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ABSTRACT

A new methodology has been developed for the stereoselective preparation of β-aryl-β-boronyl R,β-unsaturated esters via Heck coupling, and
their subsequent copper(I)-catalyzed enantioselective conjugate reduction. Various chiral secondary boronate derivatives can be accessed in
excellent yields and good to high levels of enantioselectivity through the efficient copper-catalyzed process using polymethylhydrosiloxane
(PMHS) as the hydride source.

Optically enriched chiral organoboronate derivatives
are important synthetic intermediates,1,2 which may be
employed in cross-coupling chemistry or as precursors of
alcohols and amines following a C�B bond oxidation.
Borylative conjugate addition3 provides an attractive metho-
dology toaccess chiralboronates, as recentlydemonstratedby

the groups of Yun,4a Fernand�ez,4b Hoveyda,4c Shibasaki,4d

Nishiyama,4e and McQuade4f (a, Figure 1). Our group has
developed a complementary conceptual approach where
the boronate group is preinstalled on a universal R,β-
unsaturated ester substrate, which is then subjected to a
catalytic asymmetric conjugate addition with unstabilized
carbanions5a or to an asymmetric conjugate borylation5b

that provides optically enrichedboronates (b, Figure 1).As
part of our ongoing search for new ways to access chiral
secondary boronates, we reasoned that the corresponding
copper-catalyzed enantioselective conjugate reduction of
β-alkyl-β-boronyl R,β-unsaturated esters would provide a
useful alternative. Various chiral secondary boronate de-
rivatives were accessed in excellent yields and good to high
levels of enantioselectivities through this efficient copper
catalyzed process using polymethylhydrosiloxane (PMHS)
as a hydride source (c, Figure 1).6a However, with this
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method, the R group on the enoate substrate was limited to
alkyl substituents because establishedmethodologies for the
preparation of the substrates did not permit the use of aryl
groups (i, ii in Scheme 1). Herein, we have developed a new
method for the preparation of β-aryl-β-boronyl R,β-unsa-
turated esters via Heck coupling (iii, Figure 1), and their
subsequent copper-catalyzed enantioselective conjugate re-
duction with polymethylhydrosiloxane (PMHS) as a hy-
dride source.

β-Boronyl R,β-unsaturated esters are important syn-
thetic intermediates.1,7 To date, Miyaura’s borylation of
alkenyl triflates8 and Yun’s β-borylation of ynoates9a,6b

are the two main ways of preparing these compounds
(Scheme 1, i and ii). However, both methods are limited
to the preparation of β-alkyl-β-boronyl enoates, while the
preparation of β-aryl derivatives has not yet been reported.
A new method for the preparation of β-aryl-β-boronyl R,
β-unsaturated esterswouldbe valuable due to the synthetic
applications associated with these boron compounds. We
surmised that this class of compounds could be accessed
through Heck coupling of previously reported β-boronyl
enoate 1 (Scheme 1, iii).5

With this idea in mind, optimal conditions were
first sought for the Heck coupling reaction, and

1,8-diaminonaphthalene (dan) adduct 1a5a was utilized

as a test substrate (Table 1). When 5 mol % Pd(OAc)2
was applied as the catalyst with 10 mol % PPh3 as the

ligand, the desired coupling product 2a was obtained

in a decent yield as a single E stereoisomer, which was

verified by NOE experiments (Table 1).10 Further

optimization revealed that the Bu4NHSO4 additive

was highly beneficial,11 allowing better conversions and

yields of the desired products to be afforded (entry 4).When

bromobenzene instead of iodobenzene was employed as

the aryl halide substrate, an improved yield was observed

(entry 7). In terms of the reaction solvent, DMF and

acetonitrile were found to be optimal, while other solvents

such as toluene afforded lower yields (entries 9�11). Over-

all, the reaction conditions shown in entry 11 were found

to be optimal for the syntheses of various β-aryl-β-boronyl
enoates.
The scope of aryl halides toward the preparation of

β-aryl-β-boronyl R,β-unsaturated esters was examined

under the optimal reaction conditions. As shown in Table 2,

while bromobenzene and 4-bromotoluene can be used as

coupling partners to afford the desired coupling product 2a

and 2bwith good yields, coupling of 2-bromotoluene failed to

occur (entries 1�3, Table 2). Presumably, steric hindrance

from the ortho-substituent inhibits the desired coupling. In

terms of electronic effects, both electron-rich and -deficient

aryl halides afforded the desired β-aryl-β-boronyl R,β-unsa-
turated esters as single stereoisomers with good yields

(entries 4�6). Oligoaryl halides such as 2-bromonaphthalene

were also tolerated, providing thedesired enoate 2gwith good

efficiency (entry 7).

