
Cobalt−Bisoxazoline-Catalyzed Asymmetric Kumada Cross-Coupling
of Racemic α‑Bromo Esters with Aryl Grignard Reagents
Jianyou Mao,† Feipeng Liu,† Min Wang,† Lin Wu,† Bing Zheng,† Shangzhong Liu,† Jiangchun Zhong,*,†

Qinghua Bian,*,† and Patrick J. Walsh‡

†Department of Applied Chemistry, China Agricultural University, 2 West Yuanmingyuan Road, Beijing 100193, P.R. China
‡Roy and Diana Vagelos Laboratories, Department of Chemistry, University of Pennsylvania, 231 South 34th Street, Philadelphia,
Pennsylvania 19104−6323, United States

*S Supporting Information

ABSTRACT: The first cobalt-catalyzed asymmetric Kumada
cross-coupling with high enantioselectivity has been devel-
oped. The reaction affords a unique strategy for the
enantioselective arylation of α-bromo esters catalyzed by a
cobalt−bisoxazoline complex. A variety of chiral α-arylalkanoic
esters were prepared in excellent enantioselectivity and yield
(up to 97% ee and 96% yield). The arylated products were
transformed into α-arylcarboxylic acids and primary alcohols
without erosion of ee. The new enantioenriched α-
arylpropionic esters synthesized herein are potentially useful
in the development of nonsteroidal anti-inflammatory drugs.
This method was conducted on gram-scale and applied to the synthesis of highly enantioenriched (S)-fenoprofen and (S)-ar-
turmerone.

■ INTRODUCTION

The catalytic cross-coupling of Grignard reagents with organic
electrophiles under transition-metal catalysis (Kumada cou-
pling) is an excellent method for the formation of carbon−
carbon bonds.1 The popularity of the Kumada coupling is, in
part, due to the ready availability of organomagnesium reagents.
Recent improvements in Kumada coupling reactions have
focused on development of more active catalyst systems based
on nickel,2 palladium,3 cobalt,4 copper,5 and iron6 and on the
introduction of more functional-group-tolerant organomagne-
sium reagents by Knochel and Hu.7,8 These advances have
enabled Kumada coupling under very mild reaction conditions.
Despite significant progress, opportunities in Kumada

coupling reactions remain clear. This is particularly apparent
in the application of the Kumada cross-coupling to
enantioselective transformations and desymmetrization reac-
tions,9,10 which have witnessed little success compared to
related coupling reactions employing organozinc (Negishi
coupling)11 and organoboron (Suzuki−Miyaura coupling)
reagents.12 Furthermore, very few enantioselective Kumada
cross-coupling reactions generate products with synthetically
useful levels of enantioselectivity.9e,f,i Impressive and highly
enantioselective examples of such reactions include Kumada,
Hayashi, Ito, and their co-workers’ early demonstration of a
palladium-catalyzed asymmetric Grignard cross-coupling (eq
1),9c and a nickel−ferrocenylphosphine-catalyzed asymmetric
biaryl coupling to furnish (R)-2,2′-dimethy-1,1′-binaphthyl (eq
2).9e More recently, Lou and Fu reported a highly
enantioselective nickel−bisoxazoline-catalyzed cross-coupling

of racemic α-bromo ketones with aryl Grignard reagents (eq
3).9i

In a complementary approach, Jarvo and co-workers reported
stereospecific nickel-catalyzed Kumada cross-coupling reac-
tions.9j−l,n,o

Our interest in the asymmetric synthesis of α-aryl carboxylic
acid derivatives stems from their potential applications toward
the preparation of enantioenriched α-aryl propionic acids,
which are the most important class of nonsteroidal anti-
inflammatory drugs (NSAIDs) and are also useful synthetic
intermediates.13 Although a number of approaches to these
compounds have been reported,12g,14 it remains a challenge to
devise more efficient and convenient asymmetric syntheses.
Cobalt complexes are inexpensive and exhibit lower toxicity in
comparison with other transition metals.15 Despite the recent
attention to cobalt-catalyzed reactions,4 no examples of cobalt-
catalyzed asymmetric Kumada coupling reactions that give even
moderate enantioselectivity have been reported to our
knowledge.4b,c Herein, we disclose the first highly enantiose-
lective cobalt-catalyzed Kumada cross-coupling reaction (eq 4)
and demonstrate its scalability in the synthesis of (S)-
fenoprofen and (S)-ar-turmerone.

