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ABSTRACT: A series of density functional theory (DFT) experiments, employing the B3LYP+IDSCRF/BS1 and B3LYP
+IDSCRF/DZVP methods, have been carried out for the Pd(OAc)2-catalyzed enamide−siloxane C−H activation/C−C coupling
reactions. The results reveal that there are four processes, namely C−H activation, transmetalation (TM), reductive elimination
(RE), and separation of product (SP) and recycling of catalyst (RC), each of which is consist of different steps. In order to fully
understand the origin of regiospecific C−H activation/C−C coupling on the alicyclic ring experimentally observed, the
conformational preference, kinetic aspects, and relative stabilities of the competitive products have been explored. In addition, the
roles of additive silver salt AgF and solvent dioxane have also been addressed, providing valuable details upon which to rationally
optimize experimental conditions.

1. INTRODUCTION

Reactions forming new C−Y bonds (Y = C, N, O, etc.) are of
high value for synthetic and industrial chemists. The traditional
method involves the conversion of a substrate C−H bond to a
C−X bond (X = Cl, Br, I, etc.), followed by reaction with C-,
N-, or O-containing nucleophiles.1 The importance of hydro-
carbylation and carbon chain growth have resulted in a similar
and concurrent explosion in research focus on C−C cross-
coupling reactions, with particular attention to reactions of
halohydrocarbons with organometallic reagents. Of note are the
Suzuki−Miyaura,2 Negishi,3 Migita−Kosugi−Stille,4 and Hiya-
ma couplings.5 Each of these share the common feature of the
new C−C bond being formed by catalytic Pd or Ni complexes
and organometallic compounds as coupling partners, to react
with the substrate C−X bond. A shared disadvantage for these
types of reactions is that the organohalogen compounds must
be prepared via halogenation reactions for the oxidative
addition, resulting in poor atom economy and overall nongreen
chemistry.6

Since 2000, a more straightforward and economical method,
activating the C−H bond using palladium(II) catalysts or some
other transition-metal complexes, has been developed and
refined.7 Numerous works in the literature address the
formation of C−C,7a−d C−N,7e,f and C−O7g−i bonds via direct

C−H activation, employing organoboron,8 organotin,9 organo-
silicon,10 and organozinc.11 Organoboron agents have been
especially well developed and widely used for C−H activation/
C−C coupling reactions, while the other three related reactions
are still under development.
Because of the exponential growth of C−H activation

reactions and their importance to C−C bond construction, a
number of experimental12a−f and theoretical12g−m studies were
conducted to resolve the mechanisms involved in the breaking
of the C−H bond and the role of the catalytic species.12 The
common acceptable mechanism known as proton-abstrac-
tion12c involves the hydrogen atom of the C−H bond being
abstracted by one of the Pd(OAc)2 acetate ligands, generating
the corresponding six-membered cyclic transition state.
Experimental13a−c and theoretical13d,e works suggest that
transmetalation (TM) with organosilicons could be accelerated
with the existence of F−. In 2009, Zhou and co-workers10c

reported a cross-coupling reaction of cyclic enamide 1a and
trimethoxyphenylsilane 2a via sp2 C−H activation by catalytic
Pd(OAc)2 (Scheme 1). Only C−C cross-coupling on the
alicyclic ring was observed, an example of regiospecific C−H
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activation. This work screened fluoride sources and solvents,
showing 3 equiv of AgF under dioxane generated the desired
coupling product in high yield, while toluene and 1,2-
dichloroethane (DCE), despite having similar dielectric
constants as dioxane, resulted in poor yield of product
(<50%). However, the greatest shortcoming is that there is
no rational explanation of these observations.
Considering the importance and versatility of C−C cross-

coupling reactions via direct C−H activation, it is imperative to
develop mechanistic understanding of these reactions. The-
oretical studies have previously focused on individual processes,
rather than the entire catalyzed reaction cycle,12m until now.
We therefore carried out a series of density functional theory
(DFT) experiments to quantitatively characterize the structural
and energetic aspects of a C−H activation/C−C cross-coupling
reaction of a cyclic enamide 1a and an aryl siloxane 2a (Scheme
1). The results of these DFT experiments, including the
location of all possible stationary points along their respective
reaction pathways, energy and free energy profiles, solvent
effects and the role of additive AgF are presented herein. It is
our belief that this extensive investigation provides valuable
details upon which to rationally optimize experimental
conditions.

