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Enantiomer-differentiating hydrogenation of methyl
3-cyclopropyl-2-methyl-3-oxopropanoate over tartaric acid-modified nickel

Performance of heterogeneous catalyst in dynamic kinetic resolution
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Abstract

A racemic mixture of methyl 3-cyclopropyl-2-methyl-3-oxopropanoate was hydrogenated over the tartaric acid-modified Raney nickel. Discrim-
ination of the 2-methyl group during the reaction was high enough to perform the enantiomer differentiation, (2S)/(2R)-product = 16, and to cause
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n efficient dynamic kinetic resolution that resulted in one stereoisomer up to 93% of all the hydrogenation products. The diastereomer ratio was
yn:anti = 97:3, and ee values of the respective diastereomers were 93% and 41%. However, the low reactivity of the substrate caused deactivation
f the catalyst during the reaction and needed us to tune the reaction conditions to achieve both the high stereoselectivity and the high conversion.
y introducing a small-scale reactor, 96% conversion was achieved with slight decrease in the enantiomer selectivity (=12).
2006 Elsevier B.V. All rights reserved.
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. Introduction

Dynamic kinetic resolution is an enantiomer-differentiating
eaction of a racemic substrate in which one of the enantiomers
eacts more rapidly than the other with accompanying racemiza-
ion of the substrate. Under conditions with racemization quick
nough, the product selectivity depends on an ability to recog-
ize the enantiomers by the chiral reagent, and when the reaction
enerates a new chiral center, an additional factor of the stereo-
ontrol should be considered to obtain a single isomeric product
referentially. Reduction of an �-chiral ketone with a chiral
eagent provides such an example if the kinetic acidity at the �-
osition is sufficiently high [1]. Alkyl 2-methyl-3-oxobutanoate
1) is a simple substrate that in a solution usually exists as a
acemic mixture due to the quick equilibration until the ketone
art is reduced to a hydroxy group. BINAP-Ru-catalyzed hydro-
enation [2] and reduction by baker’s yeast [3] can be suitable
ethods for the dynamic kinetic resolution of 1, because their

tereocontrollabilities in the reduction of alkyl 3-oxobutanoate

∗

(2), an analogue lacking the 2-methyl group, to differentiate
stereofaces of the ketone is very high to give the 3-hydroxy prod-
uct in 99% ee. Under both reaction conditions, the reduction of 1
gives similar high stereochemical purities at C-3, but stereocon-
trol at the C-2 position is not sufficiently high to give mixtures
of diastereomers (Fig. 1). In the Ru-catalyzed hydrogenation,
almost no selectivity is observed at C-2 under the standard con-
ditions for 2 [2,4]. By the yeast reduction, ee at C-2 is higher,
but still imperfect 62–88% ee is obtained [5]. The asymmetric
Ru-catalyzed reduction effective for 2 cannot satisfactorily dif-
ferentiate enantiomers of 1. The methyl group at C-2 may be
too small to be recognized by the chiral reducing species [6] and
the methyl recognition during the reduction of 3-oxoalkanoate is
still difficult, while moderate to high degree of the recognition
is achieved for other groups or in a hydride reduction system
[6–9].

Asymmetric hydrogenation of 2 can also be performed with a
heterogeneous catalyst, the tartaric acid-modified nickel, under
moderate stereocontrol to result in 83–91% ee depending on a
preparation method of the catalyst [10]. In the reduction of 1 with
one of the modified catalysts, the selectivity at C-3 decreases to
58% ee, while C-2 can be differentiated to some extent to result
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Fig. 1.

Scheme 1.

higher than that obtained with unmodified nickel (63:37). The
level of the enantiomer differentiation is very low, but we assume
that the selectivity at C-2 is correlated to C-3, and improvement
in the ee at C-3 leads to better stereocontrol at C-2. Among
3-oxoesters, 4 is a distinctive substrate for the modified nickel
catalysis to give over 98% ee of the product [12]. Extension of
the substrate design of 4 to a 2-methyl analogue provides 3 as a
suitable substrate. In this report, the hydrogenation of a racemic
mixture of 3 over the modified Raney nickel was studied aiming
at the efficient dynamic kinetic resolution (Scheme 1).