■ RESULTS AND DISCUSSION
Catalyst Identification and Reaction Optimization in

the Cobalt-Catalyzed Asymmetric Kumada Cross-Cou-
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pling Reaction. We initially employed CoI2 and examined the
impact of reaction parameters on the asymmetric cross-
coupling of racemic ethyl α-bromopropanoate with phenyl
magnesium bromide (Table 1). Bisoxazoline (Box)16 ligands
were initially chosen because bisoxazolines have been
successfully used in the nickel-catalyzed cross-coupling of
racemic α-bromo ketones with aryl Grignard reagents.9i

Diamine ligand L8 has been applied to cobalt-catalyzed cross-
coupling reactions,4e,f,i and diamine L9 was successfully used in
the enantioselective Hiyama cross-coupling of racemic α-bromo
esters (Chart 1).14e

Due to the known reactivity of organomagnesium reagents
with esters, we conducted reactions at −80 °C in THF. No α-
arylation was observed in the absence of metal source (entry 1),
and the cross-coupling product 3a was obtained in only 22%
yield when chiral ligand was omitted (entry 2). The phenyl-
substituted bisoxazoline ligand L1, which is the best ligand for
the coupling reaction reported by Lou and Fu (eq 3),9i resulted
in the formation of 3a in 61% yield with 72% ee (entry 3).
Based on this promising result, other bisoxazoline ligands were
examined. Bisoxazoline ligands with isopropyl, isobutyl, and
phenethyl substituents (entries 4−6) generated product 3a
with 71−83% ee and indicated that varying the substitution on
oxazoline significantly influenced the enantioselectivity of the
catalyst. We were pleased to find that benzyl-substituted
bisoxazoline ligand (L5) exhibited excellent yield (92%) and
enantioselectivity (92%, entry 7). Introduction of a cyclo-
pentane backbone into the bisoxazoline ligand reduced
enantioselectivities and yields (entries 8 and 9) relative to the
parent ligands (entries 3 and 4). Diamine ligands L8 and L9
afforded only 3−10% ee of the cross-coupling product (entries
10 and 11).
Previous reports4h,i demonstrating a marked effect of the

cobalt halides and related complexes on the reactivity of cross-
coupling of organic halides with aryl Grignard reagents

prompted further investigation of cobalt salts. Varying the
cobalt source from CoI2 to CoBr2 resulted in a small drop in
the yield (82%) and ee (89%, entry 12 vs 7), while use of CoCl2
caused a significant decrease in both the yield (49%) and
enantioselectivity (69%, entry 13). Use of Co(OAc)2, Co-
(acac)2, or Co(acac)3 resulted in 52−85% enantioselectivities
(entries 14−16), with the most enantioselective catalyst giving
only 16% yield. Cobalt sources bearing phosphine ligands, such
as Co(dppe)Cl2 and Co(PPh3)2Cl2, had a detrimental impact

Table 1. Effect of Reaction Parameters on the Asymmetric
Kumada Cross-Coupling Reactiona

entry L metal solvent T (°C) yield (%)b ee (%)c

1 L5 − THF −80 2d −
2 − CoI2 THF −80 22 0
3 L1 CoI2 THF −80 61 72
4 L2 CoI2 THF −80 73 74
5 L3 CoI2 THF −80 53 71
6 L4 CoI2 THF −80 49 83
7 L5 CoI2 THF −80 92 92
8 L6 CoI2 THF −80 51 58
9 L7 CoI2 THF −80 54 50
10 L8 CoI2 THF −80 68 10
11 L9 CoI2 THF −80 67 3
12 L5 CoBr2 THF −80 82 89
13 L5 CoCl2 THF −80 49 69
14 L5 Co(OAc)2 THF −80 16 85
15 L5 Co(acac)2 THF −80 61 52
16 L5 Co(acac)3 THF −80 42 79
17 L5 Co(dppe)Cl2 THF −80 36 75
18 L5 Co(PPh3)2Cl2 THF −80 27 50
19 L5 NiCl2(glyme) THF −80 83 22
20 L5 CoI2 Tol −80 44 12
21 L5 CoI2 DCM −80 32 70
22 L5 CoI2 Et2O −80 29 14
23 L5 CoI2 DME −60 70 86
24 L5 CoI2 THF −60 89 88
25 L5 CoI2 THF −70 92 90
26 L5 CoI2 THF −90 73 90
27e L5 CoI2 THF −80 46 83
28f L5 CoI2 THF −80 88 89

aAll reactions were run for 5 h. bIsolated yields after chromatographic
purification. cDetermined by chiral HPLC on a R&C OD column.
dDetermined by GC analysis. eEthyl 2-chloropropanoate as the
electrophile. fPhenyl magnesium bromide 2a was added in 5 min.

