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ABSTRACT: Density functional theory (DFT) computations (BP86 and M06-L) have been utilized to elucidate the detailed
mechanism of a palladium-catalyzed reaction involving pyridine-type nitrogen-donor ligands that significantly expands the scope
of C(sp3)−H activation and arylation. The reaction begins with precatalyst initiation, followed by substrate binding to the Pd(II)
center through an amidate auxiliary, which directs the ensuing bicarbonate-assisted C(sp3)−H bond activation producing five-
membered-ring cyclopalladate(II) intermediates. These Pd(II) complexes further undergo oxidative addition with iodobenzene
to form Pd(IV) complexes, which proceed by reductive C−C elimination/coupling to give final products of arylation. The base-
assisted C(sp3)−H bond cleavage is found to be the rate-determining step, which involves hydrogen bond interactions. The
mechanism unravels the intimate involvement of the added 2-picoline ligand in every phase of the reaction, explains the isolation
of the cyclopalladate intermediates, agrees with the observed kinetic hydrogen isotope effect, and demonstrates the Pd(II)/
Pd(IV) redox manifold.

1. INTRODUCTION

Palladium-catalyzed cross-coupling reactions using organo-
halides or other surrogates have been well developed over the
past few decades.1 These reactions constitute a useful
methodology for constructing carbon−carbon and carbon−
heteroatom bonds in organic synthesis. More recently,
palladium-catalyzed tandem C−H activation and C−C
coupling reactions have emerged, which allows creating new
carbon−carbon bonds directly and economically from unac-
tivated carbon−hydrogen bonds.2,3 In the reactions reported
earlier, the catalyst system frequently consists of a palladium
salt (e.g., acetate) and additives such as silver carbonate, and the
substrate contains an auxiliary directing group (e.g., 8-
aminoquinoline or a weakly coordinating amide) that ligates
with palladium and positions it near a particular C−H bond, so
that the C−H bond activation step occurs through a five-
membered-ring cyclopalladation pathway.2d,m,4,5 The Yu group
has recently advanced this method by adding N(sp2)-donor
ligands (e.g., 2-picoline) to the catalyst system.6−10 This

innovative approach, owing to the intimate ligand involvement,
expands the scope of C(sp3)−H bond activation and confers
selectivity for primary or secondary C(sp3)−H bonds.7 For
example, it has been applied in the synthesis of monoarylated
alanines for peptide drug discovery, as well as unnatural chiral
α-amino acids.7

This Article reports a detailed mechanism for this novel
C(sp3)−H activation reaction on the basis of DFT computa-
tional studies. We have chosen to compute the actual reaction
that used the alanine-derived amide (1a) as a substrate
(Scheme 1).7 First, the reaction was optimized with the 2-
picoline ligand (L) to achieve a high yield (up to 94%). Second,
in the absence of the coupling partner iodobenzene, it
produced the crystallographically characterized five-mem-
bered-ring cyclopalladation intermediates A and A′ from a
stoichiometric reaction,11 with which computational results can
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be checked. These intermediates not only were isolable but also
were found to further react with iodobenzene to produce 1b.
This led the experimentalists to propose a Pd(II)/Pd(IV)
pathway in which Pd(II) first activates the C(sp3)−H bond to
give a cyclopalladate(II) intermediate (e.g., A) that undergoes
sequential oxidative addition by iodobenzene and reductive
elimination to afford the final arylated product.7 However, the
detailed mechanism of this remarkable catalytic reaction has not
been explored at the outset of this work. The present study
constitutes a plausible mechanism that unravels the intimate
ligand involvement, explains the isolation of intermediates A
and A′, and demonstrates the Pd(II)/Pd(IV) catalytic cycle.

2. COMPUTATIONAL METHODS
Geometry optimizations and frequency calculations were performed at
the BP8612/BS1 level in DCE solution using the SMD13 solvation
model with default convergence criteria, BS1 designating a mixed basis
set of SDD14 for palladium and iodine and 6-31G(d,p) for other
atoms. Frequency outcomes were examined to confirm stationary
points as minima (no imaginary frequencies) or transition states (only
one imaginary frequency). Because the M06-L15 functional includes
noncovalent interactions and gives refined energies for organo-
transition metal systems, we performed single-point energy calcu-
lations for all the BP86/BS1-optimized structures at the M06-L/BS2
level with solvation effects modeled by SMD in DCE solution, BS2
denoting a mixed basis set of SDD for palladium and iodine and 6-
311++G(d,p) for other atoms. The BP86/BS1-calculated frequencies
were used to obtain zero-point energy-corrected enthalpies and free
energies at 298.15 K and 1 atm in DCE solution. Free energies (kcal/
mol) obtained from the M06-L/BS2//BP86/BS1 calculations were
used in the following discussion. All calculations were performed with
Gaussian 09.16

