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Abstract: We report efficient syntheses of axially chiral biaryl amides in yields ranging from 80-92%, and
with enantioselectivity in the range 88-94% ee employing an asymmetric Suzuki-Miyaura process with
Pd(OAc)2 and KenPhos as ligand. These studies demonstrate that electron-rich and electron-deficient
o-halobenzamides can be efficiently coupled with 2-methyl-1-naphthylboronic acid and 2-ethoxy-1-
naphthylboronic acid. The yields and selectivities of the reactions are independent of the nature of halogen
substituent on the benzamide coupling partner. Our investigations demonstrate that axially chiral heterocyclic
and biphenyl compounds can also be synthesized with this methodology. We also report computational
studies used to determine the origin of stereoselectivity during the selectivity-determining reductive
elimination step of the related coupling of tolyl boronic acid with naphthylphosphonate bromide that was
reported in a previous publication (J. Am. Chem. Soc. 2000, 122, 12051-12052). These studies indicate
that the stereoselectivity arises from a combination of weak -(C)H · ·O interactions as well as steric
interactions between the tolyl and naphthylphosphonate addends in the transition state for C-C coupling.

Introduction

Many reports of synthetic protocols that provide access to
biaryl compounds with a high degree of axial stereocontrol have
appeared in recent years.1-6 The axially chiral biaryl structural
motif is a prominent feature of a number of biologically active
natural products such as vancomycin7-9 and korupensamine
A10-12 (Figure 1). Biaryls that exhibit axial chirality appear in
ligands such as BINOL13,14 and BINAP15,16 (Figure 1) and have

had a profound impact on asymmetric synthesis17,18 and in
organocatalysis.19,20 There has also been interest in exploiting
this feature in nanoscience applications such as molecular
switches.21

A number of synthetic approaches to this motif have been
explored including metal-mediated diastereoselective reactions
of substrates with chiral tethering units,22-24 auxiliaries,25-28

or leaving groups.29-32 Enantioselective metal-catalyzed reac-
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tions including the oxidative dimerization of phenols4,33-37 and
metal-catalyzed [2 + 2 + 2] formal cycloadditions have also
been reported.5,38-40

Palladium-catalyzed reactions involving Kumada, Negishi,
Hiyama, and Suzuki-Miyaura cross-coupling have emerged as
one of the most powerful and general means of constructing
biaryl bonds.41-44 There has been growing interest in imple-
menting enantioselective variants of these reactions in order to
access enantiopure, axially chiral biaryls. Generally, in order
for a biaryl compound to exhibit atropisomerism, there must
be at least three ortho substituents about the biaryl axis;45 this
high degree of steric hindrance presents a serious challenge to
many cross-coupling transformations.

Hayashi reported the first use of a chiral ligand in redox-
neutral asymmetric biaryl coupling reactions with a transition
metal catalyst. It was demonstrated that axially chiral binaphthyl
compounds could be formed via the Ni-catalyzed Kumada cross-
coupling reaction between aryl bromides and aryl Grignard
reagents in the presence of a chiral ferrocenylphosphine
ligand.46,47 Espinet later demonstrated that Pd-catalyzed Negishi

reactions could be used to synthesize axially chiral binaphthyl
compounds in the presence of a chiral ferrocene ligand.48,49

The Suzuki-Miyaura cross-coupling of aryl boronic acids
with aryl halides offers a number of advantages over Negishi
and Kumada cross-coupling methods to form biaryl bonds,
especially in terms of functional group tolerance and the stability
and lack of air sensitivity of the boronic acid coupling
partner.50,51 Uemura,52-54 Nelson,55 Colobert,56 and Lipshutz57

demonstrated that axially chiral biaryl products are formed in
high yields and excellent selectivities in Pd-catalyzed Suzuki-
Miyaura reactions with aryl halides bearing chiral auxiliaries.
Later Nicolaou employed chiral phosphines to modulate the
selectivity of a diastereoselective Suzuki-Miyaura reaction used
in the synthesis of vancomycin.9

Our group reported one of the earliest procedures for the
preparation of functionalized biaryl compounds via the asym-
metric Suzuki-Miyaura coupling reaction.58 A number of
enantioenriched biaryl phosphonates could be synthesized in
yields of 74% or greater and enantiomeric excesses up to 92%
with the use of catalytic amounts of a Pd source and the (S)-
KenPhos ligand (Scheme 1). At around the same time, Cam-
midge disclosed the Pd-catalyzed synthesis of axially chiral
binaphthalene compounds with the use of a chiral ferrocene-
derived monophosphine ligand.59 Since then, a variety of
ligands48,60-66 have been examined for the asymmetric Pd-
catalyzed Suzuki coupling reaction. Recent noteworthy examples
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Figure 1. Ligands and biologically active natural products containing the axially chiral biaryl structural motif.
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have separately shown that a chiral bis-hydrazone ligand67 and
a chiral resin-supported phosphine ligand68 can effectively
catalyze the synthesis of axially chiral biaryl compounds with
excellent selectivities in some cases.