Chart 1. Ligands Screening in the Asymmetric Kumada
Cross-Coupling Reaction
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on the enantioselectivity of the coupling (entries 17 and 18 vs
7). Using NiCl2(glyme), only 22% ee was obtained (entry 19).
Given the solvated structures of Grignard reagents, it is not

surprising that solvent had a significant impact on these
reactions. Less coordinating diethyl ether and noncoordinating
toluene and CH2Cl2 resulted in dramatic drops in the product
ee to 12−70% (entries 20−22). In contrast, the reaction in
DME was only slightly less enantioselective than in THF (86 vs
92% ee, entry 23 vs 7).
The impact of temperature on the reactivity and

enantioselectivity with CoI2 and L5 was next explored (entries
7 and 24−26). As the temperature was decreased from −60 to
−90 °C, the enantioselectivity increased to 92% at −80 °C,
then decreased slightly to 90% at −90 °C. The reactivity at −90
°C, however, also decreased, as reflected in the lower yield
(73%, entry 26). Our screening of other reaction parameters
indicated that the optimum molar ratio of Grignard reagent 2a
to bromo ester 1a was 1.4:1, and the most suitable catalyst
loading was 10 mol % (see Supporting Information for details).
The optimized reaction conditions in entry 7 involved 1.0

equiv of ethyl α-bromopropanoate and 1.4 equiv of phenyl
magnesium bromide in THF at −80 °C for 5 h, catalyzed by 10
mol % of CoI2 and 12 mol % of bisoxazoline L5. The cross-
coupling product 3a was generated in 92% yield and 92% ee,
favoring the S enantiomer (based on comparison with reported
optical rotation values).17 These conditions were applied to
subsequent substrates, as outlined below.
Scope of the α-Bromo Ester in the Asymmetric

Kumada Cross-Coupling Reaction. With the optimized
conditions outlined above, coupling reactions with a variety of
racemic α-bromo esters and phenyl magnesium bromide in the
presence of CoI2 and bisoxazoline ligand L5 were explored
(Table 2). Initial studies examined α-bromo propionic esters
derived from different alcohols (entries 1−11). It is noteworthy
that ester OR substituents, from R = methyl to isopropyl to the
bulky tert-butyl, exhibited only minor variance in product ee
(89−95%, entries 1−5). Likewise, esters derived from phenol,
cyclic alcohols, and cyclohexylmethanol gave uniformly high
enantioselectivities (86−92% ee, entries 6−9). Alkyl bromide
containing 1j (entry 10) and prenol derivative 1k (entry 11)
underwent arylation in 91−92% enantioselectivity. Interest-
ingly, the high enantioselectivities of our catalyst with a wide
range of OR substituents stand in sharp contrast to the trend
reported by Fu et al.14e in the catalytic asymmetric Hiyama
cross-coupling of racemic α-bromo esters with a nickel-based
diamine catalyst. They observed very high enantioselectivities
with racemic α-bromo esters derived from sterically hindered
2,6-di-tert-butyl-4-methylphenol (BHT) esters (95% ee). In
contrast, when OR was OEt or O-tBu, the enantioselectivities
were 23 and 33%, respectively.
The scope of the alkyl group attached to the α-carbon of the

α-bromo ester was next investigated. α-Bromo butyric acid
derivatives with various OR groups (R = methyl, ethyl,
isopropyl, or benzyl) gave enantioselectivities ranging from
89 to 93% ee and yields in the 90−94% range (entries 12−15).
Excellent enantioselectivities were obtained with primary alkyl
groups (Me, Et, n-Bu, i-Bu, entries 1−15, 17, and 18) attached
to the α-carbon. Secondary substituents, such as isopropyl and
cyclopentyl, exhibited poor enantioselectivities and are not
tolerated by this catalyst (entries 16 and 19).
Cross-coupling of α-bromo ester substrates bearing function-

alized alkyl groups attached to the α-carbon were next
examined. When ester substrates containing a primary alkyl

