
Computational Exploration of a Pd(II)-Catalyzed γ-C–H Arylation where 
Stereoselectivity Arises from Attractive Aryl–Aryl Interactions 
Katherine L. Bay,1 Yun-Fang Yang,1,2 K. N. Houk1* 
1Department of Chemistry and Biochemistry, University of California, Los Angeles, CA 90095 USA 
2College of Chemical Engineering, Zhejiang University of Technology, Hangzhou, Zhejiang 310014 P.R. China
 

ABSTRACT: The enantioselective Pd(II)-catalyzed γ-
C–H arylation of picolinamides with a chiral BINOL 
phosphate ligand was explored using density func-
tional theory (DFT). Enantioselectivity arises from at-
tractive aryl–aryl interactions between the pseudo-
equatorial phenyl substituent of the substrate and the 
chiral BINOL phosphate ligand. 

Transition-metal catalysis is a powerful tool for ali-
phatic C–H functionalization.1 While a number of en-
antioselective Pd(II)-catalyzed C–H desymmetriza-
tion processes have been reported by the Jin-Quan Yu 
group, there are few chiral ligands for asymmetric ox-
idative C–H functionalization with Pd(II) catalysts.2 
Chiral phosphines are incompatible with the reaction 
conditions needed for oxidative Pd(II)-catalyzed C–H 
functionalization.3 Scheme 1 shows three examples of 
new classes of anionic chiral ligands that have been 
developed for Pd(II) catalysts that enantioselective C–
H bond activations. 
Yu et al. described a highly selective enantiotopic 

methylene C–H arylation in thioamide derivatives 
(Scheme 1a).4 Gaunt et al. used a BINOL-phosphoric 
acid derivative to enable Pd-catalyzed enantioselec-
tive C–H amination of aliphatic amines to form aziri-
dines (Scheme 1b). However, the role of the ligand 
has yet to be explained in either case.5 Duan et al. 
used a BINOL-derived phosphoric acid and amide as 
ligands for aminoquinoline-directed benzylic β-C–H 
arylation of 3-arylpropanamides (Scheme 1c).6  
Scheme 2 depicts a highly enantioselective pico-

linamide auxiliary-directed benzylic C–H arylation of 
3-arylpropylamines that Gang He and Gong Chen et 
al. have reported recently.7 This reaction requires 
(R)-BINOL phosphoric acid, Cs2CO3, and solvent-free 
conditions to produce the (S)-enantiomer of the 
product with up to 97% e.e. It has been known that 
Cs2CO3 is a highly soluble salt, which is essential since 

such reaction conditions are neat. We have investi-
gated the role of the chiral ligand in controlling ste-
reoselectivity. The experimentalists found the C–H 
activation step to be the rate- and stereoselectivity-
determining step of the C–H aryl- 

Scheme 1. Examples of Enantioselective Pd(II)-
catalyzed C–H Activation Using Phosphine Lig-
ands 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ation. Two different transition state models, A and B, 
were proposed as possible key concerted metallation 
deprotonation (CMD) C–H activation steps, involving 
either one L ligand or two L ligands bound by Cs+ 
(Scheme 3). Based on observations of a non-linear 
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correlation between e.e. of L and e.e. of the product, 
it was proposed that multiple BINOL phosphate lig-
ands might participate in the transition state.7  
We used computations to differentiate between the 

two models and to elucidate the origins of enantiose-
lectivity. In the two models developed, the role of the 
BINOL phosphate ligand differs at the transition 
state. In Model A, one phosphate ligand is responsi-
ble for both  

Scheme 2. The He and Chen Enantioselective Pd-
catalyzed Chiral Phosphate-mediated benzylic 
C–H Arylation Directed by a Picolinamide Auxil-
iary Group 

 
 
 
 
 
 
 
 
 
 

the metal coordination and hydrogen abstraction. 
However, in Model B one phosphate ligand coordi-
nates as an anion to Pd, while the other phosphate 
ligand acts as an internal base for the hydrogen ab-
straction during the CMD step; here the phosphates 
are ion-paired to Cs+. We also studied a truncated 
Model A without BINOL to establish the favored ge-
ometry of the transition state. 