Despite considerable effort in this area, a number of limita-
tions remain. The coupling of functionalized substrates remains
challenging and there are no reports of heteroaryl substrates
being employed in these reactions. These issues are important
to consider if this method is to find application in the synthesis
of natural products or pharmaceuticals. Furthermore, previous
studies have largely been limited to the synthesis of chiral
binaphthyls; there are no reports of the synthesis of chiral
biphenyls by the Suzuki-Miyaura reaction. Previous studies
have also been largely empirical and there have been no detailed
efforts to rationalize the observed selectivity in these reactions.

Herein we report our efforts to expand the substrate scope of
our previously reported method. Further, we describe combined
experimental and computational studies that attempt to rational-
ize the observed selectivities. DFT calculations indicate that the
combination of hydrogen-bonding interactions and steric inter-
actions between the addends and the ligand are responsible for
stereoinduction during the reductive elimination step of these
reactions.

Results and Discussion

Synthesis of Axially Chiral Biaryl Compounds. In our
previous report on asymmetric Suzuki-Miyaura coupling with
the Pd(KenPhos) system,58 we found that aryl halides bearing
an ortho phosphonate group were the most efficient substrates
(in terms of ee of the product) for the reaction. We have
attempted to gain some insight into the source of enantioselec-
tivity in these reactions by examining X-ray crystal structures
for key compounds in a prototypical reaction from that study,
but unfortunately, we could not obtain crystals suitable for X-ray
crystallographic studies. However, we were able to study a
closely related reaction by reacting in situ-generated Pd(Ken-
Phos) with (1-chloro-2-naphthyl)diisopropylphosphine oxide to
generate an oxidative addition complex which was subsequently
treated with o-tolylboronic acid to afford the axially chiral biaryl
phosphine oxide in 90% ee (Figure 2). Single crystals of the major
product A were obtained after recrystallization from hexane. X-ray
diffraction studies were used to determine the absolute configuration
(S stereochemistry) of the product (Figure 3b).

We were able to obtain an X-ray crystal structure for the
oxidative addition complex B which reveals a putative interac-
tion between the palladium(II) atom and the oxygen atom
(Pd-O bond distance )2.77 Å) belonging to the phosphine
oxide (Figure 3a). We speculated that this feature could be
responsible for the induction of stereoselectivity by operating
as an “anchor” for the naphthylphosphonate addend during the
reductive elimination process. We thus began to examine other
functional groups bearing coordinating atoms that could serve
as a source of stereoinduction in these types of reactions.

We initiated these investigations by examining reactions of
2-methyl-1-naphthylboronic acid with aryl halide coupling
partners incorporating ester, phosphonate, and phosphine oxide
substituents in the ortho position. Products arising from ester-
functionalized aryl halides were obtained in greater than 80%
yield but showed only moderate ee values (40-45%) (Scheme
2a,b). All attempts to improve the enantioselectivity of these
reactions with the use of alternative Pd sources, solvents, bases,
or ligands were unsuccessful. In contrast, reactions involving
aryl halide substrates incorporating phosphonate and phosphine
oxide substituents, diphenyl-(1-bromo-2-naphthyl) phosphonate,
and (1-chloro-2-naphthyl)diisopropylphosphine oxide, respec-
tively, afforded desired products 4 and 5 in yields similar to
those found with the aryl esters (>76%), but in 84-85% ee
(Scheme 2c,d). The latter results are comparable with the use
of diethyl-(1-bromo-2-naphthyl)phosphonate as the aryl halide
substrate in the coupling with toluene boronic acid, which
provides coupled product in 87% ee.

