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eSuppurting Information
ABSTRACT: A systematic theoretical study is carried out on R __foaMe LPd(OAc), / Oxidant R . COMe
the mechanism for Pd(II)-catalyzed oxidative cross-coupling be- @ ¥
tween electron-deficient arenes and alkenes. Two types of reac- R=H, COMe. CO:Me, CF; L = Pyridine type ligand meta product

tion pathways involving either a sequence of initial arene C—H Lpdmgc}zl Arene activation Followed t Rk
leck steps

activation followed by alkene activation, or the reverse sequence of R, by Alkene activation
initial alkene C—H activation followed by arene activation are ?"“’ @ Ohc s
evaluated. Several types of C—H activation mechanisms are L—Pg---1 | R R

|
discussed including oxidative addition, o-bond metathesis, con- A it iaE i
certed metalation/deprotonation, and Heck-type alkene insertion. MZ_O \\’/OH * OYoH
It is proposed that the most favored reaction pathway should Me Me

involve an initial concerted metalation/deprotonation step for Rate-and Regio-determining Substitution of L by Alkene
arene C—H activation by (L)Pd(OAc), (L denotes pyridine type

ancillary ligand) to generate a (L)(HOAc)Pd(II)—aryl intermediate, followed by substitution of the ancillary pyridine ligand by
alkene substrate and direct insertion of alkene double bond into Pd(II)—aryl bond. The rate- and regio-determining step of the
catalytic cycle is concerted metalation/deprotonation of arene C—H bond featuring a six-membered ring transition state. Other
mechanism alternatives possess much higher activation barriers, and thus are kinetically less competitive. Possible competing
homocoupling pathways have also been shown to be kinetically unfavorable. On the basis of the proposed reaction pathway, the
regioselectivity predicted for a number of monosubstituted benzenes is in excellent agreement with experimental observations, thus,
lending further support for our proposed mechanism. Additionally, the origins of the regioselectivity of C—H bond activation is
elucidated to be caused by a major steric repulsion effect of the ancillary pyridine type ligand with ligands on palladium center and a
minor electronic effect of the preinstalled substituent on the benzene ring on the cleaving C—H bond. This would finally lead to the
formation of a mixture of meta and para C—H activation products with meta products dominating while no ortho products were
detected. Finally, the multiple roles of the ancillary pyridine type ligand have been discussed. These insights are valuable for our

understanding and further development of more efficient and selective transition metal-catalyzed oxidative C—H/C—H coupling

reactions.

1. INTRODUCTION

Transition metal-catalyzed C—H bond activation reactions
have received great attention in recent years and have promising
prospects in organic synthesis, material science, pharmaceuticals,
and polymer sciences." These reactions exploit the direct func-
tionalization of the C—H bonds of a substrate, excluding the
need for prefuctionalization of C—H bonds to other more
reactive C—X bonds such as C—halogen bonds as in traditional
cross-coupling reactions.” Therefore, synthesis utilizing C—H
bond activations is more streamlined and atom economic.

Two critical challenges associated with C—H bond activation
reactions include the promotion of the reactivity of relatively
inert C—H bonds and the control of regioselectivity of C—H
activation. As to the reactivity problem, it has been shown that
coordination of some transition metals (TM) to a substrate could
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promote the cleavage of the C—H bond and subsequent forma-
tion of the TM—C bond, which is reactive toward a series of
reactions.'’ Consequently, a wide range of transition metals,
particularly palladium salts, have been used to develop various
transition metal-mediated C—H activation reactions and great
progress has been made.

On the other hand, the regioselectivity of the C—H activation
reactions presents a more challenging problem. In the context
of electrophilic aromatic substitution mechanism, the product
mixtures usually contain ortho, meta, and para regiomers. Se-
lective functionalization of a specific C—H bond of a substrate
is desired for a reaction to be useful for practical applications.
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Until now, two general strategies have been used to control
selectivity for C—H bond activation of a complex substrate
containing multiple C—H bonds. The first is to use the directing
effect of a coordinating group of the substrate to deliver the
transition metal to the proximity of a specific C—H bond, thus,
generating regioselectively the desired product.” The well-
developed transition metal-catalyzed ortho-directed C—H bond
activation reactions demonstrate the power of this strategy and
have shown great potential in organic synthesis." The other
strategy is to exploit the unsymmetrical distribution of electron
density on heteroarene ring to accomplish selective activation of
specific C—H bonds, such as the more acidic ones.*

Despite the advances achieved in directed ortho C—H acti-
vation reactions, selective meta or para C—H activations of
substituted arenes remain scarce.”” Recently, Gaunt et al. have
shown that in the presence of Cu(OTf),, electron-rich anilides
can be exclusively arylated at the meta position by diarylio-
donium salts.>® Under similar conditions, para-selective C—H
arylation products were obtained for some anilines and anisoles
derivatives without a directing carbonyl group.Sb Miyaura and
Hartwig et al. have reported the selective meta-borylation of
arenes using an iridium catalyst. The regioselectivity is believed
to be caused by the steric repulsion between the existing groups
on the arene ring and ligands on the metal center, rendering the
favorable attack of the less hindered meta C—H bond.