2. Experimental

2.1. Catalyst preparation [13]

Raney nickel was prepared from a Ni–Al alloy supplied by
Kawaken Fine Chemicals Co., Ltd. (ND type, Ni/Al = 42/58).
The alloy (1.0 g) was added to a solution of NaOH (4.5 g) in
water (20 mL) in several portions. After the solution was main-
tained at 100 ◦C for 1 h, the solution was decanted off. The nickel
was washed twice with pure water (50 mL) under the ultrasonic
irradiation (400 W, ca. 100 s) and five times without the irradia-
tion. The Raney nickel obtained was then soaked in an aqueous
hot solution containing (R,R)-tartaric acid mono sodium salt
(0.64 g) and NaBr in water (40 mL) at 97 ◦C for 1 h. For the
h
N
w
c

2.2. Substrate preparation [14]

To a solution of 1-methoxy-1-trimethylsilyloxy-1-propene
(11.0 g, E/Z = 7/1) in dichloromethane (150 mL, freshly distilled
from CaH2), cyclopropylcarbonyl chloride (8.58 g, 1.2 equiv.)
was added at room temperature (rt). After 12 h, the mix-
ture was poured into an aqueous NaHCO3 solution, extracted
with CH2Cl2 (3×), washed with water (2×) and then brine,
dried over MgSO4, concentrated under vacuum, and distilled
(80 ◦C/0.2 mmHg) to give 3 as a colorless oil (7.23 g, 67.4%
yield). 1H NMR (CDCl3, 600 MHz) δ 3.73 (s, 3H), 3.66
(q, J = 7.7 Hz, 1H), 2.03 (m, 1H), 1.37 (d, J = 6.9 Hz, 3H),
1.08–1.03 (m, 2H), 0.94–0.89 (m, 2H); IR (neat) νC O = 1742
and 1703 cm−1.

2.3. Hydrogenation (Method A)

Hydrogenation was carried out in an autoclave (100 mL) with
a PID-controlled heater and a reciprocating shaker. The catalyst
(0.4 g) and the substrate (2 g of 1 or 0.2 g of 3) in THF (20 mL)
containing acetic acid (1%, v/v) were placed in the autoclave and
heated to a certain temperature under 10 MPa (at rt) of hydrogen.
After cooling, the reaction mixture was taken out, and analyzed
by 1H NMR at 600 MHz in CDCl3 to determine the reaction
conversion.
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ydrogenation of 1, 5 g of NaBr was employed, while 2.5 g of
aBr was used for 3. The modified nickel was washed with
ater (20 mL), methanol (20 mL) and then THF (20 mL) to give

a. 0.4 g of the catalyst.
.4. Hydrogenation (Method B)

Hydrogenation was carried out using a glass reactor in an
utoclave (200 mL) with a PID-controlled oil bath and a mag-
etic stirrer. The catalyst (0.4 g) and the substrate (0.2 g of 3) in
HF (1 mL) containing acetic acid (1%, v/v) were placed in a
at bottom glass reactor (φ = 40 mm) with a stirrer bar. The glass
eactor was heated in the autoclave to a reaction temperature
nder 7.5 MPa (at rt) of hydrogen. After cooling, the reaction
ixture was taken out, and analyzed by the 1H NMR to deter-
ine the reaction conversion.

.5. Stereochemical analysis

The isomer ratio of the product was determined by a chiral
LC after conversion to the acetate ester. The four diastere-
mers obtained from 1 showed the baseline separation by a
hiral GLC (Chirasil-DEX CB, 0.25 mm × 25 m with a helium
ow in 32 cm/s) at 80 ◦C; Rt = 15.1 min for 2R,3S, 16.0 min
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Table 1
Isomer ratio and stereoselectivity in the hydrogenation of 1 and 3

No. Substrate Methoda Temperature
(◦C)

Time (h)
(conversion)

2S,3R
(syn)

2S,3S
(anti)

2R,3R
(anti)