Encouraged by these results, we turned our attention to aryl
bromides possessing amide groups ortho to the halide substitu-
ent, types of substrates that had not been previously been utilized
in asymmetric Suzuki-Miyaura reactions. We hypothesized that
the Pd · · ·O interaction observed in the X-ray structure of B
might exist with amides as well. Aryl bromides containing a
variety of ortho amide substituents were subjected to Suzuki-
Miyaura coupling with 2-methyl-1-naphthylboronic acid under
reaction conditions similar to those described previously for
ortho halo arylphosphonates (Table 1). The enantioselectivity
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Scheme 1. Synthesis of Enantioenriched Biaryl Phosphonates by Suzuki-Miyaura Coupling

Figure 2. The reaction of Pd(KenPhos) with (1-chloro-2-naphthyl)diiso-
propylphosphine oxide and subsequent reaction of the oxidative addition
complex with o-tolylboronic acid.
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increased as the steric demand of the amide unit did. For
example, when aryl bromides with the more sterically demand-
ing diisopropylamido substituent (9, 82% ee) was used instead
of a diethylamido (6, 75% ee) substituent (cf. Table 1, entries
d and a).

The reaction was also effective when an aryl triflate was used
as substrate (Table 1, entry c) in the first demonstration of this
type of substrate in asymmetric Suzuki-Miyaura coupling
reactions. An aryl bromide bearing an ortho Weinreb amide
substituent (11) formed product with 80% ee (Table 1, entry
f), a useful result due to the ease of further synthetic manipula-
tion of this functional group. Significantly, changing the nitrogen
substituent to a monoalkylamido group resulted in reactions with
even greater degrees of selectivity; the product obtained from

the coupling of 2-bromo-N-(tert-butyl)benzamide (12) was
formed in 87% ee (Table 1, entry g). The enantioselectivity
could be further increased to 93% when the amide was protected
with the cumyl group69 as shown in the reaction involving
2-bromo-N-(2-phenyl-2-propyl)benzamide (13) (Table 1, entry
h).

Because of the ease of removal of the cumyl protecting group
to reveal the free primary amide for further synthetic manipula-
tion and the high selectivity of these reactions (vide infra), we
elected to further explore the scope of reactions involving these
types of substrates. Table 2 summarizes results obtained upon
coupling of cumyl amide-substituted aryl halides with naphth-
ylboronic acids. Products are obtained in good to excellent yields
and with ee values typically being 88-94%.

As shown, both the yields and enantioselectivities of biaryl
compounds are similar when either 2-ethoxy-1-naphthylboronic

(69) Metallinos, C.; Nerdinger, S.; Snieckus, V. Org. Lett. 1999, 1, 1183–
1186.

Figure 3. Crystallographic structures for the (a) oxidative addition complex of Pd(KenPhos) with (1-chloro-2-naphthyl)diisopropylphosphine oxide. (Hydrogen
atoms have been omitted and atoms belonging to the KenPhos ligand have been faded for clarity.) (b) Coupled biaryl product from the reaction of (1-
chloro-2-naphthyl)diisopropylphosphine oxide and o-tolylboronic acid.

Scheme 2. Synthesis of Chiral Biaryl Compounds Containing
Esters, Phosphonate, and Phosphine Oxide

Table 1. Effect of Functional Group Located ortho to the Halide
Substituent on the Enantioselectivity

entry ArX Temp (°C) Yield %b ee%c

a 6 rt 80 75
b 7 rt 78 73
c 8 rt 85 71
d 9 rt 76 82
e 10 rt 82 75
f 11 rt 75 80
g 12 50 68 87
h 13 50 81 93

a Reaction conditions: 1.0 equiv of aryl halide, 2.0 equiv of boronic
acid, 5 mol % Pd, 6 mol % (S)-1, 3 equiv of K3PO4, THF (2.5-3 mL/
mmol of halide), 24-40 h. b Isolated yield. c The ee values were
determined by chiral HPLC on a Chiralcel OD-H or AD-H.
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acid (Table 2, entries d, e, g, i, l) or 2-methyl-1-naphthylboronic
acid (Table 2, entries a, b, c, f, h, j, k, m, n) are used as the
boronic acid coupling partners. The yields and enantioselec-
tivities of these reactions are only slightly affected by the use
of aryl chloride or aryl iodide substrates instead of aryl bromides
(Table 2, entries a-c); these range from 81-87% and 93-94%,
respectively.