3. RESULTS AND DISCUSSION
3.1. Initiation and Substrate Binding. The structures of

intermediates A and A′ suggest square planar Pd(II) bis-2-
picoline complexes resulting from the initiation of the
precatalyst Pd(TFA)2,

17 for which we have considered both
trans and cis geometries (Figure 1).18 The formations of the
trans and cis complexes 1 and 2 both have large
thermodynamic driving forces. Thus, we do not rule out either
of them at this stage and do consider both of them for
subsequent reactions.
The alanine-derived substrate with the amide auxiliary can

adopt several possible modes of coordination with palladium: as
a charge-neutral N-donor amide (1a) or as a deprotonated N-
donor amidate anion (1a′) or its resonance form, an O-donor
imidate (1a″), as shown by eq 1. The deprotonation reaction

(eq 1) has a large driving force (ΔG° = −45.3 kcal/mol) that
can be attributed to the electron-withdrawing effect of the −ArF
group; this would help shift the solubility equilibrium of
Ag2CO3. We have considered all three coordination modes and
found that the most favorable pathway involves the N-donor

Scheme 1. Pd-Catalyzed Ligand-Promoted C(sp3)−H Arylationa

aTFA = Trifluoroacetate, L = 2-Picoline, Phth = Phthalimido, ArF = 4-(CF3)C6F4, and DCE = 1,2-Dichloroethane.

Figure 1. Formations of the most stable trans-PdL2(TFA)2 (1) and cis-PdL2(TFA)2 (2).
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amidate 1a′, which agrees with the Pd−N(amidate) coordina-
tion mode in the crystal structures of A and A′. This can be
understood by considering that 1a′ has a negative charge and
its nitrogen donor atom has a stronger affinity for the Pd(II)
center than the oxygen donor atom of 1a″. We discuss the 1a′-
coordinating pathway here (Figure 2) and include the other less
favorable modes of coordination in the Supporting Information
(Figure S1).

As shown in Figure 2, complex 1 undergoes two consecutive
rotations about the Pd−O and Pd−N dative bonds (Figure S2)
to reach the conformation of 1′ that has the least sterically
hindered face for palladium to coordinate with 1a′ through its
amidate auxiliary. For the substitution of 1a′, we located the
interchange transition state TS1 that proceeds to 3. This
substrate-binding step is thermodynamically and kinetically
feasible, with ΔG° = 0.3 kcal/mol as well as an attainable

Figure 2. Free energy profiles for substitution reactions by 1a′ starting from trans- and cis-PdL2(TFA)2 (1 and 2) and leading to 4 and 6. Energies
are relative to complex 1 and are mass balanced (similarly hereinafter).

Figure 3. Free energy profile for the Pd(II)-catalyzed trifluoroacetate-assisted C(sp3)−H bond activation leading to the cyclopalladation
intermediate A (or 11).
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activation free energy (18.5 kcal/mol). Complex 3 isomerizes
through rotation of the Pd−N dative bond to afford the more
stable conformer 4 in which the methyl groups of the 2-picoline
ligands point away from each other to reduce steric repulsion.
The conformation of 4 also facilitates the ensuing C(sp3)−H

bond cleavage (see below). The overall transformation from 1
to 4 is exergonic by 1.7 kcal/mol. The pathway starting from
the less stable cis complex 2 and leading to complex 6 is
completely analogous, with every corresponding intermediate
or transition state at a higher-energy stationary point. As a

Figure 4. Optimized structures of TS5 and its precursor complex 9, with selected bond distances given in angstroms.