Scheme 3. Proposed Transition State Models for 
the Enantioselective C–H Palladation 

 

 
 
 
 
 
 
 
 
 
Quantum mechanical calculations were performed 

with Gaussian 09.8 For Model A, geometries were op-
timized in the gas phase using the B3LYP9 functional 
with the 6-31G(d)10 basis set for all non-metal atoms 
and the LANL2DZ +f (1.472)11 basis set with effective 

core potential (ECP) for Pd. Single point corrections 
were calculated using Truhlar’s M0612 functional with 
the 6-311++G(d,p)13 basis set for all non-metal atoms 
and the SDD14 effective core potential for Pd. 
For Model B, ground state and transition state ge-

ometries were calculated using ONIOM(B3LYP9/6-
31G(d)10-LANL2DZ11:UFF15) which enables optimiza-
tions of organometallic compounds with bulky lig-
ands.16 The BINOL ligands were calculated at the MM 
level while all the other atoms were calculated at the 
QM level. SCF (electronic) energies were obtained by 
single-point calculations using M0613 functional with 
the 6-311++G(d,p)13 basis set for all non-metal atoms 
and the SDD14 effective core potential for Pd. Vibra-
tional frequencies were computed at the QM:MM 
level to determine if the optimized structures are 
minima or saddle points on the potential energy sur-
face corresponding to minima and transition state 
geometries, respectively. The reported free energies 
include zero-point energies and thermal corrections 
calculated at 298.15 K and 1 atm. Molecular structures 
are illustrated with CYLview.17 

We studied the proposed catalytic cycle shown in 
Scheme 4. The computed barriers for each major step 
can be found in Supporting Information. The cycle 
starts with an activated Pd catalyst A as a bisligated 
species binding to the picolinamide substrate via N–
H bond cleavage to form B. The γ-carbon of the sub-
strate coordinates to Pd to form reactant complex C. 
Then, C–H activation occurs via CMD to form D. The 
neutral chiral phosphate ligand exchanges with 
MeCN to form E. Oxidative addition of iodotoluene 
occurs to form the Pd(IV) complex F, followed by re-
ductive elimination G to form the arylated product. 
Computationally, it was found that the C– 

Scheme 4. Proposed catalytic cycle for Pd-cata-
lyzed C–H arylation of picolinamides 
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H activation step is the rate- and stereodetermining 
step, in accordance with experimental observations. 
We first studied a simple model system, truncated 

Model A, in which the BINOL phosphate ligand in 
Model A is truncated to methyl substituents. The 
transition states for CMD are shown in Figure 1. The 
preferred conformation of the dimethyl phosphate is 
chiral, but the small methyl groups have minimal ef-
fect, so the (S) and (R) pseudo-equatorial TSs have 
slightly different energies. In OMe TS(S)-2a and OMe 
TS(R)-4a, there is a 1,3-diaxial interaction between 
the phenyl group and the closest methyl group, as 
seen in the Newman projection along the C1–C2 bond. 
This steric clash causes OMe TS(S)-2a to be 1.4 kcal 
mol-1 and OMe TS(R)-4a to be 1.5 kcal mol-1 higher in 
energy than OMe TS(S)-1a. The TS structure is lower 
in energy when the phenyl substituent is in the 
pseudo-equatorial position. We then used this infor-
mation to build Model A with one chiral BINOL phos-
phate ligand and a phenyl substituent at the pseudo-
equatorial position. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Conformers of CMD transition states of 
truncated Model A, where BINOL is replaced with 

methyl groups. Free energies are in units of kcal mol-
1. 
Figure 2 shows the two lowest energy TS structures 

of Model A with one chiral phosphate BINOL ligand, 
TS(S)-1a and TS(R)-2a. The BINOL phosphate lig-
and, shown in blue in Figure 2 defines a plane, Ca–Cb–
P. In TS(S)-1a, Ca–Cb–P is approximately coplanar 
with the square-planar Pd complex. However, in 
TS(R)-2a the Ca–Cb–P plane is rotated 90° about the 
C2 axis and is perpendicular to the square-planar Pd 
complex. The binding mode of the BINOL phosphate 
ligand to Pd produces interactions that affect the en-
antioselectivity of the reaction.  
The five-membered palladacycle, highlighted in 

blue on the right structure in Figure 2 puckers either 
above or below the palladacycle to form two different 
envelope conformations. Notably, both structures 
avoid steric clashes between the phenyl ring and me-
thyl substituent by having the phenyl ring in the 
pseudo-equatorial position. TS(R)-2a is 3.2 kcal mol-
1 higher in energy than TS(S)-1a.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Optimized geometries of lowest energy 
transition states TS(S)-1a and TS(R)-2a for Model A 
involving one BINOL phosphate ligand. Distances 
and free energies are in units of Ångstroms and kcal 
mol-1, respectively. 
We surmise this energy difference is due to T-

shaped interaction between the phenyl ring and the 
naphthyl substituent of the (R)-BINOL phosphate 
ligand. Experimentally, Chen et al. obtained 97% e.e. 
(ΔΔG‡ = 2.8  
 