Substitution at the 4 or 5 position of the aryl bromide with
electron-donating or electron-withdrawing groups had little
effect on the yield or ee values (Table 2, entries b, e-n).
Substitution at the 6 position with fluorine also gave a selective
reaction (Table 2, entry p); however, a methyl group in this
position resulted in a significant drop in selectivity (Table 2,
entry o). It is tempting to speculate that this large substituent
disrupts the Pd · · ·O interaction that we hypothesize is key to
observing high levels of enantioselectivity. The complementary
mode of coupling is also successful; R-phenylnaphthyl amides
may be synthesized by reaction of arylboronic acids with
R-bromonaphthyl amides (Scheme 3a), the biaryl product 15 is
formed in 80% yield and 88% ee which is comparable to the
yields and selectivities found for reactions of naphthylboronic
acids with phenyl amides shown in Table 2.

Notably, an axially chiral biaryl pyridine derivative could be
synthesized in good yield and enantioselectivity if the reaction
temperature were increased to 80 °C (Scheme 3b). To the best
of our knowledge, this represents the first synthesis of enan-
tioenriched heterocyclic biaryl compounds by asymmetric
Suzuki-Miyaura coupling. Moreover, axially chiral biphenyl
amides can be synthesized in good yields and enantioselectivities
(Scheme 3c,d). For example, at room temperature and at 5 mol
% of Pd(OAc)2, biphenyl amides 17 and 18 could be obtained
in greater than 70% yield and 80% ee through the coupling of
2-cumyl-6-methylphenylbromide with 2-ethylphenylboronic acid
and 2-methylphenylboronic acid, respectively. These are the first

reported examples of the enantioselective synthesis of a biphenyl
compound using Pd-catalyzed asymmetric Suzuki-Miyaura
coupling.

The cumyl protecting group was readily removed to reveal
the corresponding primary amide via a known procedure
involving treatment of biaryl 14a (e.g., Table 2, entry a) with
neat TFA at ambient temperature (Figure 4).69 The deprotected
naphthamide 19a was obtained in 95% yield and 93% ee;
recrystallization increased the ee of the isolated compound to
99%.

Computational Studies on the Origin of Enantioselectivities
in Suzuki-Miyaura Reactions. Despite increasing interest in
the enantioselective Pd-catalyzed Suzuki-Miyaura coupling
reaction with a range of ligands, computational studies to
understand the origin of the selectivity in these processes are
limited to a single molecular mechanics study by Baudoin.70

We have performed computational studies to understand why
aryl halides bearing an ortho functional group with a potentially
coordinating oxygen atom on either a phosphonate or amide
substituent provide the highest ee values in the reaction and to
understand how enantioselectivity is induced by the ligand.

Computational Methodology. All calculations were carried
out with the Gausssian0371 suite of computational programs.

(70) Joncour, A.; Decor, A.; Liu, J. M.; Dau, M.; Baudoin, O. Chem.sEur.
J. 2007, 13, 5450–5465.

(71) Frisch, M. J. et al. Gaussian 03; Gaussian, Inc.: Wallingford CT, 2004.

Table 2. Asymmetric Synthesis of Biaryls by Enantioselective
Suzuki-Miyaura Couplinga

entry R R′ X yield %b ee%c

a Me H Cl 87 93(R)
b Me H Br 83 93(R)
c Me H I 81 94(R)
d OEt H Cl 81 91(S)
e OEt H Br 80 91(S)
f Me 4-F Br 83 93(R)
g OEt 4-F Br 81 90(S)
h Me 4-Me Br 82 94(R)
i OEt 4-Me Br 81 92(S)
j Me 4-NO2 Br 92 88(R)
k Me 5-OMe Br 83 94(R)
l OEt 5-OMe Br 84 91(S)
m Me 5-CF3 Br 87 89(R)
n Me 5-F Br 85 92(R)
o Me 6-Me Br 80 48(R)
p Me 6-F Br 46 90(R)

a Reaction conditions: 1.0 equiv of aryl halide, 1.5-2.0 equiv of
boronic acid, (S)-1/Pd(OAc)2 ) 1.2, 3 equiv of K3PO4, THF (2.5-3 mL/
mmol of halide). b Isolated yield (average of two runs). c The ee values
were determined by chiral HPLC on a Chiralcel OD-H or AD-H. The
absolute configuration of 14h was determined by X-ray crystallography.
The configurations of other biaryl compounds were assigned by analogy.

Scheme 3. Synthesis of Axially Chiral Aromatic Compounds

Figure 4. Acid-catalyzed deprotection of a cumylamide.

11282 J. AM. CHEM. SOC. 9 VOL. 132, NO. 32, 2010

A R T I C L E S Shen et al.