Scheme 2. Possible Pathways for Pd(II)-Catalyzed Bicarbonate-Assisted C(sp3)−H Bond Activation, with Free Energies Given
in kcal/mola

aThe proton acceptor in paths 2−4 is bicarbonate, whereas it is trifluoroacetate in path 1. Thus, the relative energy of 11 (or intermediate A) in
paths 2−4 is different from that in path 1 (see Figure 3).
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result, the formation of 6 is less favorable than the formation of
4. Furthermore, complexes 4 and 6 would converge to the same
bidentate carboxylate complex by releasing one 2-picoline
ligand to facilitate the succeeding C−H activation (Figure S3).
In the following sections, we will focus our discussion on the
reaction pathways involving 4 as the active catalytic species.
3.2. C(sp3)−H Bond Activation Assisted by Trifluor-

oacetate. Previous mechanistic studies on palladium carbox-
ylate-catalyzed C(sp2)/C(sp3)−H activation have demonstra-
ted the carboxylate-assisted concerted metalation−deprotona-
tion (CMD) mechanism; that is, a coordinated carboxylate ion
can act as an internal base to aid in cleaving the C−H bond via
a six-membered-ring transition state.19,20 Guided by this
rationale, we located the reaction course from 4 to 9 via two
consecutive intramolecular interchange substitutions (Figure
3).21 First, complex 4 proceeds via TS3 to the bidentate
carboxylate complex 7, with the dissociation of one 2-picoline
ligand. Complex 7 then isomerizes through the rotation of the
C(carbonyl)−C(α) bond to 8. This moves the C(sp3)−H bond
being activated closer to the Pd(II) center to enable the second
interchange step (see the distances in Å marked in 7 and 8), in
which the C(sp3)−H bond undergoes agostic interaction with
the Pd(II) center and displaces one carboxylate oxygen-donor
atom via TS4 to form complex 9. The C(sp3)−H bond
becomes gradually activated during the 8 → TS4 → 9
transformation, as indicated by the bond lengthening from 1.10
Å in 8 to 1.12 Å in TS4 to 1.15 Å in 9. The activated C(sp3)−H
bond in 9 facilitates the subsequent carboxylate-assisted CMD
via TS5 to cleave the C(sp3)−H bond and form the five-
membered-ring cyclopalladation complex 10 with a weakly
bound neutral HTFA ligand. TS5 is the highest stationary point
and overall kinetic barrier in the pathway of the C(sp3)−H
bond activation. The optimized structures of TS5 and its
precursor 9 are shown in Figure 4.
Our calculations indicate that substitution of 2-picoline (L)

for HTFA in 10, along with the rotation of the Pd−N(picoline)
dative bonds, theoretically could lead to four diastereomeric
complexes with similar thermodynamic and kinetic preferences

(Figure S4). Only two of them, namely A (or 11) and A′ (or
11′), were actually isolated by crystallization from solution in
the same crop. In intermediates A and A′, the 2-picoline methyl
groups are oriented on the same side of the cyclopalladate ring,
a conformation that can subject A and A′ to stronger crystal
packing forces. In other words, the four isomers interconvert in
solution, but only A and A′ crystallize into the solid phase
because of stronger intermolecular attractive forces.
The reaction course from 4 to TS5 to 10 consists of well-

defined elementary steps occurring intramolecularly without
added reagents (Figure 3), and as such, it has been evaluated to
give an overall relative energy barrier of 34.1 kcal/mol (TS5−
4). This kinetic barrier is somewhat too large to account for the
high yield of the reaction. Because of the electron-withdrawing
group −CF3, trifluoroacetate is not strongly basic, which can
explain the relatively high energy of TS5. Thus, the carboxylate-
assisted path 1 might not be the most favorable pathway. These
considerations led us to search for alternative, lower-energy
C(sp3)−H bond activation pathways involving stronger bases.

3.3. C(sp3)−H Bond Activation Assisted by Bicarbon-
ate. In the reaction mixture, there exists the bicarbonate ion
(another base) in significant quantities, which arises mostly
from the eq 1 reaction.22 Thus, we have considered the
bicarbonate-assisted C(sp3)−H activation and computed three
additional deprotonation pathways (Scheme 2).23

In path 2, complex 4 proceeds to 9 in several steps that have
already been characterized (see Figure 3). Complex 9 then
hydrogen bonds with bicarbonate to form 12, which facilitates
the succeeding bicarbonate-assisted deprotonation via TS6 to
cleave the C(sp3)−H bond. Alternatively, complex 4 can
proceed by substitution of bicarbonate for trifluoroacetate to
form 14, which is exergonic by 3.6 kcal/mol. Complex 14
converts to 15 via two consecutive intramolecular substitutions
(see Figure 5 below), at which point the reaction bifurcates
onto paths 3 and 4. Paths 3 and 4 have the controlling
transition states of C−H bond cleavage TS7 and TS8,
respectively. TS6, TS7, and TS8 are all lower in energy than
TS5 of path 1 (see Figure 3), which can be rationalized by