bromide or chloride were utilized, enantioselectivities of 87−
90% were obtained with good yields (80−82%, entries 20 and
21). Although an ester with an olefin in the side chain exhibited
slightly lower reactivity and enantioselectivity (82% ee and 63%
yield, entry 22), the ester with a benzyl group at this position
underwent coupling in 90% enantioselectivity and good yield
(81% yield, entry 23). Likewise, a benzyl ester in the side chain
also proved to be a good substrate, giving 90% ee and 82% yield
(entry 24).
Substrates bearing heterocyclic side chains containing 2-furyl

and 2-thiophenyl groups both underwent coupling in 83−88%
yield with slightly reduced enantioselectivities (85−87% ee,

Table 2. Asymmetric Kumada Phenylations of Racemic α-
Bromo Estersa

aAll reactions were run for 5 h. bIsolated yields after chromatographic
purification. cDetermined by chiral HPLC analysis. d2.0 mmol phenyl
magnesium bromide was used. e1.8 mmol phenyl magnesium bromide
was used.
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entries 25 and 26). A substrate with a pendent amide afforded
coupling product with 91% ee in 89% yield (entry 27). Silyloxy-
substituted ester coupled in 79% yield with 81% ee (entry 28).
With a wide range of α-bromo esters coupling with PhMgBr
and affording products with high enantioselectivities, we next
moved to examine a range of aryl Grignard reagents.
Scope of the Aryl Grignard Reagent in the Asym-

metric Kumada Cross-Coupling Reaction. The asymmetric
cross-coupling reaction in Table 2 was not limited to phenyl
magnesium bromide. As outlined in Table 3, a range of

arylmagnesium reagents also furnished cross-coupling products
with high enantioselectivities. In general, arylmagnesium
reagents bearing electron-neutral and electron-donating groups
(4-OMe, 4-Me, 4-Ph) or electron-withdrawing groups (4-F, 4-
Cl, 4-CO2Et, 3-OMe, 3-Cl, 3-CF3, 3,4-F2, 3-OBn) consistently
exhibited excellent enantioselectivities (87−97%) and good to
excellent yields (64−96%, entries 1−11). In particular, (3,4-
difluorophenyl)magnesium bromide was an outstanding
reagent, furnishing product 4k with 97% ee in 96% yield
(entry 10). Furthermore, enantioselectivities of 87−90% were
observed for 2-naphthyl and 6-methoxy-2-naphthyl magnesium
bromides (entries 12 and 13).
It is noteworthy that functionalized aryl Grignard reagents

bearing ether, halide, ester, and acetal functional groups
smoothly coupled with α-bromo propionic esters to yield the
corresponding cross-coupling products with high ee (entries 1,

3, 4, 6, 7, 8, 10, 11, 13, and 14). Functionalized Grignard
reagents possessing halides provided the cross-coupling
products in 80−96% yield (entries 3, 4, 8, and 10). These
results indicate that the coupling reactions occurred chemo-
selectively at the sp3 C−Br bond. Moreover, heteroaryl
nucleophiles, such as 4-thiophenyl benzene, 4-pyrrolyl benzene,
and benzofuran-based Grignard reagents, gave 86−92%
enantioselectivities (entries 15−17). These functionalized
coupling partners required increased catalyst loading (20 mol
%) and 4 equiv of aryl magnesium bromide.
Despite the wide scope of substrates and coupling partners

employed above, some limitations should be discussed. The
catalyst proved particularly sensitive to steric effects from
substituents on the aryl Grignard reagents, as both 2-methyl-
and 2-methoxy-substituted phenyl magnesium bromides did
not react with α-bromo ester 1e. Similar limitations have been
reported in the use of congested Grignard reagents with
catalytic CoCl2(dppe),

4a Fe(acac)3,
6h and nickel(II) pincer

complexes.7i

Taken together, the results in Tables 2 and 3 suggest that the
cobalt catalyst exhibits high enantioselectivity with a wide
variety of α-bromo esters and aryl Grignard reagents. It is
noteworthy that the β-hydride elimination product, benzyl
acrylate, was not detected by GC-MS in the representative
coupling between α-bromo ester 1e and phenyl magnesium
bromide 2a.