The B3LYP72-74 density functional method was used to
optimize transition state geometries and obtain free energies.
The 6-31G(d) basis set was employed for the C, H, N, and O
atoms, while the LANL2DZ effective core potentials of Hay
and Wadt with double-� basis sets were employed for the Pd
and P atoms.

Transition State Geometries and Energies. As a starting point
for our computational studies, we began with information from
X-ray crystallographic data (described above and in the Sup-
porting Information) that would be employed in the optimization
of transition state geometries. Because we could obtain more
meaningful X-ray crystallographic data from the reaction of (1-
chloro-2-naphthyl)diisopropylphosphine oxide and Pd(KenPhos)
(cf. Figures 2 and 3) than from reactions involving amides, we
proceeded to carry out detailed computational investigations of
the closely related reaction of dimethyl-(1-bromo-2-naphth-
yl)phosphonate with o-tolylboronic acid catalyzed by the
Pd(KenPhos) complex (Figure 5).75 The biaryl phosphonate is
produced in 91% yield and 84% ee at a temperature of 60 °C.58

Although the X-ray crystal structure of the oxidative addition
complex formed from the reaction of Pd(KenPhos) with (1-
chloro-2-naphthyl)diisopropylphosphine oxide revealed a single
geometrical isomer (cf. Figure 3), we hypothesized that other
geometrical isomers can be formed after transmetalation. Indeed,
computational results presented in the Supporting Information
indicate that the bound tolyl and naphthylphosphonate addends
can adopt a number of geometrical configurations and confor-
mations that can all lead to distinct transition structures for
reductive elimination. One must assume that these intermediates
are capable of interconversion in order for all of these transition
states to be accessed. In accordance with this, we have proposed
a mechanism for the interconversion of the intermediates formed
after transmetalation in the Supporting Information.

Scheme 4 shows the structure for a prototypical transition
state for the reaction of interest involving the reductive
elimination of a coupled biaryl product from a Pd(KenPhos)
complex; the tolyl and naphthylphosphonate addends replace
the chlorine atom and phosphine oxide addends, respectively,
shown in Figure 3b. The naphthylphosphonate and tolyl addends
in the transition states can occupy either of the coordination
sites on palladium. In addition, the methyl and phosphonate
substituents on the respective tolyl and naphthylphosphonate
addends can be either above or below the plane defined by
palladium and the bound carbon atoms belonging to the addends.
Finally, the aromatic rings of the naphthylphosphonate and tolyl
addends in the transition structures are not aligned due to the
inclination of the tolyl addend during reductive elimination.
Therefore, the methyl group on the tolyl addend can be inclined
away from, or toward, the palladium atom. Consequently, a total
of 16 transition structures can be generated from these orientations.

We were able to optimize 14 of the 16 possible transition
structures for the reductive elimination of 20 from the
Pd(KenPhos) complex (Figure 6, TS1-TS14). Transition state
pairs TS1/TS2, TS3/TS4, TS5/TS6, TS7/TS8, TS9/TS10, and
TS11/TS12, which lead to products with opposite stereochem-
istries, were formed by twisting the tolyl addend in both
directions (see below for further details). Transition state
analogues of TS13 and TS14 with twisted tolyl addends could
not be located. The lowest energy transition structure is TS1 in
which the phosphonate substituent belonging to the naphth-
ylphosphonate addend and the methyl group belonging to the
tolyl group are both above the plane of palladium and the
attached ligands. TS3, TS5, and TS8 are 1.8, 0.9, and 1.9 kcal/
mol higher in energy than TS1, respectively; all other transition
structures are at least 2 kcal/mol higher in energy than TS1.

The stereochemistry of the product formed in the reaction
results directly from the geometry of the addends in the
transition state for reductive elimination. We were able to predict
the stereochemistry of the biaryl product formed from each
transition structure by taking advantage of the observation that
the tolyl addends in each transition state can be inclined in one
of two ways with respect to the naphthylphosphonate addend.
The direction in which the tolyl addend twists defines the
stereochemistry of the product (this was confirmed with IRC

Figure 5. The Pd(KenPhos)-catalyzed reaction of dimethyl-(1-bromo-2-
naphthyl)phosphonate with o-tolylboronic acid.