R Pd{OAc), 10 mol% R
R L20mol% R R
R Ny
R
m:px=4:1
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To achieve selective oxidative coupling of two C—H bonds,
Yu et al. recently developed a protocol for the meta-selective
olefination of electron-deficient arenes. In the presence of Pd-
(OAc), and sterically demanding pyridine type ligands, oxidative
coupling of arenes bearing CF3, NO,, Ac, or CO,Me group with
electron-deficient alkenes can be achieved (eq 1).” It has been
shown that the employment of well-designed pyridine type
ligands is crucial, which is supposed to effect minimal steric
hindrance immediately around the coordinating nitrogen atom
but significant steric demand far away. The product regioselec-
tivity is noteworthy where typically a mixture of approximately
4:1 of meta to para C—H activation products were obtained and
no ortho-alkenylated products were detected.” Yu’s reaction
represents a conceptually new C—H bond activation reaction,
formally an oxidative Heck-type coupling reaction®” exploiting
arenes in place of aryl halides as in traditional Heck reactions.'® It
is noteworthy that in Yu’s reaction electron-deficient arenes were
coupled with alkenes, which is a difficult task. Generally electron-
rich arenes have been employed as the substrates in such
oxidative Heck couplings®” and other C—H activation reactions
such as the Fujiwara reactions,"* which are believed to promote
the critical C—H activation of arenes by transition metal com-
plexes. Additionally, the meta-selectivity is significant in view
of the fact that some examples have shown that carbonyl or
carboxylate are good ortho-directing groups in Pd-catalyzed
C—H bond activation reactions.'” As a result, the mechanism
of Yu’s reaction, especially the factors controlling the regioselec-
tivity of this reaction, greatly intrigued us.

Scheme 1. Proposed C—H Activation Mechanisms in Tran-
sition Metal Catalysis”
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Typically, there are four major kinds of mechanisms for
transition metal-mediated C—H bond activation: oxidative
addition,"? traditional electrophilic aromatic substitution,"* con-
certed metalation/deprotonation mechanism,'>'® and o-bond
metathesis mechanism (Scheme 1)."” Oxidative addition of a
C—H bond to low-oxidation state, electron-rich transition metal
complexes would lead to the formation of transition metal
hydride intermediates. On the contrary, electrophilic aromatic
substitution and concerted metalation/deprotonation mechan-
isms would remove hydrogen atom of the reacting C—H bond in
the form of proton. Electrophilic aromatic substitution involves a
rate-limiting metalation step, followed by a rapid deprotonation
step to rearomatize, thus, generating a TM —aryl intermediate. In
contrast, concerted metalation/deprotonation mechanism involves
the simultaneous cleavage of the C—H bond and the formation
of TM—aryl bond."® Finally, o-bond metathesis mechanism
involves a typical four-membered ring transition state composed
of TM—X o-bond and the cleaving C—H o-bond.

In view of the fundamental importance of Yu's oxidative Heck-
type coupling reaction of arenes with alkenes and its interesting
yet amazing meta-regioselectivity, a detailed study on its mech-
anism is highly desirable. The following issues are awaiting
answers: (1) which C—H activation mechanism is operative for
Yu's reaction?; (2) whether activation of arenes precedes activa-
tion of alkenes, or a reverse sequence is preferred?; (3) what
factors account for the meta-selectivity?; (4) what are the roles of
the sterically demanding pyridine-type ligand? In this manu-
script, systematic studies of two categories of reaction pathways
have been done, that is, pathways involving initial arene C—H
activation followed by alkene activation and pathways involving
initial alkene C—H activation followed by arene activation. For
each C—H bond activation step, all possible mechanistic possi-
bilities shown in Scheme 1 as well as other alternatives have been
considered. Our results indicate that a pathway featuring an
initial CMD mechanism for the arene C—H activation followed
by a critical substitution of the pyridine-type ligand by alkene is
favored, in which the rate and regioselectivity of the reaction are
controlled by the stability of a concerted cyclic transition state.
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The reason for the regioselectivity and the roles of the pyridine
type ligand are discussed. This study represents the first compre-
hensive theoretical study on the reaction mechanism of such
transition metal-catalyzed oxidative C—H/C—H coupling reac-
tions in the literature and presents a detailed full catalytic cycle
for a Pd-catalyzed oxidative Heck-type C—H/C—H coupling
reaction.'” We believe that these results are valuable for our
understanding and further development of new transition metal-
catalyzed regioselective C—H bond activation reactions.