2. RESULTS AND DISCUSSION
Catalytic cycles of C−H activation/C−C cross-coupling
reactions with organometallic partners are traditionally
separated into the following steps: C−H activation, trans-
metalation (TM), reductive elimination (RE), the separation of
product (SP) and recycling of catalyst (RC) (Scheme 2). In
reality, the mechanism is not so simple, as other mechanistic
stages accompany each of these five steps and are detailed in
the following sections. For simplicity, the reported results are

based on B3LYP+IDSCRF/DZVP calculations, except as noted
elsewhere.

2.1. Reaction Mechanisms. Rotation about the enamide
C6−N bond [C(O5)−N−C6−C7] affords two possible stable
conformers with dihedral angles of 13.4° (1a) and 119.6° (1b)
(Scheme 3). The energies and free energies of 1a are 3.1 and

2.5 kcal/mol lower than those of 1b, respectively, indicating
that the predominant orientation of the carbonyl group in 1a
influences regio-selective C−H activation at the C7-atom on
the alicyclic ring experimentally observed. Specifically, that the
geometry of the reactant−catalyst coordination places the C7−
H bond in relatively close proximity to the Pd center, with
respect to the other C−H bonds. This is in good agreement
with the complex-induced proximity effect (CIPE) proposed by
Beak and Snieckus.7n Based on this finding, the C−H activation
mechanisms involving enamide 1a were considered in the
beginning.
Optimized geometric structure for the stationary points

located along the reaction profiles are shown in Figure 1, along
with the atomic numbering used. The reaction begins with
enamide 1a binding the Pd(OAc)2 catalyst through a five-
coordinate transition state (TS-1), subsequently relaxing to a
four-coordinate square intermediate (INT-1). From the
structure of TS-1, it is observed that as the O5 of the substrate
carbonyl group attacks the Pd center, concomitant with
departure of the O1 atom from one of the η2 ligated-
CH3COO

− groups, freeing space for the approach of the O5
atom; leading to a η2 → η1 hapticity change in the CH3COO

−

ligand in INT-1.
The substrate C6−C7 double bond subsequently replaces

the other η2-CH3COO
− ligand to form INT-2 via the TS-2

transition state. This is accompanied by a slight lengthening of
interatomic distances in TS-2 as follows: Pd−C6, Pd−C7, and
Pd−O3 are 2.83, 2.68, and 2.68 Å, respectively, about 0.52,
0.43, and 0.54 Å longer than those in INT-2 (Pd−C) or INT-1

Scheme 1. Pd(OAc)2-Catalyzed C−H Activation/C−C
Cross-Coupling Reaction of an Enamide (1a) and an Aryl
Siloxane (2a) Characterized in This Work by DFT
Experiments

Scheme 2. Schematic Depiction of the Entire Catalyzed
Cycle for C−H Activation/C−C Cross-Coupling Reaction
with Organosilicon Partners

Scheme 3. Geometric Representations of the Two Stable
Conformers and Their Corresponding C−H Activation
Processes, along with Their Relative Energies (ΔE) and Free
Energies (ΔG) (kcal/mol)
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(Pd−O). Following this, the cleavage of the C7−H bond and
the CH3COO

−-induced hydrogen transfer within the ligand
field proceed in a concerted manner via a six-membered ring
transition state (TS-3), with the bond lengths of Pd−C7, H−
C7, and H−O3 being 2.13, 1.31, and 1.36 Å, respectively. The
intermediate formed (INT-3) is feathered by a Pd-containing
six-membered ring structure, and involves an intramolecular
hydrogen-bond (O3−H···O2), facilitating an intramolecular
hydrogen transfer via the TS-4 structure to form a new
intermediate (INT-4), itself displaying a stabilizing O3···H−O2
H-bond. An intramolecular substitution or η1-CH3COO−

cyclization displaces a neutral acetic acid, generating
intermediate INT-5, bearing one η2-CH3COO