Scheme 4. Possible Orientations of Addends in Transition State Geometries for Reductive Eliminationa

a Some atoms have been omitted and atoms belonging to the KenPhos ligand have been faded for clarity.
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calculations, see below for details). From this analysis, we
determined that TS1, TS4, TS6, TS7, TS10, TS11, and TS13
reductively eliminate to form the Pd(KenPhos) complex and
stereochemically equivalent biaryl products with S stereochem-

istry. Eyring distribution analysis based on these results predicts
that the biaryl product is formed in 50% ee in favor of S
stereochemistry at 25 °C; significantly, this is the configuration
found by X-ray crystallography for the major product formed

Figure 6. Transition structures and relative free energies of activation in kcal/mol for reductive elimination of biaryl phosphines from Pd(KenPhos) complexes
formed after transmetalation. Atoms participating in H-bonding interactions are highlighted in green. The stereochemistry of the product formed after reductive
elimination is denoted in brackets. Relevant O-H bond distances in Å are shown on the pictures; H-O-P bond angles in degrees are shown in parentheses.
Chemdraw representations of the transition structures are shown below the pictures; the KenPhos ligand in these drawings has been replaced by the symbol
P and the naphthylphosphonate addend has been truncated for clarity.
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in the closely related Pd(KenPhos) catalyzed reaction of (1-
chloro-2-naphthyl)diisopropylphosphine oxide with o-tolylbo-
ronic acid (cf. Figures 2 and 3) and the predicted selectivity is
in reasonable agreement with the selectivity found by experiment
of 84% ee at 60 °C.76

Hydrogen-Bonding Interactions in Transition States. Notably,
the naphthylphosphonate addend is cis to the phosphine ligand
in the four most stable transition structures predicted by our
calculations (Figure 6, TS1 which gives rise to a product with
S stereochemistry, and TS3, TS5, and TS8 which give rise to
products with R stereochemistry). This geometric preference is
presumably due to the trans influence and could be related to
the fact that the naphthylphosphonate addend prefers to be cis
to the phosphine ligand in the oxidative addition complex
formed from the reaction of Pd(KenPhos) with (1-chloro-2-
naphthyl)diisopropylphosphine oxide (cf. Figure 3).

Close examination of the geometries of TS1, TS3, TS5, and
TS8 reveals interactions between the phosphonate substituents
on the naphthylphosphonate addends and weak C-H donors
on the ligand backbone and the tolyl addends that appear to
contribute to the observed energy differences. The bond
distances for relevant O-H interactions range from 2.2 to 2.8
Å and relevant C-H-O bond angles atoms range from 84 to
161°; these values are typical of weak hydrogen bonds.77-81

Mulliken charge analysis provides additional indications that
(-C)H · · ·O interactions are important features of these transition
states. The charges on hydrogen atoms that interact with
phosphonate substituents range from 0.20 to 0.25e. In contrast,
all other hydrogen atoms have charges ranging from 0.12 to
0.18e.82

The phosphonate group in TS1 interacts closely with two
hydrogen atoms located separately on the cyclohexyl group and
the aromatic binaphthyl portion of the ligand backbone, and
with another hydrogen atom on the tolyl addend. TS3 is
destabilized by 1.8 kcal/mol in comparison with TS1, even
though similar H-bonding interactions are present in both
transition structures; the phosphonate substituent presumably
interacts more favorably with the hydrogen atom on an sp2-
hybridized carbon atom in TS1 than with the hydrogen atom
on an sp3-hybridized carbon atom on the tolyl addend in TS3.
One expects hydrogen atoms on sp2-hybridized atoms to be
stronger donors than hydrogen atoms on sp3-hybridized atoms,
which could account for the greater stability of TS1. In addition,
the aromatic proton in TS1 is sterically less demanding than
the methyl group in TS3.

The phosphonate groups are located above the planes formed
by the palladium atom and the bound atoms of the attached
ligands in TS5 and TS8, and only interact with hydrogen atoms
on the cyclohexyl substituents on the ligand backbone, as well
as with hydrogen atoms on the tolyl addends. The phosphonate
group in TS5 interacts with a hydrogen atom belonging to the
methyl group on the tolyl addend as well as with one belonging
to the cyclohexyl group, and is 0.9 kcal/mol less stable than
TS1. The phosphonate group in TS8 interacts with hydrogen
atoms on the tolyl addend and a cyclohexyl substituent on the
ligand backbone; TS7 is 1.9 kcal/mol less stable than TS1 (i.e.,
1.0 kcal/mol less stable than TS5). The methyl group on the
tolyl addend in TS7 is presumably sterically encumbering and,
as a result, this transition structure is destabilized in comparison
to TS5.

