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Abstract
The first enantioselective Pd-catalyzed construction of all-carbon quaternary stereocenters via 1,4-
addition of arylboronic acids to β-substituted cyclic enones is reported. Reaction of a wide range
of arylboronic acids and cyclic enones using a catalyst prepared from Pd(OCOCF3)2 and a chiral
pyridinooxazoline ligand yields enantioenriched products bearing benzylic stereocenters. Notably,
this transformation is tolerant to air and moisture, providing a practical and operationally simple
method of synthesizing enantioenriched all-carbon quaternary stereocenters.

The catalytic enantioselective construction of all-carbon quaternary stereocenters remains a
difficult problem in synthetic chemistry.1 A reliable approach toward this challenge has been
the asymmetric conjugate addition of carbon-based nucleophiles to suitable α,β-unsaturated
carbonyl acceptors.2 Pioneered by the groups of Feringa, Alexakis, and Hoveyda, the
majority of asymmetric conjugate additions for the synthesis of quaternary centers involve
the use of highly reactive organometallic reagents (e.g., diorganozinc,3 triorganoaluminum,4
and organomagnesium reagents5) to a variety of unsaturated electrophiles with copper
catalysts.6 These reactions uniformly involve air and moisture sensitive organometallic
reagents that require rigorously anhydrous reaction conditions. Alternatively, Hayashi has
championed the use of chiral rhodium catalysts in combination with air stable, easily
handled nucleophilic organoboron reagents to produce a wide array of conjugate addition
adducts in exceptional yield and ee.7,8 In contrast to the copper systems, relatively few
examples in the rhodium series lead to the formation of products containing quaternary
centers.9 Notably, Hayashi and Shintani have recently developed a rhodium•diene-catalyzed
conjugate addition of sodium tetraaryl borates (Ar4BNa) and arylboroxines ((ArBO)3) to
β,β-disubstituted enones to provide ketone products bearing β-chiral all-carbon quarternary
stereocenters.10,11 Unfortunately, in these examples commercially available arylboronic
acids (ArB(OH)2) are not competent nucleophiles.10,11,12

The conjugate addition of arylboronic acids and their derivatives to enones with palladium
catalysis has been investigated for some time and has resulted in the development of
addition reactions that produce enantioenriched tertiary β-substituted ketones.13 In 2010, Lu
reported the use of a dicationic bipyridine-derived palladium catalyst for additions to β-
substituted enones that deliver racemic products containing the quaternary center in high
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yield.14 Notably absent from the Lu report and from the work of others in the area are
examples of Pd-catalyzed enantioselective conjugate addition reactions that forge a
quaternary center.13 Herein, we report the first palladium-catalyzed asymmetric conjugate
addition of arylboronic acids to β-substituted cyclic enones employing an easily accessible
chiral pyridinooxazoline (PyOX) ligand.15 These reactions generate a wide array of benzylic
all-carbon quaternary stereocenters while exhibiting extraordinary tolerance to both air and
water.

To achieve the desired enantioselective conjugate addition, the reaction of 3-
methylcyclohexen-2-one (1) with phenylboronic acid (2) was investigated in the presence of
various palladium catalysts and chiral ligands (Table 1). After a preliminary ligand search
that included an array of standard chiral ligand frameworks,16 we discovered that t-BuPyOX
(4)15 provided high levels of enantioselection. In the presence of ligand 4, a range of Pd(II)
sources were capable of catalyzing the desired reaction (entries 1–5), with carboxylate
counterions leading to the highest levels of asymmetric induction and chemical yield. A
catalyst derived from Pd(OCOCF3)2 and pyridinooxazoline 4 produced the desired ketone
product 317 in 87% yield and 91% ee (entry 5).18 By using 1,2-dichloroethane in place of
dichloromethane as solvent and increasing the reaction temperature from 40 to 60 °C, ketone
3 was isolated in 99% yield and 93% ee (entry 6).19,20 Remarkably, the high yield and
enantioselectivity were maintained even upon addition of 10 equiv of water (entry 7).
Furthermore, the amount of phenylboronic acid was reduced to 1.1 equiv with no
detrimental effects (entry 8). Finally, we have performed the reaction on multi-gram scale
without complication (entry 9). It should be noted that (S)-t-BuPyOX (4), can be easily
prepared in only two synthetic steps from commercially available materials.15,18,21

To investigate the reaction scope, we explored various arylboronic acids as nucleophiles for
this process (Table 2). Generally, para-substituted arylboronic acids are well tolerated
(entries 1–9). Reactions with 4-methyl and 4-ethylphenylboronic acid proceeded well to
give high yields of the desired products with good asymmetric induction (entries 1 and 2).
While electron-rich nucleophiles tend to be reliable reaction partners, they often furnish
products in moderate enantioselectivity (entries 3–5). Electron-deficient nucleophiles fared
particularly well, producing ketone products in excellent ee (entries 6–9). Specifically, these
electron-poor nucleophiles can possess a wide range of functional groups, such as ketone
(entry 6), halide (entries 7 and 8) and a trifluoromethyl group (entry 9). Reactions involving
meta-substituted arylboronic acids were also broadly successful with alkyl (entry 10), halide
(entries 11 and 12), ester (entry 13) and even nitro (entry 14) groups on the
nucleophile.22,23,24

We sought to further examine the scope of the reaction by exploring cyclic enones of
different ring sizes and with a range of β-substitution (Table 3). Importantly, altering the
ring size to the 5- or 7-membered ring series had no deleterious effect on the transformation
and fashioned ketones 4 and 5 in high yield and ee. To the best of our knowledge this
represents the first time that quaternary centers have been constructed by asymmetric
conjugate addition of boronic acids to these differing ring sized enones using a single
catalyst.2 Cyclohexenones bearing other β-alkyl substituents, such as ethyl, n-butyl, and
benzyl furnished ketone products (i.e., 6–8) in good yield and excellent ee as well. In
addition to linear alkyl substitution, ketones with branched β-alkyl substituents such as iso-
propyl (7) and cyclopropyl (8) and cyclohexyl (12) are produced in good yield and
enantioselectivity. Finally, products containing functionalized side-chains, such as benzyl
ether 12, are readily obtained, providing a useful chemical handle for further
transformations.25
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In summary, we report the first palladium-catalyzed enantioselective conjugate addition of
arylboronic acids to β-substituted cyclic enones to deliver products containing an all-carbon
quaternary stereocenter. Critically, 5-, 6-, and 7-membered ring enones function well in the
process, delivering products of uniformly high ee using a single catalyst. A wide variety of
commercially available arylboronic acids and substituted enones can be employed in the
asymmetric transformation, while exhibiting broad functional group tolerance. Furthermore,
the reaction displays a remarkable tolerance to water and oxygen, and reactions are typically
performed under an atmosphere of air in screw-top vials and without the need for
purification or distillation of any commercially obtained materials. Finally, the optimal
chiral ligand, (S)-t-BuPyOX (4), is expediently prepared, rendering this process an
experimentally simple, practical method for enantioselective construction of all-carbon
quaternary stereocenters. Continuing investigations of this method and application of this
chemistry in the context of natural product synthesis is currently underway and will be
reported in due course.
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Table 3

Asymmetric Synthesis of β,β-Disubstituted Cyclic Ketones.a

a
Conditions: Reactions were performed with phenylboronic acid (0.50 mmol), cycloalkenone (0.25 mmol), Pd(OCOCF3)2 (5 mol%), and ligand 4

(6 mol%) in (ClCH2)2 (1 mL) at 60 °C for 12 h.
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