2. METHODS AND THEORETICAL MODELS

2.1. Computational Methods. All calculations were performed
with Gaussian 03.>° B3LYP method was used.”’ Geometry optimization
was conducted with a combined basis set in which Pd was described by
LANL2DZ basis set and the effective core potential implemented, and
6-31G(d) was used for the 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 thermodynamic energy
corrections. For each saddle point, the intrinsic reaction coordinate
(IRC) analysis* was carried out to confirm that it connected the correct
reactant and product on the potential energy surface. Natural population
analysis (NPA) was performed also at the same level of theory.* Single-
point energy calculations were performed on the stationary points by
using a larger basis set, that is, SDD* for Pd and 6-311+G(d, p) for the
other elements. Solvent effect (solvent = benzene) was calculated by
using self-consistent reaction field method®® with CPCM solvation
model”” and UAHF radii.”® Single-point energies corrected by Gibbs
free energy corrections and solvation energies were used to describe the
reaction energetics throughout the study. For complexes with several
possible isomers, the most stable ones were discussed unless other-
wise noted.

2.2. Model Reaction and Overview of Reaction Pathways.
The model reaction is shown in eq 2. For the assessment of various
mechanisms shown in Scheme 1, benzene and methyl acrylate were used
as the substrates and 2,6-dimethylpyridine was used to model the
electronic effect of the original bulkier ligand employed in Yu'’s reactions.
Although the steric effect of the real ligand may not be well represented
by this model ligand, this should not affect the relative easiness of
different mechanisms. This can be verified by the results that the use of a
more bulky and realistic ligand essentially leads to the same conclusions
as this model ligand (see Supporting Information for more information).
Substituted benzenes were studied in order to evaluate the regioselec-

tivity of the reaction pathway.
R \©/\/COQM6
1atm O,

R = H, COMe, CF,, NO,, COMe (2)
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Complex CPO (Pd(L)(OAc),) with monopyridine ligand is selected
as the starting point for the following reasons. First, experimental NMR
observations by Yu et al. suggest the release of one molecule of pyridine
type ligand from precatalyst containing bis-pyridine type ligands, which
is believed to be caused by the mutual repulsion effect of the two
congested ligands.” Second, calculation results show that dissociation of
one molecule of 2,6-dimethylpyridine ligand from L,Pd(OAc), to form
CPO is exothermic by 1.9 kcal/mol. Third, calculation results show that
the conversion of dimeric complex [LPd(OAc),], to two molecules of
CPO is slightly exothermic by 0.9 kcal/mol, and subsequently, the
dimeric complex is believed to be in equilibrium with the monomeric
form of CPO. The dimeric form is coordination-saturated for Pd center,

Scheme 2. Overview of Pathways for the Pd(II)-Catalyzed
Oxidative Heck Coupling”
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and therefore, the coordination-unsaturated CPO is more likely to be the
active form to bind the arene substrate and advance the reaction. Finally,
the binding free energy of 2,6-dimetylpyridine ligand in CPO has been
shown to be very high, 39.1 kcal/mol.

Two major kinds of pathways have been envisaged as shown in
Scheme 2. They differ only in the sequence of arene activation versus
alkene activation. In the first kind of pathways, initial arene C—H
activation occurs to get a Pd(II) —aryl intermediate, followed by activa-
tion of alkenes by this intermediate to produce the coupling product. In
the second kind of mechanisms, alkene C—H activation occurs prior to
that of arene C—H activation, generating an alkenylated Pd(II) inter-
mediate which then activates the arene substrate to deliver the coupling
product. Finally, a common step of reoxidation of the Pd(II) —hydride
catalyst would regenerate the active catalyst CPO in the presence of
oxygen and acetic acid, and completes the catalytic cycle.

In the following sections, detailed results on both kinds of pathways
are presented. For both arene C—H and alkene C—H bond activation,
all the possible mechanisms as shown in Scheme 1 as well as some other
alternatives were considered.

3. RESULTS

3.1. Sequential Arene C—H Activation/Alkene Activation/
Catalyst Regeneration Mechanisms. 3.1.71. Arene C—H Activa-
tion Mechanisms (CPO— CP3). Reaction coordinates of oxidative
addition, concerted metalation/deprotonation, and o-bond me-
tathesis mechanisms for benzene C—H activation by complex
CPO were summarized in Figure 1.

Oxidative addition mechanism involves a concerted three-
centered transition state TS1,.q from preformed 77-complex CP1
to form an arylPd(IV) hydride intermediate CP2 (Figure 2).%°
Then, this Pd(IV) hydride intermediate undergoes reductive
elimination to get a phenyl-Pd(II) intermediate CP3. However,
calculation results show that the activation barrier for the ox-
idative addition step is as high as 56.2 kcal/mol (Figure 1), thus,
making this mechanism kinetically inhibited. This is possibly due
to the electrophilic nature of the Pd(Il) center which is deleter-
ious for oxidative addition reaction to occur. The subsequent
steps were therefore not considered.

In concerted metalation/deprotonation mechanism, the transi-
tion state TS1cpp for benzene C—H activation features a six-
membered ring (Figure 1). The bond lengths of Pd—Cipso,
Cipso—H, and H—O, bond are 2.15, 1.35, and 1.29 A, respectively
(Figure 2). Similar transition states have also been proposed for
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Figure 1. Reaction coordinates for arene C—H activation mechanisms.
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Figure 2. Relevant critical structures involved in oxidative addition, concerted metalation/deprotonation, and o-bond metathesis mechanisms.