− in the ligand
field. The final step in the C−H activation process to attain
intermediate INT-6 is accomplished by direct removal of the
neutral acetic acid from INT-5 without any transition state.
Although the cyclopalladation intermediate (INT-6) is

favored by the predominant orientation of the carbonyl group

in 1a based on the CIPE model, the possibility of C−H
activated at ortho-position on the aromatic ring via seven-
memberred cyclopalladation should also be considered.
Comparing the possible reaction route 1a → INT-6 with that
of 1b→ INT-6b in Scheme 3, one can realize that the former is
obviously more favorable than the latter both dynamically and
thermodynamically: (a) The free energy of 1a is about 2.6 kcal/
mol lower than that of 1b, indicating that the concentration of
1a should be larger than that of 1b if they are in the state of
equilibrium. (b) The activation barrier for rate-controlling step
of the former is about 9.7 kcal/mol lower than that of latter. (c)
The process of the 1a → INT-6 is exothemic, while that of 1b
→ INT-6b is endothemic. These results might be related to
geometric parameters of 1b, TS-3b, and INT-6b, for example,
the cabonyl group in 1b is obviously apart from the mainframe
in order to avoid the repulsion between O5 and hydrogen of
C8, leading to the dihedral angle between mainframe and
carbonyl group being 119.6°. The geometric parameters in

Figure 1. Geometrical structures of all stationary points along the reaction pathway in which the partially formed or cleaved bonds in transition states
and weak interatomic interactions are represented by dashed lines.
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INT-6b indicate that the Pd−O5 bond axis deviates from the
carbonyl plane by 21° and the C(O5)−N−C6 bond angle is
about 135°, substantially larger than a normal angle (∼120°)
(i.e., the seven-memberred ring is too strained). The details are
available in the Supporting Information.
The acetic acid CH3COOH molecule generated in the C−H

activation process is able to react with one molecule of AgF
with the help of a dioxane solvent molecule [CH3COOH +
AgF + dioxane→ HF···dioxane + Ag(η2-OAc)] and is shown to
be a spontaneous process (ΔG = −6.4 kcal/mol); details of this
process are discussed in the Results and Discussion. The
intermolecularly H-bound HF···dioxane complex generated
aids to accelerate the TM process. First, the HF molecule is
transferred from dioxane to the O3-atom in the arm of the η2-
CH3COO

− ligand in INT-6, leading to an intermediate (INT-
7) with a very tight H-bond (F−H···O = 1.58 Ǻ), facilitating
release of a dioxane molecule back into solution. This leads to
formation of INT-8 through replacement of O3 by the F-atom
from HF, mediated by a four-center transition structure (TS-7),
in which a strong and nearly symmetrical O···H···F H-bond is
formed. This is followed by the F-atom in INT-8 attack the Si-
atom in Si(OCH3)3Ph to form an intermediate (INT-9)
through the TS-8 transition state, wherein the distance of Si−F
is only 2.02 Å or ∼0.06 Å longer than that in the free
pentavalent SiF(OCH3)3Ph

− species. The transfer of the phenyl
ring to the Pd-atom from the Si-atom passes through transition
state TS-9, in which the Si-atom and the Ph-ring approach the
Pd center, pushing the oxygen carbonyl O5-atom away from
Pd, forming intermediate INT-10. Therein, the Si- and Pd-
atoms are separated and form a near-planar four-coordinate Pd
structure, very stable Pd(II).
We have also located two possible TM paths in the absence

of an HF molecule, as depicted in Scheme 4. Such four-

membered and six-membered transition states are not favorable
both in energy and free energy with respect to the HF-assisted
pathway; comparative information is detailed in the Supporting
Information.
Direct rupture of the SiF(OCH3)3 moiety from INT-10

should proceed easily, reflected by the loose Pd←F
coordinating bond (2.55 Å) and serious steric congestion. It
can be observed that the T-shape three-coordinate intermediate
(INT-11) formed has proven to be a more reactive precursor
for C−C bond coupling with respect to the four-coordinate
intermediate (INT-10), with the energy barrier of RE process
from INT-11 being 5.1 kcal/mol lower than that from INT-10.
Such a conclusion is in good agreement with the related
theoretical works reported recently.14 The Pd−C bonds in

