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Enantioconvergent Fukuyama Cross-Coupling of Racemic Benzylic
Organozinc Reagents
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Abstract: The first enantioconvergent palladium-catalyzed
Fukuyama cross-coupling of racemic benzylic organozinc
reagents with thioesters has been developed. The reaction
furnishes enantioenriched acyclic a-disubstituted ketone prod-
ucts in good yields and high enantioselectivities. A broad
substrate scope is achieved under mild reaction conditions to
prevent racemization of the potentially labile tertiary stereo-
centers.

Transition-metal-catalyzed cross-coupling reactions are
among the most important methods for the preparation of
complex organic molecules.[1] Although the textbook reac-
tions in this field deal with C(sp2)¢C(sp2) bond formation, the
last five years have seen increased interest in the construction
of bonds between sp2- and sp3-hybridized centers.[2] In
particular, the coupling of secondary alkyl fragments has
been studied extensively because of the increased prevalence
of such motifs in pharmacologically relevant molecules.[3] For
the cross-coupling of unsymmetrical secondary alkyl frag-
ments, the possibility of achieving control of absolute
stereochemistry would decisively increase synthetic utility
and applicability. While Fu and co-workers have pioneered
the stereoconvergent, asymmetric cross-coupling of secon-
dary sp3-hybridized electrophiles (Scheme 1a),[4,5] consider-
ably less work has been reported on the asymmetric coupling
of secondary sp3-hybridized nucleophiles. Although Knochel
and co-workers have reported several examples of diaster-
eoconvergent cross-coupling of racemic nucleophiles (Sche-
me 1b),[6] the enantioconvergent cross-coupling of racemic
organometallic reagents largely remains an unsolved problem
in asymmetric synthesis.[7] Up to now, only one nickel-
catalyzed example of such a reaction is known.[8]

We hypothesized that rapid equilibration between the two
enantiomers of a racemic secondary organometallic reagent[9]

could enable an appropriate chiral catalyst to react preferen-
tially with one enantiomer by a dynamic kinetic resolution
(DKR; Scheme 1c).[10, 11]

The construction of enantioenriched acyclic a-disubsti-
tuted carbonyl compounds has been the subject of intense
research. Currently, the vast majority of synthetic methods to
prepare such compounds proceed via the intermediacy of

enolates or enolate equivalents.[12] However, these strategies
are not effective for the synthesis of enantioenriched a-
disubstituted ketones because of the stringent requirement
for site-selective enolization and the potential racemization of
the newly formed stereogenic center under the reaction
conditions. Transition-metal-catalyzed acyl cross-couplings
can circumvent the difficulties described above, however,
only one example of such a transformation has been described
recently.[13] Herein, we report a palladium-catalyzed cross-
coupling of thioesters with racemic benzylic organozinc
reagents as an approach for the construction of acyclic a-
disubstituted ketones with high yields and enantioselectiv-
ities.

Scheme 2 depicts the associated challenges for the devel-
opment of such a reaction. Our first concern was that the rate
of racemization of the organozinc reagent should be fast
enough to achieve an effective DKR. Studies have shown that
under ambient conditions, chiral cyclic and acyclic organozinc
halides appear to be configurationally stable,[14] however,
secondary benzylic organozinc halides have been found to
racemize more rapidly.[10,15] The second concern was the
selection of an appropriate chiral ligand, which does not only
select preferentially one of the two enantiomers of the
organozinc reagent, but also enforces a fast reductive
elimination (whilst suppressing deleterious b-hydride elimi-
nation) to prevent any racemization of the key alkylpalladium
species.[16]

We started our investigations with the cross-coupling of
a simple thioester substrate, 1a, with (1-phenylethyl)zinc

Scheme 1. Different strategies for diastereo- and enantioconvergent
cross-coupling.
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chloride (2a) and a screen of chiral ligands was conducted
(see foot of Table 1). From an initial ligand library, we found
that TADDOL phosphoramidites exhibited the highest
enantioselectivity, in particular the ligand L1. All other
well-known phosphoramidites (L8–L9) showed poor enan-
tioselectivities.[11b] We believe that TADDOL phosphorami-
dites such as L1–L7 may be responsible for an enhanced rate
of reductive elimination.

Alkylzinc halides (RZnX) are known to engage in
a Schlenk equilibrium with their dialkylzinc counterparts
(R2Zn). The Fukuyama cross-coupling proceeds through
a RZnX species, while being ineffective for R2Zn reagents.[17]

In the event, we observed that both the yield and enantio-
selectivity significantly improved upon addition of ZnCl2 as
an additive (Table 1). Not only does ZnCl2 influence the
Schlenk equilibrium in favor of RZnX, but it is also involved
in accelerating the rate of racemization of secondary organo-
zinc reagents, one of the crucial challenges named earlier.[14a]

In our system, the use of superstoichiometric amounts of LiCl,
a common additive in Negishi cross-couplings,[18] did not lead
to any change in yield and enantioselectivity. Further screen-
ing identified MTBE as the optimal solvent and Pd(OAc)2 as
the best palladium catalyst. Additional reaction optimization
by coupling of (1-phenylethyl)zinc bromide, instead of the
organozinc chloride 2a, provided the product in identical
levels of enantioselectivity, albeit with decreased yield
(entry 9). A change of the thioester moiety from aryl to
alkyl afforded similar yields and enantioselectivities
(entry 10), thus showing that the initial oxidative addition
and the basicity/nucleophilicity of the resulting anionic sulfide
released in solution are not crucial factors in this process.[19]

With our optimized reaction conditions in hand, we
explored the scope of secondary organozinc reagents
(Table 2). Both para- and meta-methyl substituents were
tolerated in the reaction. However, ortho-substituted organo-
zinc reagents did not lead to any product formation. Chloride
substituents were compatible with the reaction conditions and
afforded products carrying an aryl halide, which can be used
for additional modifications. Fluoride substituents could be
employed in the reaction as well, however with slightly
decreased enantioselectivity. Strong electron-withdrawing
substituents like para CF3 led to fast conversion and afforded

Scheme 2. Catalytic cycle and associated challenges in the enantiocon-
vergent palladium-catalyzed Fukuyama cross-coupling.