Pd(OAc),-catalyzed direct coupling reactions by Fagnou,
Echavarren, and others.'® In the direct product CP3, Pd—Cipso
and H—O, bonds are further shortened to 2.01 and 0.99 A,
respectively, and Cipso—H bond is completely broken. All these
structural changes indicate the cleavage of the Cipso—H bond
and the formation of Pd—phenyl bond. TS1cpp lies about 31.3
kcal/mol above that of the separated reactants CP0 and benzene.

The o0-bond metathesis transition state TS1,,., contains a
distorted four-membered ring composed of Pd—O bond and

20221

benzene Cipso—H bond. The Cipso, H, and O atoms are ar-
ranged in a nearly linear manner, with bond angle of Cipso—
H—O being 160.8°. The bond lengths of Pd—Cipso, Cipso—H,
and H—O bond are 2.11, 1.4, and 122 A, respectively. In
complex CP3/, Cipso—H bond is completely broken and
Pd—Cipso and H—O bonds are further shortened to 2.00 and
0.98 A, respectively. Unfortunately, the energy level of TS1 e, is
too high (47.0 kcal/mol), rendering this 0-bond metathesis
mechanism kinetically unfavorable.
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We also tried to locate the relevant intermediates in traditional
electrophilic aromatic substitution (SgAr) mechanism. This
mechanism involves initial rate-limiting generation of a palla-
dated intermediate CP4, which then undergoes deprotonation to
rearomatize to get the Pd(I)—Ph intermediate CP3 (Scheme 3).
Unfortunately, such palladated intermediate CP4 could not be
obtained despite an intensive effort. Geometry optimizations always
regenerate to the Pd(II) arene 77-complex CP1. This implies that
the metalated intermediate is unstable on the potential energy
surface because the aromaticity is broken at the phenyl ring.
Similarly, cationic Pd(II)(OAc)(L) also forms 7t complex with
benzene and the corresponding cationic palladated intermediate
could not be obtained. These results indicate that the traditional
stepwise metalation/deprotonation mechanism (SgAr) is un-
likely due to the high instability of the dearomatized intermediate.
In contrast, the CMD transition state can effectively delocalize the
positive charge accumulated on the benzene ring through polariza-
tion of the C—H bond and stabilization of the forming proton
atom through binding of oxygen atom of the acetate group.

As can be seen, among all the possible mechanisms examined
(Scheme 1 and Figure 1), CMD mechanism with a six-membered
ring transition state is the most favorable mechanism for the
initial arene C—H bond activation.

3.1.2. Alkene Activation. Replacement of the acetic acid ligand
or 2,6-dimethylpyridine ligand in complex CP3 by methyl

Scheme 3. SgAr Mechanism

?AC Palladation - OHAc

—pd<” AcO,LPd Deprotonation :

L P(lj\© (AcO), H\; - . L~Pc‘1‘Ph
OAc Sac
CP1 CP4 CP3

acrylate would give precomplex CP5 or CP6 for the subsequent
steps. From CPS or CP6, at least four mechanisms can be
conceivable for the alkene activation to get the final coupling
product, that is, alkene insertion into Pd—Ph bond, CMD of
alkene C—H bond, and metathesis of alkene C—H bond with
Pd—Ph or Pd—OAc bond, as shown in Scheme 4.

The first mechanism involves insertion of alkene double bond
into Pd(II) —Ph bond, followed by 5-hydride elimination to give
the coupling product. This mechanism features a typical four-
membered ring transition state (Figure S, TS3ieertion OF
TS4ingertion), Which is also invoked in the classical Pd-catalyzed
Heck reactions of aryl halides with alkenes.’’ The second
mechanism for activation of alkene features a second CMD
process, to give a Pd(II)(phenyl)(alkenyl) intermediate, which
can reductively eliminate the coupling product. The transition
state for this process (TS3cpp or TS4cpp) is similar to that of
the CMD process for the benzene C—H activation. In the third
mechanism, a direct metathesis of alkene C—H bond with
Pd(I)—aryl bond via transition state TS3er1 OF TS4meca1
would directly afford the coupling product and a Pd(II) —hydride
intermediate. Alternatively, metathesis of alkene C—H bond with
Pd—OAc bond via transition state TS3,;ea2 OF TS4 etz Would
give intermediate CP10, which can reductively eliminate the
coupling product. The optimized structures and the relative
energies of critical transition states involved in these mechanisms
are summarized in Figure 3.