Figure 5. Free energy profile for the most favorable C(sp3)−H bond activation pathway assisted by bicarbonate.
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considering that bicarbonate is a stronger base than
trifluoroacetate. Of TS6, TS7, and TS8, TS8 has the lowest
energy, indicating path 4 to be the most favorable C(sp3)−H
activation pathway, which is presented in more detail below
(Figure 5).
As shown in Figure 5, the transformation of 14 to 15 through

two consecutive interchange substitutions is similar to the
transformation of 4 to 9 in path 1 (see Figure 3), except that
the trifluoroacetate ligand is replaced with bicarbonate.
Complex 15 then undergoes the Pd−O(bicarbonate) dative
bond rotation to become 21, a conformation that can
accommodate another bicarbonate ion to form the hydrogen-
bonded complex 17. Deprotonation of the C(sp3)−H bond
occurs within 17 via TS8 to form the five-membered-ring
cyclopalladation complex 18 with the release of carbonic acid.
Substitution of 2-picoline for the bicarbonate ligand in 18 can
generate intermediate A (or 11). The energy barrier TS8 is
24.8 kcal/mol relative to complex 14, which is considerably
lower than the corresponding energy barrier (TS5, ΔG‡ = 34.1
kcal/mol) in path 1. Furthermore, the transformation from 1 to

A (or 11) via path 4 is exergonic by 6.1 kcal/mol, as opposed to
path 1 that is endergonic by 4.1 kcal/mol.
Now we explain the relative order of energy for the rate-

determining barriers TS6 (path 2), TS7 (path 3), and TS8
(path 4). Structurally, TS6 and TS8 bear close similarities, and
the only difference is between the ligated trifluoroacetate in the
former and bicarbonate in the latter (see Scheme 2). Because of
the greater electron density on the oxygen-donor atoms,
bicarbonate has a stronger affinity for the Pd(II) center than
does trifluoroacetate, which stabilizes TS8 relative to TS6.
What makes TS8 more stable than TS7 is less evident, but an
examination of the optimized geometries of TS7 and TS8 and
their precursor complexes 15 and 17 reveals some important
influences (Figure 6). In complex 17, the hydrogen bonding
interaction at 1.87 Å between the bicarbonate oxygen and the
C(sp3)−H hydrogen appears to be crucial. First, it brings the
oxygen atom closer to the hydrogen atom for the subsequent
proton transfer. Second, it weakens the C(sp3)−H bond further
and stretches it to 1.18 Å, as compared with the corresponding
C(sp3)−H bond at 1.15 Å in complex 15. In addition, the

Figure 6. Optimized structures of TS7 and TS8 and their immediate precursors 15 and 17, with selected bond distances given in angstroms.
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hydrogen bond at 1.82 Å between the two bicarbonate ions in
TS8 helps lower this energy barrier.
To our knowledge, the kinds of hydrogen bonding

interactions in TS8 and its precursor complex 17 have not
been explored by previous studies on C−H activation catalyzed
by palladium carboxylates with base additives. The closest
structures that have been reported are computed transition
states in which a bicarbonate ion acts as a base on a C−H bond
intermolecularly.20d,h We have also located intermolecular
transition states resembling TS8 but lacking hydrogen bonds,
which are higher in energy than TS8 (Figure S6). Thus, the
hydrogen bonds in 17 and TS8 have a differentiating effect on
the stability of TS8. In summary, for the C(sp3)−H bond
activation leading to the cyclopalladate(II) intermediates (A
and A′), our computational analysis has established the
bicarbonate-assisted path 4 as the most favorable pathway
with the rate-determining barrier TS8.
3.4. Oxidative Addition and Carbon−Carbon Reduc-

tive Coupling. The Pd(II)/Pd(IV) redox manifold has
previously been proposed in organometallic reactions.2d,4,24−26