OMe TS(S)-1a: ΔΔG‡ = 0.0 OMe TS(S)-2a: ΔΔG‡ = 1.4
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Figure 3. Edge-to-face aryl–aryl interaction in TS(S)-
1a. Distances and free energies are in units of Ång-
stroms and kcal mol-1, respectively. 
kcal mol-1 at 110 ºC) in favor of the (S)-enantiomer 
from this reaction, which is in reasonable agreement 
with our computed results of ΔΔG‡ = 3.2 kcal mol-1. 
According to  
previous calculations, a C–H–π distance of 3.17 Å pro-
vides about 2.5 kcal mol-1 of stabilization in a benzene 
dimer.18 TS(R)-2a does not have such C–H–π interac-
tions because the ligand is bound perpendicular to 
the square-planar Pd complex. We analyzed the 
edge-to-face aryl–aryl interaction by measuring the 
distance from the center of one benzene ring to the 
center of the second benzene ring (Figure 3). This dis-
tance of 5.47 Å gives 2 kcal mol-1 stabilization for cal-
culations on benzene dimers.19 Both the C–H–π and 
edge-to-face aryl–aryl interaction is absent in the 
TS(R)-2a, the binding mode of the phosphate ligand 
is essential to the enantioselectivity. 
Model B consists of two phosphate ligands bound 

by Cs+. Details of the conformational analysis for the 
Cs-complex and the chiral catalyst are present in the 
Supporting Information. Figure 4 shows the lowest 
energy TS structures from Model B. Unlike Model A, 
TS(R)-b is only 0.8 kcal mol-1 higher in energy than 
TS(S)-b; Model B does not reproduce the experimen-
tally observed level of selectivities of 97% e.e. In both 
TS(S)-b and TS(R)-b, the Ca–Cb–P plane of the ligand 
that participates in the H-abstraction is in the same 
plane of the  
 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 

Figure 4. Optimized geometries of lowest energy 
transition states TS(S)-b and TS(R)-b for Model B in-
volving two BINOL phosphate ligands. Bond dis-
tances and free energies are in units of Ångstroms and 
kcal mol-1, respectively. 
ligand coordinated to Pd is rotated such that it is per-
pendicular to the square-planar Pd-complex. The ori-
entation square-planar Pd-complex; the Ca–Cb–P 
plane of the of both BINOL ligands around the phe-
nyl ring increases the possibility for arene–arene in-
teractions. All other ligand binding mode combina-
tions that were explored with less arene–arene inter-
action gave higher energy transition states. This 
arises because the lowest-energy complexes both ex-
hibit 5-membered palladacycles that minimize the 
possibility for steric clashes, since the phenyl substit-
uent is in the pseudo-equatorial position. In both 
TS(S)-b and TS(R)-b, the phenyl ring is positioned 
between both BINOL ligands, allowing for π–π inter-
actions to occur between the phenyl ring and the ar-
omatic portions of the ligands. TS structures that did 
not exhibit such arene–arene interactions with the 
ligands were at least 3.0 kcal mol-1 higher in energy. 
The addition of another BINOL phosphate ligand in 
Model B allows for more stabilizing arene–arene in-
teractions, which reduces the enantioselectivity. 
In our mechanism, Cs+ does not affect the CMD rate-
determining TS, but the non-linear correlation be-
tween e.e. of L and e.e. of the product may arise from 
a BINOL phosphate ligand dimeric species bound by 
Cs+ that is present off-cycle. This complex dissociates 
to form a monoligated species, serving as the acti-
vated catalyst A, as shown in our proposed mecha-
nism. Since the reaction is run neat, Cs+ may have ad-
ditional non-catalytic roles. 
We have elucidated the origins of the enantioselective 
palladium-catalyzed benzylic C–H arylation reaction 
of picolinamide-derivatized alkyl amines with aryl io-
dide.8 The transition state involves a pseudo-

Enantioselectivity due to attractive aryl–aryl interaction
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equatorial position of the phenyl substituent on the 5-
membered palladacycle. When the ligand is posi-
tioned to abstract the H leading to the (S) product, 
there are stabilizing arene–arene interactions. The 
computed activation free energies (ΔΔG‡) are con-
sistent with experimental e.e.’s. Model A, proposed by 
Chen et al., with one phosphate ligand, predicts the 
correct enantioselectivity, while Model B, with two 
phosphate ligands bound by Cs+, predicts enantiose-
lectivity that is much smaller than found experimen-
tally. We anticipate that chiral catalysts with stabiliz-
ing arene–arene interactions can tune the enantiose-
lectivity of C–H activation processes. 
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