Calculation results show that the relative energies of TS3psertions
TS3cmpy TS3metay and TS3eea2 are 35.6, 40.0, 60.4, and 51.8
kcal/mol (with L' = 2,6-dimethylpyridine) and the relative
energies of TS4ipeertions TS4cMD) TS%4metar, and TS4yeran are
26.0, 42.9, 52.0, and 53.9 kcal/mol (with L' = HOAc), respec-
tively. Therefore, for both CPS and CP6, insertion of alkene

Scheme 4. Alkene Activation by Pd(II) —Aryl Intermediate
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Figure 3. Optimized structures and relative energies of possible transition states for alkene activation.

double bond into Pd(II)—Ph is kinetically the most favorable
mechanism and that metathesis and CMD mechanisms are both
kinetically inhibited. The most stable transition state is TS4;sertion
with L' = HOAc. Therefore, after arene C—H bond activation to
give Pd(II)—aryl intermediate CP3, 2,6-dimethylpyridine ligand
rather than the in situ formed HOAc in CP3 is likely to be replaced
by the alkene substrate to advance the reaction. Because of the
relatively weak binding of 2,6-dimethylpyridine ligand to Pd(II)
center, this substitution reaction is thermodynamically favorable,
exothermic by 8.1 kcal/mol.

Subsequently, from CP7, intramolecular rotation and S-
hydride elimination occur readily to give Pd(II) —hydride inter-
mediate CP8 with coupling product coordinated. This step has
an activation energy of only 1.5 kcal/mol while exothermic by
11.1 kcal/mol (for more details about p-hydride elimination,
please refer to Supporting Information).

To summarize the results above in section 3.1.2, the most
favored mechanism for the activation of alkene should involve
insertion of alkene C=C double bond into Pd(II)—Ph bond
after the pyridine-type ligand rather than the formed HOAc is
replaced by the alkene substrate. Therefore, in the following
catalyst regeneration study, only steps following complex CP8
are considered.

3.1.3. Catalyst Regeneration. Complex CP8 would release the
coupling product methyl cinnamate and the left coordination site
is occupied by a 2,6-dimethylpyridine ligand, thus, forming
Pd(II)—hydride intermediate CP9. This ligand substitution
process is exothermic by 7.4 kcal/mol. From CP9, the active
catalyst CPO is regenerated. This process has been intensively
studied in the literature.>***> Generally, two major kinds of
mechanisms have been proposed. The first one, called “Pd(0)
mechanism”, involves the initial reductive elimination of HOAc
from CP9 and the resulting formation of a Pd(0) species,
followed by a reoxidation of this Pd(0) species to Pd(II) active
catalyst by oxygen in the presence of HOAc. The second
mechanism features a direct insertion of O, molecule into the
Pd(II)—H bond in CP9, generating a Pd(I[)—OOH species.
Subsequent protonation of this species by HOAc would release

peroxide and regenerate the active catalyst CPO. It has been
shown that for labile, monodentate ligand, such as pyridine and
DMSO, the Pd(0) mechanism is favored.*>** Therefore, in this
study, we also considered the Pd(0) mechanism.

Reductive elimination of HOAc from CP9 has an activation
barrier of 9.5 kcal/mol and is exothermic by 1.1 kcal/mol. The
resulting (HOAc)Pd(0)L is then reoxidized by O, in the
presence of HOAc to regenerate the active CPO complex. This
reoxidation process is exothermic by 40.0 kcal/mol. Overall, the
catalyst regeneration process from CP9 to CPO0 is exothermic by
41.1 kcal/mol, indicating that this process is thermodynamically
favorable.

Thus, a whole catalytic cycle for the arene activation/alkene
activation mechanism is completed. Shown in Figure 4 is the
reaction coordinate of kinetically the most favorable pathway
involving a sequence of critical CMD activation of arene C—H
bond/substitution of pyridine-type ligand by alkene/alkene
insertion steps. From Figure 4, it is obvious that the concerted
metalation/deprotonation step is the rate-determining step of
the catalytic cycle, with a characteristic high-lying six-membered
ring transition state. The magnitude of the overall activation
barrier (31.3 kcal/mol) is reasonable in view of the fact that the
reactions need to be performed at 90 °C for a prolonged time.

3.2. Alternative Sequential Alkene C—H Activation/Arene
Activation Mechanisms. Pd(OAc), activates alkene C—H bond
first, generating a Pd(II) —alkenyl intermediate CP13 (Scheme $).
Subsequent activation of benzene by this Pd(II) —alkenyl inter-
mediate would give the coupling product. Finally, reoxidation of
Pd(II)—hydride intermediate by O, would regenerate the active
catalyst CPO.