INT-11 are in the ortho-position, which is favorable for RE to
form INT-12 via TS-10 transition state, concurrently changing
the oxidation state of Pd to zero [Pd(II) → Pd(0)].
The RE step ends at INT-12, in which the product 3a cannot

be directly removed, since there are two strong Pd→C
coordinating bonds. Therefore, in order to recover the
Pd(OAc)2 catalyst, Pd(0) should be oxidized to Pd(II), hence
the requisite AgF and Ag(OAc) salts. The molecular roles of
the AgF and Ag(OAc) are to remove an H-atom from
CH3COOH and to provide a second CH3COO

− anion for
coodination to the Pd-center. The oxidation involves a
complicated, multistep and multichannel process, addressed
in section 2.2.
The relative energy and free energy profiles are depicted in

Figure 2a, along with the relative energies of B3LYP+IDSCRF/
BS1 (see the Computational Details), from which one can
observe that the relative energies and free energies calculated
from the “mixed basis set” (BS1) are quite close to those
emerging from the “medium-sized” DZVP all-electron one for
most stationary points with some exceptions of multimetal-
center structures (one Pd and two Ag atoms). The rate-
determining step in the C−H activation process is the INT-2
→ TS-3 → INT-3 step, with an activation energy barrier of
16.7 (DZVP) or 14.4(BS1) kcal/mol, easily surmounted at the
elevated reaction temperature used (353 K). All other C−H
activation steps proceed with lower energy barriers. The INT-3
→ INT-4 proton transfer step should be noted, wherein TS-4
is higher in energy than either of the two adjacent intermediates
yet lower in free energy than both of the two intermediates.
The energy profiles for TM and RE processes are given in

Figure 2b, from which one can observe that the formation of
INT-8 releases 6.9 kcal/mol energy for both calculation
methods. In the following elementary TM and RE steps, the
activation energy barriers are 11.1, 17.0, and 10.7 (DZVP) or
13.2, 18.0, and 15.4 (BS1) kcal/mol, respectively, and feasible
under the experimental conditions used (353 K). It should be
noted that the basis set effect is evident after INT-11 since
there invloves the change of oxidation state from Pd(II) to
Pd(0). In general, B3LYP+IDSCRF/BS1 predicts stronger
interactions between coordinating ligands and Pd-center from
shorter Pd−O or Pd−C bonds. As the decrease of coordination
number, the structures of TS-10 and INT-12 become relatively
less stable from B3LYP+IDSCRF/BS1 calculations. The
oxidation process [INT-12 + AgF + Ag(OAc)] → [3a +
Pd(OAc)2 + HF + Ag2] characterized with B3LYP+IDSCRF/
DZVP is different from that of B3LYP+IDSCRF/BS1, and it
seems quite thermodynamically favorable with the free energy
change being −23.7 kcal/mol with B3LYP+IDSCRF/BS1
calculation. More detailed information is discussed in sections
2.2 and 2.3.

2.2. Role of the AgF Additive. The first role of AgF is to
provide a source of HF to facilitate the TM process (Figure 3).
Therein, a stable six-membered complex (COM-a) is formed,
with a strong F···H−O H-bond resulting from the interaction
of AgF and CH3COOH, with 25.8 kcal/mol energy being
liberated through the combination of AgF + CH3COOH. As
the O-atom in the CH3COOH hydroxyl group approaches the
Ag center, the Ag−F bond is cleaved, forming complex COM-b
via TS1-HF. Breaking of the F−H···O H-bond in COM-b is
facilitated with the help of a dioaxane solvent molecule, forming
a HF···dioxane complex and Ag(OAc). The overall reaction
releases 6.4 kcal/mol free energy, indicating that this process is
both thermodynamically and kinetically accessible.