TS1 and TS5 are the two transition states that contribute most
to the calculated stereoselectivity. These reductively eliminate

(72) Becke, A. D. J. Chem. Phys. 1993, 98, 1372–1377.
(73) Becke, A. D. J. Chem. Phys. 1993, 98, 5648–5652.
(74) Lee, C. T.; Yang, W. T.; Parr, R. G. Phys. ReV. B 1988, 37, 785–789.
(75) In addition to the constraint imposed by the limited availability of

appropriate crystallographic data for reactions involving phenylamides,
a preliminary analysis of transition state geometries revealed that the
cumylamide substituents are not aligned with the aromatic plane of
the phenyl ring. Therefore, twice as many calculations would be
required for reactions involving the coupling of phenylamide with
naphthylphosphonate addends in comparison to investigations involv-
ing the coupling of naphthylphosphonate and tolyl addends. Because
of these factors, we therefore decided to restrict our calculations to
reactions involving the coupling of naphthylphosphonate and tolyl
addends.

(76) If we consider enantioselectivity provided by two transition states, a
selectivity of 50% ee at 25 °C corresponds to an energy difference of
0.7 kcal/mol and 84% ee at 60 °C corresponds to an energy difference
of 1.6 kcal/mol. The difference between these energies is within the
error limits of the B3LYP method.

(77) Desiraju, G. R. S., T. The Weak Hydrogen Bond In Structural
Chemistry and Biology; Oxford University Press: New York, NY,
1999.

(78) Steiner, T.; Desiraju, G. R. Chem. Commun. 1998, 891–892.
(79) Jeffrey, G. A. An Introduction to Hydrogen Bonding; Oxford University

Press: New York, NY, 1997.
(80) Taylor, R.; Kennard, O. J. Am. Chem. Soc. 1982, 104, 5063–5070.
(81) Jeffrey, G. A.; Maluszynska, H. Int. J. Biol. Macromol. 1982, 4, 173–

185.

(82) It should be noted that the compression of the ligand and the tolyl
and naphthylphosphonate addends during the transition state for C-
C bond formation could be responsible for these forced (-C)H · ·O
interactions; as a result, these interactions may not stabilize the
transition states. Note, however, that the observed enantioselectivity
does not depend on whether these interactions stabilize or destabilize
the transition state. Instead, the degree of enantioselectivity depends
solely on energy differences among the observed interactions since
all transition states contain one or more of these types of interactions.

Scheme 5. Determination of the Stereochemistry of Coupled Biaryl Products Based on Transition State Geometries
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to give S and R biaryl products, respectively. Although both
transition states form interactions with hydrogen atoms on both
sp2 and sp3-hybridized carbon atoms, TS1 is 0.9 more stable
than TS5. This is presumably due to the fact that the phospho-
nate group in TS1 is better aligned for interaction with a
hydrogen atom on an sp2-hybridized carbon (∠P-O · · ·H )
158°), but this alignment is poor in TS5 (∠P-O · · ·H ) 90°).

Overall, the electronic property of the phosphonate group
strongly influences the geometric arrangement of the addends
in low energy transition states. The phosphonate group is also
involved in the formation of weak (-C)H · · ·O interactions; subtle
differences in these interactions contribute to the relative
energies of the transition states. The presence of (-C)H · · ·O
interactions in these transition states rationalizes the need for
carbonyl or phosphonate groups located ortho to the aryl halide
for stereoinduction.

Stereoselectivity Due to “Twisting” in Transition States. The
stereochemistry of coupled biaryl products was determined by
examining the inclination of the tolyl addend in each transition
state with respect to the naphthylphosphonate ligand (Scheme
5). The angle between the aromatic planes is defined by
C1-C2-C3-C4. As exemplified by the drawing in Scheme 4
with the methyl substituent attached to C1, the coupled product
is formed with R stereochemistry if the angle between the
aromatic planes lies between -1° and -89°. If the tolyl addend
is tilted in the opposite direction, the transition state gives a
product with the opposite, S, stereochemistry. Products with
opposite stereochemistry are obtained if the H atom is attached
to C1. Thus, twisting the tolyl addend in both directions leads
to the formation of pairs of transition states which form products
with opposite stereochemistries as exemplified by the transition
state pairs TS1/TS2, TS3/TS4, TS5/TS6, TS7/TS8, TS9/TS10,
and TS11/TS12.83 Although the reductive elimination step of
Pd-catalyzed Suzuki-Miyaura coupling reactions has previously

been examined by DFT methods,84 the interaction of the ligand
with the addends and the effects on the outcome of the reaction
has not been examined.