3.2.1. Activation of Alkene C—H Bond by CPO. Activation of
alkene C—H bond by complex CPO through transition state TS7 cym
Or TS7mera would generate an Pd(II)—alkenyl intermediate
CP13. The activation barrier for this process is 28.7 kcal/mol
for CMD mechanism and 44.8 kcal/mol for metathesis mechanism,
while it is endothermic by 16.2 kcal/mol (Scheme 5).**

3.2.2. Activation of Benzene by Pd(ll)—Alkenyl. After substitu-
tion of HOAc by benzene forming CP14 which is endothermic
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by 11.1 kcal/mol, there are several possible mechanisms for the The overall pathway for alkene activation/arene activation
activation of benzene to afford the final coupling product. As sequence is summarized in Figure 5. Compared to the overall
shown in Scheme 6, a second CMD of benzene C—H bond, activation barrier (31.3 kcal/mol) of the favorable pathway in
metathesis of benzene C—H bond with Pd—OAc bond or which arene C—H activation precedes the activation of alkene in
Pd(II)—alkenyl bond and carbopalladation mechanism all can Figure 4, the pathway involving initial alkene activation followed
activate the benzene substrate. by arene activation is kinetically less competitive. The difference
Calculation results show that energy levels of these four of the overall activation barrier of 3.8 kcal/mol would make the
transition states are 35.1, 47.1, 65.6, and 53.2 kcal/mol for pathway in Figure 4 dominate overwhelmingly.
TS8cmp; TS8metazs TS8metary and TS8icertions respectively. 3.3. Possible Competing Homocoupling Pathways. For the
The CMD transition state TS8cyp is the most stable one among proposed pathway shown in Figure 4, after the generation of
these four transition states. Therefore, the activation of benzene CP3, substitution of HOAc or 2,6-dimethylpyridine ligand by a
by Pd(II)—alkenyl is likely to follow the CMD mechanism. second molecule of benzene and subsequent activation of the
We also examined the CMD mechanism in which the second arene substrate should be a possible competing pathway
pyridine ligand (rather than HOAC) is replaced by benzene to deliver the arene/arene homocoupling products (Figure 6).
before the cleavage of the benzene C—H bond. The energy However, calculation results show that the overall activation
level of this transition state TS9cpp is 38.3 kcal/mol, much barriers for the second benzene activation is extremely high, 43.0
higher than TS8cyp by 3.2 keal/mol (for more information of and 38.3 kcal/mol, respectively. Therefore, arene/arene homo-
this mechanism, see Supporting Information). Therefore, it coupling products should be kinetically inhibited.
seems that benzene is prone to substitute the HOAc generated Similarly, activation of a second alkene by intermediate CP13
to form an intermediate for CMD activation of benzene would constitute another possible side pathway to form alkene/
C—H bond. alkene homocoupling products. Unfortunately, such pathways
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Scheme 6. Activation of Benzene by Pd(II)—Alkenyl Intermediate
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Figure 5. The most favored reaction pathway for alkene activation/arene activation sequence (steps following intermediate CP1S were omitted

for clarity).

possess also very high activation barriers of 31.8 and 42.5 kcal/
mol (see Supporting Information for more information). Con-
sidering the fact that the concentration of alkene substrate is 1 to
2 orders of magnitude lower than the arene substrate in Yu’s
reaction (in most of the reactions, arene substrate were also used
as the solvent),” the alkene/alkene homocoupling product
should also be less significant compared to the desired arene/
alkene cross-coupling product.

3.4. Regioselectivity for the Favored CMD Mechanism for
Arene C—H Activation. To further evaluate the validity of the
proposed pathway in Figure 4, the regioselectivity of C—H activa-
tion for some monosubstituted benzenes has been examined

under the regio-determining CMD step and the results are
summarized in Table 1.

For each substrate, there are five possible transition states
TSorthor TSortho s TSmetas TSmeta » and TS, ara for the arene C—H
bond cleavage in view of the position of the substituent R on the
benzene ring relative to the cleaving C—H bond and the relative
stereo orientation of the R substituent and the acetate group,
as shown in Table 1. For example, in TS om0 and TSopene , the sub-
stituent R is ortho to the cleaving C—H bond. In TShos
the substituent R is anti to the acetate group, locating on the opposite
side of the palladium coordination plane. However, in TS,
substituent R and acetate are syn to each other. Similar situation
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Ph-R (with R =) TSortho TSortho’ TSmeta TSumeta’ TSpara
MeCO 36.3 36.2 31.5 34.3 32.1
CO,Me 35.8 36.6 32.1 34.8 329
NO, 334 34.5 30.9 333 319
CF; 34.8 37.0 32.0 34.0 32.0
F 29.6 30.3 322 31.7 30.3
Cl 318 33.0 315 324 31.1
Me 3L.S 322 313 31.9 29.5
OMe 30.6 319 32.1 324 29.2

“ The structural difference of TS eho and TSouho’ i the relative orientations of the acetate group and the R substituent on the benzene ring. Specifically,
they are anti to each other compared to the palladium coordination plane in TS, and syn to each other in TS o0 ; Similar designations are for TS et

and TS e - L denotes 2,6-dimethylpyridine ligand.

applies for TSmeta and TS er, - Note that TSome and TSrho’
would finally lead to the ortho-olefination products; TS,,c¢, and
TSpmeta would finally lead to the meta-olefination products;
TS, ara would finally give the para-olefination products.
Calculation results show that for benzenes with COMe,
CO,Me, NO,, and CF; substituents, TS, . is the most stable
transition state among the five isomers (Table 1). The energy
levels of TSoreho and TSyeno are substantially higher than TS peta
and TS, rendering the ortho-C—H activation products kine-
tically unfavorable. Furthermore, TS, is a little more stable

20226

than TS, by less than 1.0 kcal/ mol.>®> These results would
predict that a mixture of meta- and para-C—H activation
products with a major portion of meta-C—H activation products
should be generated while no ortho-C—H activation products
could be detected, which is in excellent agreement with Yu’s
experimental findings.”