Figure 1. Possible conjugate addition approaches to chiral second-
ary boronates.

Scheme 1. Methods for Preparation of β-Boronyl R,
β-Unsaturated Esters

Table 1. Optimization of Reaction Conditions for the
Preparation of β-Aryl-β-boronyl R,β-Unsaturated Esters via
Heck Couplinga

entry X catalyst (mol %) additive solvent

yield

(%)b

1 l 5% Pd(OAc)2, 10% PPh3 � DMF 52

2 l 5% Pd(OAc)2, 10% PPh3 � DMF 24

3 l 10% Pd(OAc)2, 6% PPh3 � DMF 58

4 l 10% Pd(OAc)2, 6% PPh3 Bu4NHSO4 DMF 63

5 l 10% Pd(PPh3)4 � DMF 20

6 Br 10% Pd(OAc)2, 6% PPh3 � DMF 55

7 Br 10% Pd(OAc)2, 6% PPh3 Bu4NHSO4 DMF 75

8 Br 5% Pd(OAc)2, 3% PPh3 Bu4NHSO4 DMF 76

9c Br 5% Pd(OAc)2, 3% PPh3 Bu4NHSO4 DMF 75

10 Br 5% Pd(OAc)2, 3% PPh3 Bu4NHSO4 toluene 61

11 Br 5% Pd(OAc)2, 3% PPh3 Bu4NHSO4 MeCN 74

aReaction conditions: 1a (1.0 mmol), PhX (2.0 mmol), Et3N (3.0
mmol), additive (1.0 mmol), solvent (5 mL), 80 �C for 10 h. b Isolated
yield, E/Z > 98% by 1H NMR. cDMF 1.0 mL.
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The Buchwald12 and Lipshutz13 groups have indepen-
dently developed efficient copper-catalyzed enantioselec-
tive methods for conjugate reduction of R,β-unsaturated
compounds with polymethylhydrosiloxane (PMHS) as a

mild hydride source. Recently, for the first time, our group

applied these methodologies to the reduction of β-alkyl-
β-boronyl R,β-unsaturated esters to access various corre-

sponding chiral secondary boronates in excellent yields

and good to high levels of enantioselectivity.6a To further

expand this methodology, we decided to explore the

scope of asymmetric conjugate reduction on β-aryl-β-
boronyl enoate substrates. With β-aryl-β-boronyl eno-
ates 2 now in hand (Table 2), their subsequent copper-

catalyzed asymmetric reductions were then tested. With

Josiphos as the chiral ligand,14 both (Ph3P)CuH
13 and

Cu(OAc)2
15 can be used as the copper salts to give the

desired product 3a with decent yields and enantioselec-

tivities (entries 1, 2). When CuCl was used as the copper

source, a slightly higher reactivity and enantioselectivity

were obtained (entry 3). In terms of chiral ligands, (R)-

Tol-BINAPwas found to be optimal, while Josiphos and

Walphos ligands provided relatively lower enantiomeric

excesses (entries 3�5). The asymmetric conjugate reduc-

tion was equally efficient at rt (entry 6). As the reaction

solvent, both dichloromethane and toluene proved to be

effective, but no product was obtained when tetrahy-

drofuran was employed as the solvent (entries 6�8).

Interestingly, even though β-Bdan-β-phenyl enoate 2a

can be reduced to the chiral β-Bdan carboxyester 3awith
good yield and enantiomeric excess, the corresponding

β-Bpin-β-phenyl enoate showed no reactivity under the

same reaction conditions (entry 9). Thus, the reaction

conditions of entry 8 were found to be optimal to explore

the substrate scope.

