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Asymmetric R-alkylation of a ketone with an alkyl halide as
exemplified by an SN2 reaction of a lithiated chiral hyrazone1 or
imine2 is a fundamental synthetic reaction, which allows for the
two-component coupling synthesis of a variety of optically active
R-substituted ketones. In view of the reagent and environmental
cost, however, the use of a simple alkene3 instead of an alkyl halide
may be more desirable, but has so far not been well developed.4

We report here an enantioselective synthesis ofR-substituted
ketones through three-component coupling of an optically active
zinc enamide, 1-alkene, and an electrophile (E+) (Scheme 1). The
key step involves the addition of a zinc enamide such as2 (derived
from (S)-valinol or (S)-t-leucinol) to an alkene, which may proceed
in high yield with>99% diastereoselectivity for the coupling of a
cyclohexanone imine and ethylene.

Because of the lack of polarity, ethylene is entirely unreactive
to a metal enolate or enamide of cyclohexanone (metal) Li, Mg,
and Zn). A zincatedN,N-dimethylhydrazone is reasonably reactive
to ethylene, but when a chiral hydrazone bearing an additional
Lewis basic group (e.g., methoxy group in the SAMP-hydrazone)
is used, the corresponding zinc enamide is rather unreactive (and
poorly stereoselective).4 After extensive experimentation, we found
the best compounds and conditions to achieve the desired asym-
metric transformation in high yield and with high stereoselectivity.
Thus, an optically active cyclohexanone imine1a (R1 ) i-Pr,
R2 ) Me; >99% ee) was prepared by condensation of cyclohex-
anone and methyl ether of (S)-valinol (94% yield),2 and the purified
imine was then deprotonated with 1 equiv of mesityllithium at 0
°C in ether. The zinc enamide2a (R1 ) i-Pr, R2 ) Me, R3 ) Me)
was generated in situ by transmetalation with ZnCl2 followed by
treatment with methyllithium (R3Li). The methyllithium treatment
was necessary to obtain high reactivity as reported previously for
related reactions.5 Diethyl ether was replaced with hexane, and the
reaction mixture was stirred under ethylene atmosphere (20 atm)
at 40 °C for 24 h. The desired 2-ethylcyclohexanone4 (E ) H)
was obtained in good yield after hydrolysis (see Supporting
Information for details). As shown in entry 1 in Table 1, (R)-2-
ethylcyclohexanone was obtained with 96.0% ee in 24% yield when
the hydrolysis was stopped after 5 min, and with 92.0% ee in 85%
after 1 h.6 When we used more expensive but more selective imine
substrate1d derived from a silyl ether of (S)-t-leucinol (>99.5%
ee), virtually complete stereoselectivity of>99.3% was achieved
(entry 1). The synthetic operation can be carried out easily on a
gram scale.7

Studies on substituent effects and some representative examples
of the reactions with ethylene, propene, and styrene showed the
versatility of the present reaction as summarized in Table 1. In
entry 1 are shown the product yields and selectivity when the R1,
R2, and R3 groups are changed. The selectivity with thet-leucinol

is better than that of the valinol derivatives. Too bulky R2 and R3

groups (e.g., enamides2eand2f) tend to slow the reaction and to
lower the selectivity. The overall enantioselectivity for the cyclo-
hexanone imines shown in entries 1-3 depends more on the rate
of racemization during imine hydrolysis rather than on the selectiv-
ity of the addition reaction.6 For instance, the reaction of zinc
enamide5d (entry 2, 97.7% ee, 92% yield) was more enantiose-
lective than that of7d (90.0% ee, 89% yield), because the
racemization was slower than that in the latter case. The zinc
enamide of cycloheptanone9d reacted with ethylene at 60°C to
give anR-ethylated ketone10d in 82% yield with 95.6% ee (entry
4). Similarly, the zinc enamide11d gave12d in 93% yield with
96.2% ee (entry 5). For reasons yet unknown, zinc enamides derived
from cyclopentanone and cyclooctanone were very unreactive to
ethylene under the same conditions.