Additionally, as a comparison, the regioselectivity for substi-
tuted benzenes Ph-R with R = F, Cl, Me, and OMe has also been
examined under the CMD mechanism although these substrates
were not studied in Yu’s reaction. Interestingly, ortho and/or
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para C—H activation products are predicted to be dominant for
these substrates. This is in line with some experimental observa-
tions for related oxidative Heck coupling of toluene, chloro-
benze, and anisole with alkenes.** ** For instance, Ishii et al.
reported that the coupling of toluene and anisole with cyanide-
substituted alkenes led to a mixture of ortho-, meta-, and
para-olefination products with para-olefination products a little
favored; the coupling of chlorobenzene would lead to an ortho-,
meta-, and para-product ratio of 35:30:35.° Similar results for
oxidative coupling of chlorobenzene and anisole with alkenes
were reported by Shue and Jacobs et al.*’** Noteworthy, the
results for fluorobenzene show that ortho-C—H activation is
favored, which is consistent with reports by Echavarren and
Fagnou et al. that fluorinated benzenes indeed prefer activation
of C—H bonds that are ortho to one or more fluorine atoms on
the benzene ring,'*”**

To summarize, the product regioselectivity predicted on the
basis of our proposed pathway is well consistent with experi-
mental observations, thus, lending further support for the validity
of the proposed CMD mechanism. Additionally, our results
demonstrate that the regioselectivity of C—H activation under
the CMD mechanism is sensitive to the electronic properties of
the substrates in question. All ortho, meta, and para selectivity
can possibly be achieved through altering the substituent on the
substrate benzene ring.

4. DISCUSSIONS

4.1. Favorable Reaction Sequence and C—H Activation
Mechanism. To summarize the results in Sections 3.1 and 3.2, a
reaction pathway involving a sequence of arene C—H activation/
alkene activation (Figure 4) has been supported against the
alternative pathway involving a reverse sequence of alkene
activation/arene activation. The results indicate that the activa-
tion of arene C—H bond should be more difficult than the alkene
substrates, and thus, activation of arene constitutes the rate-
determining step of both catalytic cycles. Furthermore, among all
the possible mechanisms proposed, the most favorable one for
arene C—H activation should be the concerted metalation/
deprotonation mechanism. The rate-determining step of the
arene activation/alkene activation pathway is proposed to in-
volve CMD activation of arene C—H bond by electrophilic
(L)Pd(OACc), active catalyst, while in the rate-determining step
of the alkene activation/arene activation pathway, the active
species to activate arene C—H bond is a less electrophilic
(L)(OAc)Pd(11)-alkenyl intermediate. This possibly accounts
for the higher activation barrier of the alkene activation/arene
activation pathway. In the CMD transition state (TS1cyp) for
the arene C—H bond cleavage, acetate anion ligand plays a
critical role for the stabilization of the transition state, acting as an
electron shuttle between the Pd center and the arene substrate.
Such carboxylate effect for transition metal-catalyzed C—H
activation reactions has been increasingly recognized.”

Possible homocoupling side pathways have also been examined
and the results indicate that the activation barriers are higher than
that for our proposed pathway (Figure 4). Therefore, the homo-
coupling products should be unfavorable kinetically. Additionally,
the regioselectivity of C—H bond activation predicted for some
monosubstituted substrates on the basis of our proposed path-
way is generally in good agreement with experimental observa-
tions. These additional studies on chemo- and regioselectivity
lend further support for the validity of our proposed pathway.

4.2. Origins of the meta-Regioselectivity for Yu’s Reaction.
From the results in columns 2 and 6 of Table 1, for substrates
Ph-R (R = MeCO, CO,Me, NO,, and CF;), TS,,,, is consistently
much more stable than TSy, by 1.5—4.2 kcal/mol. Since the
electronic properties of ortho- and para-position of a substituent
on the benzene ring are believed to be similar, the large energy
differences between TS, and TS, highlight the significant
steric repulsion effect of the preinstalled substituent on the C—H
activation step. Therefore, steric effect should be the major
reason that ortho-olefination product cannot be obtained in the
reaction investigated.

On the other hand, a comparison of the relative energies of the
TS meta and TS, for substrates Ph-R with R = MeCO, CO,Me,
NO,, and CF; demonstrates that the relatively less electron-
deficient meta position is slightly preferred for the C—H activa-
tion step. For both meta and para positions, there should be no
significant steric effect because the substituent R is far away from
the palladium center. This indicates that the meta versus para
selectivity in Yu’ reaction should arise from a minor electronic
effect and electron-rich C—H bond should be somewhat pre-
ferred. This assertion has been supported by the results for
monosubstituted benzenes Ph-R with R = F, Cl, Me, and OMe
wherein C—H activation preferentially occurs at more electron-
rich ortho/para C—H positions, and can further be rationalized in
view of the frontier orbitals of the CMD transition state wherein
only a little contribution comes from the p orbital of the carbon
atom of the cleaving C—H bond (see Supoorting Information for
more information).

