQ)*" is than
(HOAC)PA(BQ),*" by 1.7 kcal/mol. Therefore, the following
discussion focuses on (HOAC),Pd(BQ)?" as the active catalyst.

more stable

Detailed mechanism regarding how dicationic Pd catalyst
(HOAC),Pd(BQ)** (DC-Oyonc) reacts with 3-methoxyace-
tanilide and n-butyl acrylate is given in this section.

As stated above, the first section of the catalytic reaction is
proposed to be the C-H activation. Some geometrical
structures and the Gibbs energy profile are given in Fig. 6.

2+
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7 A
oDro-ris + O Y
O\

HO/%
DC-0i0nc

0.0
0.0

OCHj@

0O,

DC-0xoac coordinates with the 3-methoxyacetanilide to form
intermediate DC-10ac. Then a HOAc ligand leaves the Pd
center, freeing space for the approach of the C1 atom, thus
leading to intermediate DC-210ac from which the Pd center
coordinates with the C—H bond to cause the pre-activation of
C-H bond via the corresponding
DC-TS(2/3)noac. This gives intermediate DC-3,0ac fea-
turing an agnostic interaction between C—H bond and the Pd

transition  state

center. The following step is C—H activation. This step occurs
through o-bond metathesis mechanism with a four-membered
ring transition state DC-TS(3/4)noac, in Which the BQ-in-
duced hydrogen transfer results in the cleavage of C—H bond.
In DC-TS(3/4)noac the C—H bond is significantly lengthened
relative to that in DC-20ac (1.093 vs 1.390 A), which implies
that the interaction between C and H atoms begins to weaken.
Simultaneously, the monocationic BQ moiety is easily
ruptured from intermediate DC-3p0ac t0 give monocationic
intermediate DC-4p0ac. The Gibbs energy barrier for the C—H
activation going through DC-TS(3/4)n0ac is calculated to be
21.0 kcal/mol.
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Fig. 6. Geometrical structures and Gibbs energy profile for the C—H activation in Pd(OAc),. The

solvation-corrected relative Gibbs energies and electronic energies (in parentheses) are given in kcal/mol

In alkene insertion and S-hydride elimination, intermediate
DC-4yoac reacts directly with n-butyl acrylate. The C=C
double bond in n-butyl acrylate coordinates with the Pd center
of DC-4oac Via transition state DC-TS(4/5a)oac to form
intermediate DC-5an0ac. Then the C4 atom of C=C double
bond attacks C1 atom of the 3-methoxyacetanilide, giving the
cross-coupling intermediate DC-6ay04. With a barrier of 19.1
kcal/mol. Subsequently, S-hydride elimination takes place via
transition state DC-TS(6a/7a)poac. The Gibbs energy profile
in Fig. 8 shows that the section (DC-4noac — DC-7apoac)

needs to overcome the low energy barrier of 21.4 kcal/mol.

Furthermore, the monocationic Pd catalyst can also have two
similar pathways including the presence of BQ ligand and the
absence of ligand (Fig. 7), which are the same as what we
found for the mechanism of [Pd(MeCN),](BF,), catalyzed
reaction. The corresponding Gibbs energy barriers in the
presence of BQ ligand and in the absence of ligand pathways
are calculated to be 27.3 and 24.8 kcal/mol, respectively (Fig.
S5). These results indicate that the section (DC-4yoa;. —
DC-7apoac) Will react preferentially with n-butyl acrylate

over other pathways.
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On the basis of the conformation of the intermediate
DC-7apoa., We can also have four possible recycling of
catalyst pathways, as illustrated in Fig. 9. These pathways
correspond to coordinating of Pd atom with the product,
HOAc, and BQ ligand or without ligand, leading to the
formation  of DC-8apoaes DC-8bpoac
DC-8CHoac, and DC-8dyoac, respectively. Following steps are
coordination of monocationic BQ fragment to the Pd center
and the H atom migration. Fig. 10 only shows the Gibbs

intermediates

energy profile of the most favorable pathway for recycling of
catalyst, and other pathways are illustrated in supporting
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information (Fig. S6). The Gibbs energy barriers for recycling
of catalyst with the product, HOAc, and BQ ligand are
calculated to be 23.2, 23.4, 24.7, and 13.4 kal/mol relative to
intermediate DC-7apoac, respectively. It can be seen that the
pathway (DC-8d,0ac = DC-10dpoac) is more favorable than
others (DC-8apoac — DC-10ayoaes DC-8bpoac —
DC-10byoac, and DC-8cyoac = DC-10CH0ac)-

In this section, the overall barrier for the (HOAC),-
Pd(BQ)?'-catalyzed reaction is calculated to be 28.5 kcal/mol.
The coordination of the monocationic BQ fragment to the Pd

atom is the rate-determining step along the catalytic cycle.
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Fig. 9. Proposed pathways for the regeneration of catalyst from DC-7apoac
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3.3 [Pd(MeCN),](BF,), versus Pd(OAc),

Combining the results in Figs. 1, 3, 5, 6, 8, and 10, we can
map out the completed energy surface for the
[Pd(MeCN)4](BF,), catalytic system and Pd(OAc), catalytic
system.