An example illustrating how twisting the tolyl addend
destabilizes the transition state is provided by comparison of
the lowest energy transition state, TS1, with the higher energy
analogue, TS2 (Figure 7). These transition structures are
geometrically similar except that the tolyl addends are inclined
in opposite directions, and consequently, the products formed
from these transition states have opposite absolute stereochem-
istry. Whereas the tolyl addend in TS1 is twisted so that the
aromatic proton is inclined away from the sterically encumbering
OMe moiety of the phosphonate substituent, the aromatic proton
comes into close contact with this moiety upon twisting to form
TS2. Moreover, twisting causes the interaction between the
aromatic proton and the phosphonate oxygen to be broken, and
causes the methyl group on the aromatic ring to interact with
the dimethylamino group located on the ligand backbone.

Examination of the other pairs of closely related transition
states reveals that twisting the tolyl addends causes the methyl
substituents or the aryl protons to interact with the phosphonate
which destabilizes the transition states by 2-3 kcal/mol. This
destabilization is presumably due to increased steric interactions
between the tolyl addend and the phosphonate substituent as
well as the loss of hydrogen-bonding interactions between
hydrogen atoms on the tolyl addend and the phosphonate group.
The transition state pairs TS7/TS8 and TS11/TS12 are excep-
tions to this observation; here, apparent increased interactions
between the tolyl addend and the phosphonate substituent
actually stabilize the transition state. The small relative energy
differences between these pairs of transition states are presum-
ably due to the fact that hydrogen-bonding interactions are
preserved after twisting.

In closing, we emphasize that, although hydrogen-bonding
interactions are partially responsible for the relative stabilities
observed for transition states involved in the coupling of
naphthylphosphonate and tolyl addends attached to the
Pd(KenPhos) complex, we recognize that similar interactions
may not be involved in all of the transition states in reactions
such as those involved in the coupling of phenylamides and
naphthyl addends. Nevertheless, our computational results
illustrate that the combination of interactions such as hydrogen-

(83) Additional evidence for the stereochemistry of the coupled biaryl
compounds was provided by integration of intrinsic reaction coordi-
nates (IRCs) to obtain reaction paths for each transition state. Fifty
steps were calculated for each IRC calculation thereby allowing for
almost complete cleavage of the bonds to the Pd atom and formation
of the new C-C bond. The tolyl addend becomes further inclined
away from the bound naphthylphosphonate ligand as the new C-C
bond is formed; the direction in which it twists ultimately defines the
stereochemistry of the product. The results obtained from the IRC
study were in agreement with results obtained by visual inspection of
the transition states.

(84) Braga, A. A. C.; Ujaque, G.; Maseras, F. Organometallics 2006, 25,
3658–3658.

Figure 7. Comparison of the lowest energy transition structure with the “twisted” tolyl; addend analogue. Atoms participating in H-bonding interactions are
highlighted in green. The stereochemistry of the product formed after reductive elimination is denoted in brackets.
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bonding and steric effects stabilizes or destabilizes transition
states and leads to experimentally observed enantioselectivities;
we believe that a similar combination of interactions is operative
in the closely related coupling of phenylamides with naphthyl
addends by Pd(KenPhos).

Conclusion

In summary, this manuscript discloses the enantioselective
syntheses of axially chiral biaryl amides by Suzuki-Miyaura
reactions catalyzed by the combination of 1 and Pd(OAc)2.
These reactions typically form compounds in yields greater than
80% and typical enantioselectivities range from 80 to 94%.
Chloro-, bromo-, and iodophenylamides form products with
similar yields and selectivities. Both electron-rich and electron-
poor phenylamides are well tolerated in reactions with naph-
thylboronic acids.

Computational studies on a reaction involving naphthylphos-
phonate and tolyl addends bound to the Pd(KenPhos) complex
reveal 14 transition states for the selectivity-determining reduc-
tive elimination step. The predicted selectivity of this reaction
is 50% ee, in reasonable agreement with the selectivity found
by experiment. Close examination reveals that the relative
energies of these transition states are dependent on a combina-
tion of hydrogen-bonding interactions between the phosphonate

acceptor and hydrogen atoms attached to the tolyl addend and
the ligand backbone. The stereochemistry of the products arising
from the transition states is greatly influenced by the direction
in which the tolyl addend twists and the relative energies of
closely related transition state analogues are therefore dependent
on the interaction of methyl or proton substituents on the tolyl
addend with the phosphonate substituent.
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