In summary, for this Pd-catalyzed oxidative coupling reaction,
steric effect should dominate while electronic effect plays a minor
role in the regio-determining step. The ortho—C-H activation is
kinetically unfavorable due to the steric repulsion effect between
the preinstalled substituent and ligands on palladium center. The
dominant formation of meta-C—H activation products versus
the para-C—H activation products is suggested to be a minor
electronic effect of the preinstalled substituent.

4.3. The Roles of Pyridine Type Ligand. The roles of the
pyridine-type ligand in the oxidative coupling reaction are at least
four-fold. First, due to its large steric demand, monopyridine
ligated Pd(II) catalyst is formed initially, which can readily
combine the arene substrates. Second, the relatively less electron-
rich character of pyridine type ligand makes the Pd center more
electrophilic, which is beneficial for binding and activating of
the arene substrate to effect C—H bond cleavage.40 Third, after
the cleavage of arene C—H bond, it is proposed that the labile
nature of the pyridine ligand promotes the replacement of itself
by the alkene substrate to advance the reaction. This substitution
process would otherwise be difficult for other more electron-rich
ancillary ligands such as phosphines or carbenes. Finally, pyridine
type ligand promotes the release of the coupling product and the
recovery of the active catalyst.

As can be seen, the pyridine type ligand plays multiple roles in
almost each step of the catalytic cycle of this Pd-catalyzed
oxidative Heck reaction. This may be suggestive and helpful
for developing other related transition metal-catalyzed oxidative
C—H/C—H coupling reactions.

5. CONCLUSIONS

In this paper, a systematic theoretical study on the reaction
pathways of Pd(II)-catalyzed oxidative C—H/C—H coupling
reaction between electron-deficient arenes and olefins has been
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presented for the first time. The following conclusions have
been drawn:

1 Systematic evaluations of two kinds of reaction mechanisms
with the reverse sequence of arene activation versus alkene
activation were performed. For both arene activation and
alkene activation, several probable mechanisms have been
considered, including oxidative addition, 0-bond metathesis,
electrophilic aromatic substitution, concerted metalation/
deprotonation, and insertion (carbopalladation) mech-
anisms. Our results strongly favor a reaction pathway involving
an initial concerted metalation/deprotonation mechanism for
the arene C—H activation, followed by substitution of the
pyridine ancillary ligand by the alkene substrate and sub-
sequent activation of the alkene through insertion of alkene
double bond into the Pd(II)—aryl bond. The rate- and
regio-determining step of this pathway is a common CMD
activation of arene C—H bond step featuring a six-membered
ring transition state, to form a Pd(II)—aryl intermediate.
Possible arene/arene or alkene/alkene homocoupling path-
ways have been shown to be kinetically less competitive
compared to the desired cross-coupling pathway.

2 On the basis of the proposed mechanism, product regio-
selectivity examinations of a number of monosubstituted
benzenes Ph-R with R = COMe, CO,Me, NO,, and CFj; are
in excellent agreement with the experimental findings that a
mixture of meta and para C—H activation products were
obtained while no ortho-products were detected. Our results
indicate that the absence of ortho-C—H activation product is
caused by the steric repulsion effect of the preinstalled ortho-
substituent with ligands bound on Pd center while the
dominant formation of meta-C—H activation products versus
para-products is due to a minor electronic effect of the sub-
stituent on the cleaving C—H bond. Additionally, examina-
tions of other substituted benzenes Ph-R with R = F, Cl, Me,
and OMe demonstrate that the regioselectivity of C—H
activation under the proposed CMD mechanism is sensitive
to the electronic properties of substrates in question.

3 The roles of ancillary pyridine type ligand are at least four-fold
deduced from our proposed reaction pathway and empirical
experimental findings. First, its large steric demand leads to the
formation of monopyridine ligated Pd(II) active catalyst, which
readily combines the arene substrate to advance the reaction,
excluding the otherwise difficult dissociation of one molecule of
ancillary ligand as for other ligands such as phosphines. Second,
its relatively weak electron-donating ability makes the Pd center
more electrophilic, which is beneficial for the arene C—H
activation step. Third, after arene C—H activation step, the
pyridine ligand is proposed to be readily replaced by the alkene
substrate to continue the reaction. Finally, it promotes the
regeneration of the active catalyst during the oxidation of
Pd(II) —hydride intermediates by external oxidants.

We believe the results presented in this paper are helpful for
the understanding of palladium as well as other transition metals
catalyzed oxidative coupling of two C—H partners and should
stimulate more studies directed toward development and appli-
cation of transition metal-catalyzed C—H activation reactions.
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