In the case of [Pd(MeCN),](BF,), system, the maximum
Gibbs energy barrier is the C—C cross coupling of alkene
insertion through transition state DC-TS(5a/6a)ecn, With its
barrier being 27.2 kcal/mol. In C—H activation, the role of BQ
molecule is as a base to provide negative charge to activate
the C—H bond. The subsequent alkene insertion and S-hydride
elimination proceed from DC-4y;,cy 10 DC-8ayecny. The C4
atom of n-butyl acrylate attacks the activated C1 atom of
3-methoxyacetanilide; then the transfer of H5 atom forms the
Pd—H bond and final cross-coupling product. For recycling of
catalyst, monocationic BQ moiety induces the migration of
hydrogen again. Through calculation, it is illustrated that
MeCN ligand is the most catalytically active ligand than the
other ligands in total catalytic cycle. The possible reason is
found to be that the Pd metal center and N atom of MeCN
ligand maintain the weaker coordination, thereby increasing
the activity of the Pd(Il) catalytic species and making the
Pd-catalyzed C—C cross coupling reaction Kinetically and
thermodynamically favorable.

In the case of Pd(OACc), system, the most favorable one
should be the dicationic (HOAC),Pd(BQ)*" catalyzed
mechanism. The corresponding mechanism is the same as
what we found for the mechanism of [Pd(MeCN),](BF,),
catalyzed reaction. The rate-determining step is proposed to
involve the coordination of the monocationic BQ fragment by
intermediate DC-8dyoac With an activation energy of 28.5
kcal/mol, which differs with the [Pd(MeCN),](BF,), system.

In C—H activation, the BQ is as a base to activate the C—H
bond. For alkene insertion and p-hydride elimination, it
proceeds from monocationic DC-4oac to DC-7apopac to form
the precursor product. The successive recycling of catalyst
occurs. The BQ continuously induces the migration of
hydrogen recovering the catalyst, in which the product as
ligand coordination with Pd center is the most catalytically
active than Pd coordinated with the other ligands. The product
ligand has a weaker interaction with Pd metal center than the
HOAc and BQ ligands, promoting the recycling of catalyst
favorable.

Furthermore, it is found that both [Pd(MeCN),](BF,), and
Pd(OAc), catalytic systems occur in Pd(I1)/Pd(Il) catalytic
cycle, which is in disagreement with the experimentally
proposed Pd(0)/Pd(Il) mechanism. After establishing the
catalytic cycle, we now analyze the reason why the oxidation
states of Pd(I1) catalysts [Pd(MeCN),](BF,), and Pd(OAc), do
not change. The C—H activation from DC-Opecn OF DC-Opoac
mainly appear by o-bond metathesis mechanism rather than
the oxidative addition mechanism to activate the C—H bond;
Then the Pd(Il) species (DC-6apecn and DC-6ap0ac) do not
have internal base to extract the H atom, leading to the
formation of Pd—H bond, followed by deprotonation through
external base, so the oxidation states of Pd metal center have
no change.

4 CONCLUSION

In this paper, a systematic theoretical study on the catalytic
cycles of the [Pd(MeCN),](BF,), and Pd(OAc), systems have
been investigated through DFT and the detailed mechanisms

are depicted in Scheme 5.
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Scheme 5.  The most favorable mechanisms for the [Pd(MeCN).](BF4). and Pd(OAc), systems

In [Pd(MeCN),](BF,), system, the rate-determining step is
C—C cross coupling of acrylate insertion with the highest
Gibbs energy of 27.2 kcal/mol. This system involving
dicationic catalytic mechanism contains four sections

including C-H activation, acrylate insertion, p-hydride
elimination, and recycling of catalyst. It is found that the
MeCN ligand maintains the weak coordination with the Pd
metal center, increasing the activity of the Pd(Il) catalytic
species and making the Pd-catalyzed aromatic C—H activation
reaction kinetically and thermodynamically favorable. The
role of BQ is 2-fold, involving as base providing negative
charge to activate the C—H bond and helping the catalyst
recovery. In Pd(OAc), system, the active catalyst is identified
as (HOAC),Pd(BQ)?" in the presence of HBF,, BQ, and water.
Similar to what we found in the [Pd(MeCN),4](BF,), system,

this system also contains four sections involving C-H
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