The stereoselectivity of the acyclic enamide may depend on the
E/Z geometry of the olefinic bond (entry 6). Thus, the zinc enamide
13d of 3-pentanone that bears a methyl dummy ligand on the zinc
atom gave14 of only 18% ee (entry 6). Considering thatE/Z
enamide isomers can interconvert with each other via a metal
enamide/R-metalloimine equilibrium,2,8 we changed the R3 group
from a methyl group to a bulky mesityl group. Thus, the zinc
enamide 13h gave the corresponding ethylated product with
improved enantioselectivity of 58.0% ee in 81% yield (entry 6).
On the basis of theSstereochemistry of the product (the same sense
of stereoselectivity obtained for the cyclic enamides), we assume
that the bulky dummy ligand allowed either selective formation or
participation of anE-enamide in the reaction.

Propene and styrene also took part in the reaction.9 The zinc
enamide2d added to propene to give (S)-2-isopropylcyclohexanone
15 in 47% yield with 93.2% ee after 48 h (entry 7). The formation
of the branched product indicates that the addition took place to
generate a primary alkyl zinc intermediate. The reaction with styrene
gave16 (71% yield, 77.6% ee) with reversed regioselectivity in
such a manner to generate a benzylic zinc intermediate. Note that
the corresponding zincated hydrazone adds to styrene to give a
mixture of the regioisomers.4
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Scheme 1. Stereoselective Addition of Chiral Zinc Enamides to
Ethylene
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The organozinc intermediate containing an imine functionality
such as3 was found to be very stable under the reaction condition
of 40-60 °C in terms of its chemical and stereochemical integrity
likely because of its chelate structure. On the other hand, such an
intermediate still shows the chemical reactivities characteristic of
an organozinc species (Chart 1). For instance, the intermediate

generated by the reaction of5 and ethylene undergoes copper- and
palladium-catalyzed C-C bond forming reactions in high overall
yield and with high stereoselectivity. We previously noted also for
anR-substituted zinc homoenolate such stereochemical stability of
a stereogenic center next to a carbonyl group.10

The zinc enamide3c reacts with ethylene to generate (R)-2-
ethylcyclohexanone (93.6% ee), and this selectivity is opposite to
that obtained in the alkylation of its lithium enamide with ethyl
iodide in THF at-78 °C, which gave (S)-2-ethylcyclohexanone
with 79.4% ee.2 The sense of the selectivity in the former reaction
may be explained by a six-centered transition state shown below,11

and that of the latter reaction needs a different way of reasoning.

Supporting Information Available: Details of the experimental
procedure, and characterization and physical data of products (PDF).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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Table 1. Enantioselective R-Alkylation of Ketones with Ethylene,
Propene, and Styrenea

a N denotes an amino-alcohol group specified by the coding in Scheme
1. b Addition reaction was carried out in an autoclave under an ethylene
atmosphere (20-30 atm) at 40-60 °C for 24 h.c ee values were determined
by GC analysis.d-f Based on the starting imine and determined by GC
analysis by using decane,d undecane,e and tridecanef as an internal standard.
g Isolated yield.h The data in parentheses refer to the yield and selectivity
determined for the ketone product obtained after 5-10 min of hydrolysis.
i Regioselectivity was>99:1. j Propene atmosphere (8 atm), 60°C for 48
h. k 1.5 equiv of styrene, 70°C for 48 h.

Chart 1. Products (17-20) of the Electrophilic Trapping of the
γ-Zincioimine Intermediate In-Situ Generated by Coupling of
Enamide 5 and Ethylenea

a (a) Allyl bromide (2 equiv)/CuBr‚SMe2 (20 mol %), (b)â-bromostyrene
(2 equiv, >99.9%E)/Pd(PPh3)4 (5 mol %), (c) iodobenzene (2 equiv)/
Pd(PPh3)4 (5 mol %), (d) ethyl-2-(bromomethyl)acrylate (2 equiv)/
CuBr‚SMe2 (1 equiv).
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