Specifically, the oxidations of Pd(II) to Pd(IV) by MeI and PhI
have been deliberated in the literature, with the former
putatively characterized by X-ray crystallography27 and the
latter proposed in catalytic cycles.5b,f We have computed a
Pd(II)/Pd(IV) pathway involving the oxidative addition of the
Pd(II) complex 11 by PhI and leading to the final arylated
product 1b, as shown in Figure 7. Complex 11 undergoes
substitution of PhI for 2-picoline via TS11 to form 22, which
brings the Ph−I bond into contact with the palladium(II)
center to facilitate the ensuing oxidative addition (OA). The
OA step via TS12 has an attainable activation energy of 8.7
kcal/mol and produces the five-coordinate Pd(IV) complex
23.28 We next considered the abstraction of iodide from 23 by
silver(I) and computed complex 24 in the presence of the
trifluoroacetate ligand. Complex 24 then undergoes reductive
elimination at the Pd(IV) center via TS13 to form a new
carbon−carbon bond and complete the β-arylation of the
alanine-derived substrate.29 The resulting Pd(II) complex 25

contains a Pd−η2-phenyl bond, fulfilling a 16-electron valence
shell on the Pd(II) center. The Pd−η2-phenyl coordination
mode has previously been computed for Pd(II) com-
plexes.30−32 It is also worth noting that the reductive
elimination step is highly exergonic by 31.4 kcal/mol. The
reaction course from 11 to 25 constitutes a redox cycle between
the Pd(II) and Pd(IV) oxidation states (see Figure 7), with
intermediates and transition states that are structurally and
energetically plausible. It represents a rare example of
theoretical demonstration for the Pd(II)/Pd(IV) redox
manifold in a palladium-catalyzed C−C coupling reaction
using a simple alkyl/aryl halide (RX) as the oxidant.
It might seem trivial protonating the amidate ligand in

complex 25 to give the final product 1b, but we computed a
plausible pathway (Figure S8), with the key components shown
in Figure 7. Complex 26 brings the acidic H atom proximal to
the coordinated amidate N atom at a hydrogen bond distance
of 1.67 Å. The ensuing proton transfer to the N atom via TS14
is facile, resulting in complex 27 with the product 1b weakly
bound to the Pd(II) center through the neutral amide auxiliary.
Substitution of 2-picoline for 1b in complex 27 can release 1b
and regenerate the active catalyst 1.
For the complete catalytic cycle (Figures 2, 5, and 7), the

Pd(II)-catalyzed bicarbonate-assisted C(sp3)−H bond cleavage
in path 4 is the rate-determining step with the kinetic barrier
TS8 that is 24.8 kcal/mol relative to 14. The reaction course
from 14 to 17 to TS8 consists of well-defined elementary steps,
and as such, it has been evaluated to give the turnover-limiting
barrier that is more plausible than otherwise defined. This
overall activation energy (24.8 kcal/mol) would be readily
available at the experimental temperature (100 °C), thereby
accounting for the high yield of the reaction shown in Scheme
1.7 In addition, the computationally characterized rate-
determining step agrees with the observation of the kinetic
hydrogen isotope effect (kH/kD = 8.1) indicating that the actual
rate-determining step involves breaking a C−H bond.7 On
another note, we also computed the pathway for the reaction of

Figure 7. Free energy profile for the reaction of complex 11 with PhI leading to the product 1b.
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intermediate A′ with iodobenzene (Figure S9), which is
analogous to that of intermediate A shown in Figure 7.

4. CONCLUSION
In conclusion, we have utilized DFT calculations to elucidate
the detailed mechanism of a newly developed ligand-promoted
C(sp3)−H activation and arylation reaction on a Pd(II)/
Pd(IV) catalytic cycle. The proposed mechanism involves
substitution of the alanine-derived substrate through the
amidate auxiliary, bicarbonate-assisted C(sp3)−H bond activa-
tion, oxidative addition of Pd(II) to Pd(IV) by iodobenzene,
and reductive C−C elimination/coupling to give the final
product of arylation. The added 2-picoline ligand is involved in
every stage, as well as in the initiation of the precatalyst, which
apparently stabilizes the intermediates and transition states.
The C(sp3)−H bond cleavage is found to be the rate-
determining step, which involves heretofore unexplored
hydrogen bond interactions. The proposed mechanism explains
the isolation of the intermediate complexes of cyclopalladation,
as well as the observed kinetic hydrogen isotope effect. Taken
together, the computational results demonstrate rich exper-
imental−theoretical synergy.
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