As shown in Table 4, both electron-rich and -poor
substrates afforded the desired products with moderate
to high yields. However, substrates bearing β-aryl groups
other than phenyl were reduced with lower enantiomeric
excesses (entries 2�4). Carbomethoxy-substituted 2f

(entry 5) afforded the corresponding protodeboronation
product.On theotherhand, naphthyl substituted substrate
2g showed excellent enantioselectivity (entry 6), possibly
due to its highly conjugate planar structure, which can lead
to enhanced interactions with the catalyst. To study the
influence of boron protecting groups on enantioselectivity,
the 1,8-diaminonaphthalene (dan) protecting group was
compared with the pinacol (pin) protecting group, which
was previously reported for the enantioselective reduction
of alkyl-substituted substrates6,10 (entries 7�10). Simi-
lar to the results observed for the β-Bdan-β-phenyl
enoate 2a (Table 3, compare entries 8 and 9), an im-
provement for the Bdan substrates was also observed for
β-Bdan-β-cyclohexyl enoate 2i16 (Table 4, entries 7, 8). The
key for the improved reactivity and enantioselectivity in the
reduction of these substrates is the utilization of 1,8-diamino-
naphthalene as a planar masking group over the bulky
pinacol protecting group. The same levels of reactivity and
enantioselectivity were obtained for β-Bdan-β-(n-hexyl) en-
oate 2k16 (entries 9, 10).

Table 2. Scope of Preparation of β-Aryl-β-boronyl R,
β-Unsaturated Estersa

aReaction conditions: 1a (1.0 mmol) and ArX (2.0 mmol) in MeCN
(0.2M) with 5mol%Pd(OAc)2, 3mol%PPh3, 3 equiv of Et3N (3.0mmol),
and 1 equiv of Bu4NHSO4 (1.0 mmol) at 80 �C for 10 h. b Isolated yield,
E/Z>98% by 1H NMR.
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In summary, we have successfully developed a new
and efficient approach to access synthetically valuable
β-aryl-β-boronyl enoates through Heck coupling, and
the subsequent copper(I)-catalyzed enantioselective con-
jugate reduction of these enoates to produce various chiral
secondary boronate derivatives. This method consti-
tutes the first general approach for synthesizing β-aryl-
β-boronyl enoates in very high E/Z selectivity. In addi-
tion, these Bdan derivatives were asymmetrically reduced
with good to excellent enantiomeric excesses, affording
the desired optically enriched secondary boronates
with substantially improved reactivity and selectivity
compared to our previously reported conditions. These
improvements are attributed to the utilization of the
planar 1,8-diaminonaphthalene as a superior boron
masking group over the bulky pinacol group. Accord-
ingly, with chiral boronic acid derivatives emerging as
an important and versatile functional group in organic
synthesis, we believe that the synthetic methods re-
ported herein are valuable tools to access a variety of
important organic intermediates.
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Table 3. Possible Conjugate Addition Approaches to Chiral
Secondary Boronatesa

entry X2 Cu catalyst ligand

temp

(�C) solvent

yield

(%)b
ee

(%)c

1 dan (Ph3P)CuH L1 0 toluene 67 71

2 dan Cu(OAc)2 L1 0 toluene 71 70

3 dan CuCl L1 0 DCM 83 75

4 dan CuCl L2 0 DCM 83 72

5 dan CuCl L3 0 DCM 87 85

6 dan CuCl L3 rt DCM 88 84

7 dan CuCl L3 rt THF 0 �
8 dan CuCl L3 rt toluene 88 85

9 pin CuCl L3 rt toluene 0 �
aReaction conditions: 0.25 M 2a (1.0 mmol) in solvent with 4 equiv

of PMHS, 5 mol % catalyst, 10 mol % ligand, and 5 mol % NaOtBu.
b Isolated yields. cMeasured by chiral HPLC; see Supporting Informa-
tion for details.

Table 4. Scope for the Copper-Catalyzed Enantioselective
Conjugate Reductiona

aReaction conditions: 0.25 M of 2 (1.0 mmol) in toluene with
4 equiv of PMHS, 5mol%CuCl, 5 mol%NaOt-Bu, and 10mol%L3

at rt. b Isolated yield. cMeasured by chiral HPLC; see Supporting
Information for details. Absolute configuration assigned by compar-
ison with optical rotation of known compound. dThe Bdan derivative
3b could not be well resolved by chiral HPLC, so further derivatiza-
tion was applied for the measurement of enantiomeric excess; see
Supporting Information for details. eThe protodeboronation prod-
uct was obtained exclusively.
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