Table 1: Optimization of the reaction conditions.

Entry[a] Deviation from the standard conditions Yield [%][b] e.r.[c]

1 none 97 96:4
2 no ZnCl2 65 89:11
3 with 5 equivalent LiCl 95 95:5
4 THF instead of MTBE 94 75:25
5 toluene instead of MTBE 89 58:42
6 DCM instead of MTBE 72 84:16
7 [Pd2(dba)3] instead of Pd(OAc)2 98 94:6
8 [{Pd(allyl)Cl}2] instead of Pd(OAc)2 93 90:10
9 (1-phenylethyl)zinc bromide instead of 2a 56 96:4
10 SEt instead of SPh 89 96:4

[a] Reactions conducted on a 0.1 mmol scale under argon atmosphere
[b] Yield determined by 1H NMR analysis (internal standard). [c] The e.r.
values were determined by chiral-phase GC analysis. dba =dibenyzlidene
acetone, DCM= dichloromethane, MTBE= methyl tert-butyl ether,
THF = tetrahydrofuran.

Table 2: Substrate scope of zinc reagents.

Entry[a] R Product Yield [%][b] e.r.[c]

1 H 3a 90 96:4
2 4-Me 3b 88 88.5:11.5
3 3-Me 3c 85 91.5:8.5
4 3,5-Me 3d 78 88.5:11.5
5 4-Cl 3e 81 93:7
6 3-Cl 3 f 83 87:13
7 3-F 3g 74 83.5:16.5
8 4-CF3 3h 75 93.5:6.5

[a] Reactions conducted on a 0.1 mmol scale under argon atmosphere
[b] Yield of isolated product. [c] The e.r. values were determined by either
chiral-phase GC or HPLC analysis.
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the desired ketone product in good yield and an enantiomeric
ratio of 93.5:6.5 (entry 8).

The scope of the thioester coupling partner was also
investigated (Scheme 3). Varying the ring size gave good
yields and enantioselectivities. Benzoyl-protected piperidine
rings were tolerated under the reaction conditions as well as
terminal alkenes. Furthermore, noncyclic substrates such as
4g,h gave good conversions and enantiomeric ratios of 93:7.
Linear substrates such as 4 i could also be applied in this
reaction, although lower enantioselectivies were observed.

We were then interested in exploring the potential for
catalyst control in this chemistry, and were drawn to drug-
derived thioesters, bearing an a-carbonyl chiral center, as
substrates for this type of stereoselective cross-coupling
(Table 3). For instance, the thioester 4j, derived from the
COX-inhibitor Naproxen, undergoes Fukuyama cross-cou-
pling with the racemic organozinc reagent 2a using PCy3 as
a ligand to deliver a mixture of both anti-5 j and syn-5j
diastereomers in a nearly 1:1 ratio. Strikingly, switching to
(R,R)-L1 delivers the anti stereoisomer selectively (8:1 d.r.)
with its antipode (S,S)-L1 affording clean access to the
syn counterpart (7:1 d.r). A similar outcome is observed with
the Roche ester-derived substrate 4k, the cross-coupling of
which is similarly amenable to catalyst control. The config-
urational stability of two potentially labile benzylic stereo-
genic centers a to carbonyl groups in this transformation
testifies to the mildness of the reaction conditions employed.

The enantioenriched a-disubstituted ketones reported
herein can be further exploited in different synthetic trans-
formations (Scheme 4). For example, diastereoselective
Grignard addition could be achieved with EtMgBr to afford
the tertiary alcohol in good yield and high diastereoselctivity.
Similarly, diastereoselective reduction was achieved with
NaBH4 gave alcohol 7. Treating this alcohol with paraform-
aldehyde and BF3·OEt2 provides access to 3,4-disubstituted

Scheme 3. Substrate scope with respect to the thioesters. All the
reported yields and e.r. values refer to pure isolated material (see the
Supporting Information for details)[13, 20] [a] Reaction was performed in
the presence of 4 equivalents of LiCl. Bz = benzoyl. Scheme 4. Elaboration of selected ketone products.

Table 3: Diastereoselective Fukuyama cross-coupling of a-chiral thioesters.[a]

Substrates With (R,R)-L1 With (S,S)-L1

[a] Reactions conducted on a 0.1 mmol scale under argon atmosphere. All the reported yields refer to pure isolated material. The d.r. values were
determined by 1H NMR analysis of the crude reaction mixture. Bn =Benzyl.
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isochromane 8 in good yield and excellent diastereoselectiv-
ity.[21]

In conclusion, we have developed the first general
catalytic asymmetric method for the cross-coupling of thio-
esters by deracemization of racemic benzylic secondary
organozinc reagents. This stereoconvergent process takes
place under mild reaction conditions and allows the smooth
preparation of enantioenriched acyclic a-disubstituted car-
bonyl compounds carrying potentially labile tertiary stereo-
centers. The development of further enantioconvergent cross-
coupling reactions of broad synthetic utility is currently
underway and shall be reported in due course.
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