Scheme 4. Transition Structures for TM Mechanisms in the
Absence of an HF Molecule, along with Their Relative
Activation Energies (ΔEa) and Free Energies (ΔG⧧) (kcal/
mol)
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The second role of AgF is to recover the Pd(OAc)2 catalyst
with the help of Ag(OAc), itself formed from AgF +
CH3COOH, in which 1 equiv each of AgF and Ag(OAc)
salts are involved. The principal structure for the stationary
points along the reaction pathways are depicted in Figure 4a,

along with values for the relative B3LYP/DZVP + SCRF
energies and free energies. The interaction between INT-12
and AgF forms COM-1, a seven-membered ring structure with
a Pd−Ag bond, with F···H and O−H distances of 1.30 and 1.10
Å, respectively. The hydrogen transfer from O to F proceeds

Figure 2. Relative energy and free energy profiles for the entire catalytic cycle: (a) C−H activation process; (b) TM, RE, and SP-RC process.
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very easily via OX-TS-1a, in which the Ag−F bond is weakened
and the O−Ag bond is formed. An intermediate (OX-INT-1a)
is formed with a F−H···O H-bond, with the HF molecule
pulled away from the O-atom with the assistance of a solvating
dioxane via OX-TS-2a to form COM-2. This is followed by
HF···dioxane leaving COM-2 to form OX-INT-2a. Release of
the product 3a from OX-INT-2a is energetically challenging;
however, a dioxane solvent molecules replaces 3a in OX-INT-
2a via OX-TS-3a to form OX-INT-3. The formal oxidation

state of Pd center in OX-INT-3 is still zero, in which the linear
or T-shaped structure is favorable for Pd(0). Attmepts to fit an
additional dioxane solvent molecule into the apparent vacant
site of OX-INT-3, failed, as the structure shows the extra
solvent sitting away from OX-INT-3 (the Pd−O distance is
∼3.01 Å, normally it should be 2.20 Å). The introduction of a
second Ag(OAc) salt molecule oxidizes Pd(0) center in OX-
INT-3 to Pd(II) in catalyst Pd(OAc)2 via OX-TS-4, allowing
recovery of the Pd(OAc)2 catalyst concomitant with Ag2 and
dioxane release. From the reaction profiles, one can see that the
energy for most stationary points are well below those of INT-
12 + AgF + AgOAc + dioxane. The relative energies of the
stationary points along the route [OX-INT-3 → COM-3 →
OX-TS-4 → OX-INT-4 → Pd(OAc)2] are dependent on the
basis sets employed, and these multiple- metal-center systems-
(one Pd and two Ag atoms) have been predicted to be 17−27
kcal/mol more stable from the B3LYP+IDSCRF/BS1 calcu-
lations with respect to those emerging from the B3LYP
+IDSCRF/DZVP calculations. This is related to the geometric
parameters of Ag−Ag and Pd−Ag, for example, the distances of
Ag−Ag and Pd−Ag in COM-3 are 2.72 and 2.73 Å with B3LYP
+IDSCRF/BS1, while they are 3.02 and 2.75 Å from B3LYP
+IDSCRF/DZVP calculation.
Since the Ag-atom has a single-electron (i.e., S = 1/2), two

Ag-atoms easily combine; calculations show a Ag−Ag bond
dissociation energy in Ag2 to be ∼31.9 kcal/mol (i.e., Ag−Ag
bonding is hard to be cleaved), close to the experimental
measurement of 38.3 kcal/mol.15 Hence, the oxidation process

Figure 3. Relative energy and free energy profiles along the reaction
pathway of CH3COOH + AgF + dioxane → HF···dioxane + Ag(η2-
OAc), in which the partially formed or cleaved bonds in transition
states and weak interatomic interactions are represented by dashed
lines.