Demonstration of the Scalability and Utility of the
Catalytic Asymmetric Coupling. To demonstrate the
scalability and utility of our method, (S)-fenoprofen, a member
of the well-known NSAIDs, was synthesized with high
enantioselectivity (Scheme 1). Only three syntheses of the

more active enantiomer, (S)-fenoprofen,18 have been repor-
ted.14g,19 After we prepared the Grignard reagent 5,20 it was
coupled with 2.0 mmol racemic α-bromo ester 1e under our
standard conditions to afford (S)-fenoprofen ester (6) with
93% ee in 87% yield. Debenzylation with hydrogen over Pd/
C21 furnished (S)-fenoprofen (7) in 92% ee with 81% yield
(overall 70% yield from rac-1e).
We also applied our method to the synthesis of (S)-ar-

turmerone 10 (Scheme 2), a sesquiterpene isolated from
rhizomes of Curcuma longa22 that is reported to exhibit
cytotoxic, anti-inflammatory, and anti-venom activity.23 Only a
limited number of enantioselective synthetic strategies for (S)-
ar-turmerone have been reported.24 Our synthesis began with
gram-scale asymmetric cross-coupling of racemic benzyl 2-
bromopropanoate (1e, 6 mmol) and p-tolylmagnesium bro-
mide (2c) catalyzed by ent-L5 and CoI2, providing 1.34 g of
(R)-benzyl 2-(p-tolyl)propanoate 4c with 93% ee and 88%
yield. Treatment of (R)-4c with diisobutylaluminum hydride
(DIBAl-H)25 in DCM furnished alcohol (R)-8 with no
racemization in 94% yield. After tosylation, nucleophilic
displacement with cyanide and reduction with DIBAl-H

Table 3. Asymmetric Kumada Arylations of Racemic α-
Bromo Esters with Various Aryl Grignard Reagentsa

aAll reactions were run for 24 h. bIsolated yields after chromatographic
purification. cDetermined by chiral HPLC analysis. d4.0 mmol aryl
magnesium bromide and 20 mol % of catalyst were used.

Scheme 1. Enantioselective Synthesis of (S)-Fenoprofen
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afforded (S)-3-p-tolylbutanal (9) in 92% ee with 79% yield over
the three steps.26 Finally, carbonyl addition of the isobute-
nylmagnesium reagent and subsequent oxidation with PDC24f

gave the target compound 10 with 92% ee.

■ CONCLUSIONS

In summary, we have developed the first highly enantioselective
cobalt-catalyzed Kumada cross-coupling reaction. A range of
readily available aryl Grignard reagents couple with 28 different
α-bromo esters to afford α-arylated esters with high
enantioselectivity in most cases. The cross-coupling reactions
could easily be conducted on gram-scale, and the cross-
coupling products transformed into enantioenriched α-
arylcarboxylic acids and primary alcohols without erosion of
the ee. Furthermore, new enantioenriched α-arylpropionic
esters were synthesized, with potential utility in the discovery of
NSAIDs. This novel method has been applied to the
asymmetric synthesis of (S)-fenoprofen (3 steps) and the
total synthesis of (S)-ar-turmerone. Advantages of this system
are the lower toxicity of cobalt relative to nickel and the low
cost compared to palladium. The use of Grignard reagents with
a variety of α-bromo esters without need of preparing esters
with very bulky OR groups is also advantageous. We are
currently applying our cobalt−bisoxazoline-based catalysts to
other asymmetric cross-coupling reactions.

■ EXPERIMENTAL SECTION
Typical Procedure for the Asymmetric Kumada Cross-

Coupling Reaction. Anhydrous cobalt(II) iodide (31.2 mg, 0.1
mmol) was placed in a 50 mL Schlenk tube and was heated with a heat
gun in vacuo for 2 h. Anhydrous THF (3 mL) and L5 (43.5 mg, 0.12
mmol) were added sequentially under argon. After being stirred for 1 h
at room temperature, racemic α-bromo ester (1.0 mmol) was added
via syringe. The Schlenk tube was then cooled to −80 °C, and
arylmagnesium bromide was then added over 1 h to the mixture at
−80 °C. The reaction mixture was stirred for 5 h at the same
temperature and quenched with saturated NH4Cl solution (5 mL).
The aqueous phase was extracted with Et2O (4 × 15 mL), then the
combined organic layers were dried over Na2SO4, filtered, and the
filtrate was concentrated under reduced pressure. The crude product
was purified by silica gel chromatography to afford the corresponding
Kumada cross-coupling product.
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