Figure 4. Geometrical structures of all the stationary points involved in the solvent-assisted SP-RC process, along with their relative energies and free
energies (kcal/mol), in which the partially formed or cleaved bonds in transition states and weak interatomic interactions are represented by dashed
lines.
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via the formation of Ag2 might be the favorable one. As the
reaction proceeds, Ag2 might build up to form Ag metal (e.g.,
the free energy change of 2Ag2 → Ag4 is −6.4 kcal/mol),
facilitating a forward shift in chemical equilibrium.
2.3. Solvent Effect. One potential mechanism to facilitate

the oxidative conversion is that product 3a separates from the
ligand field prior to oxidation. However, direct separation of 3a
from INT-12 is not feasible since this process increases the free
energy by 7.4 kcal/mol, a thermodynamically prohibited
process. This high energetic demand can be clearly understood
through examination of the Pd−C bond lengths in this
intermediate, (∼2.20−2.30 Å), which denote a strong Pd−π
interaction. There are two possibilities to eliminate 3a from the
Pd center. One involves a dioxane solvent molecule
participating in the reaction, assisting separation of 3a from
the ligand field in COM-1 via OX-TS-1b (Figure 4b). In OX-
TS-1b, the Pd···O(dioxane) distance is 2.38 Å, similar to that in
OX-INT-1b. Despite this, the Pd−C9 and Pd−C10 distances
are 2.87 and 3.00 Å, respectively, about 0.57 and 0.77 Å longer
than those in COM-1. The energy barrier for this process is
only 9.1 kcal/mol, indicating that this step could easily proceed
under the experimental condition employed (353K). In
contrast, replacement of 3a with dioxane could also occur at
OX-INT-2a (Figure 4a), and involves an energy barrier of only
6.9 kcal/mol. Another role of the dioxane solvent is to eliminate
HF from the strong F−H···O H-bond complex; see the OX-
INT-1a → COM-2 (Figure 4a) or OX-INT-2b → OX-INT-3
(Figure 4b) transformations. However, solvent effect is quite
complicated and involves a relatively large number of structural
poses, combinations and permutations, each with significant
influence on overall entropy contributions. Therefore, at
present these are arguments for qualitative reference.

3. CONCLUSIONS
The B3LYP+IDSCRF/DZVP and B3LYP+IDSCRF/BS1
method has been employed in a series of DFT experiments
to quantitatively characterize the geometric and energetic
trends along the reaction path of a catalyzed combined C−H
activation and C−C cross-coupling reaction. The following
conclusions were reached: (1) The rate-determining step is the
transmetalation step, with an activation energy of 21.1 kcal/
mol, readily energetically accessible under the experimental
conditions (353 K). (2) The role of AgF is 2-fold, including
supplying HF to assist in the transmetalation reaction, while
also helping in Pd(OAc)2 catalyst recovery with the aid of
Ag···Ag and Pd···Ag interactions. (3) The role of the dioxane
solvent is to separate the product from the Pd ligand field while
also assisting in the removal of HF from the strong F−H···O H-
bond complex it forms, which could explain why the product
yield is highly dependent on the solvent employed.

4. COMPUTATIONAL DETAILS
All minima and transition-state geometries were optimized and verified
with the B3LYP method as implemented in Gaussian 09,16 employing
the standard double-ζ valence polarized (DZVP) all-electron basis set
for all atoms.17 The default self-consistent reaction field (SCRF)
polarizable continuum model (PCM)18 was used with dioxane as
solvent (dielectric constant ε = 2.2099), while IDSCRF radii19 were
chosen as the atomic radii to define the molecular cavity, denoted
B3LYP+IDSCRF. All resultant stationary points were subsequently
characterized by vibrational analyses, from which their free energies
were obtained for calculating the relative free energies, in addition to
ensuring that the reactant, complex, intermediate, product, and
transition-state structures resided at minima and first-order saddle

points, respectively, on their potential energy hypersurfaces. Intrinsic
reaction coordinate (IRC)20a computations with the Hessian-based
predictor−corrector integrator (HPC)20b,c were also used to trace
selected reaction paths to confirm the optimized saddle point as being
on the correct reaction pathway. All of optimized geometries have also
been reoptimized and characterized with a mixed basis set(BS1) for
comparison, in which the TZVP21 basis set has been employed for H,
C, N, O, F, and Si atoms and RSC 1997 ECP(SDD)22 has been used
for the Pd and Ag atoms.
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