2R,3S
(syn)

ee of
C-3 (%)

ee of
C-2 (%)

syn (ee, %):
anti (ee, %)

1b 1 (A) 120 – 61.4 3.8 17.8 17.0 58 30 78 (57):22 (64)
2c 1 A 100 48 (96%) 59.8 7.3 18.9 14.0 57 34 74 (62):26 (44)
3 3 A 100 24 (13%) 73.3 5.0 5.7 16.0 58 57 89 (64):11 (7)
4 3 A 80 24 (23%) 93.2 1.0 2.4 3.4 91 88 97 (93):3 (41)
5 3 A 80 48 (38%) 79.4 2.6 5.3 12.7 69 64 92 (72):8 (34)
6 3 A 60 24 (15%) 90.8 0.7 3.4 5.1 88 83 96 (89):4 (66)
7 3 A 60 77 (56%) 82.7 0.9 7.3 9.1 80 67 92 (80):8 (78)
8 3 B 80 30 (96%) 91.1 1.0 4.7 3.2 92 84 94 (93):6 (65)
9 3 B 60 30 (82%) 88.8 1.0 5.4 4.8 88 80 94 (89):6 (69)

a A: in a reciprocating reactor with 1.3 mmol of the substrate in 20 mL of THF; B: in a magnetic stirring reactor with 1.3 mmol of the substrate in 1 mL of THF.
b Ref. [11].
c The substrate amount = 15 mmol.

for 2S,3R, 17.2 min for 2S,3S, and 20.1 min for 2R,3R. Anal-
ysis of the reaction of 3 was carried out with two authentic
samples. One is an isomer mixture produced by the NaBH4
reduction of 3 in methanol. The isomer ratio was 32:68, and the
major isomer was assigned as anti (=2R*,3R*) deduced from the
reaction selectivity with similar substrates [15]. The other is a
mixture of (2R,3R)- and (2S,3R)-isomers. A solution of (3S)-
methyl 3-cyclopropyl-3-hydroxypropanoate (50 mg, 96% ee) in
THF (2 mL, distilled from sodium ketyl) was added to a solution
of LDA (2 equiv.) in THF (2 mL) at −78 ◦C. After 3 h, HMPA
(0.1 mL) and then methyl iodide (50 mg, 1 equiv.) were added
to this. The mixture was warmed up to rt, poured into an aque-
ous NH4Cl solution, extracted with ether (3×), washed with
water and then brine, dried over MgSO4, concentrated to give
a crude product (110 mg). The mixture contained both (2R,3R)-
and (2S,3R)-isomers in a ratio of 84:16, the major isomer of
which was assigned as (2R,3R) deduced from the selectivity with
a similar substrate [16]. The four diastereomers after treatment
with acetic anhydride/pyridine show the baseline separation by
a chiral GLC (Chirasil-DEX CB) at 100 ◦C; Rt = 18.0 min for
2R,3S, 18.7 min for 2S,3R, 19.3 min for 2S,3S, and 21.0 min for
2R,3R. 1H NMR of the (2S,3R)-isomer: (CDCl3, 600 MHz) δ

3.69 (s, 3H), 3.10 (q, J = 4.4 Hz, 1H), 2.69 (dq, J = 14.1, 3.9 Hz,
1H), 1.26 (d, J = 7.6 Hz, 3H), 0.94 (m, 1H), 0.56–0.40 (m, 2H),
0.34 (td, J = 9.6, 4.8 Hz, 1H), 0.19 (td, J = 9.6, 4.8 Hz, 1H); IR
(neat) ν = 3460 cm−1.
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effect of the chiral modification on the diastereoselectivity; the
unmodified Raney nickel resulted in the ratio of 66:34 (100 ◦C).
The ee at C-2 indicates that the enantiomer differentiation of 1
by the modified nickel catalyst is low, as reported, with a small
reaction rate ratio at (2S)-1/(2R)-1 = 2.0 [11]. It should be noted
that the inversion at C-2 of 1 is faster than the hydrogenation
because no essential change in the enantiomer differentiation
was observed at lower conversion (=1.9–2.0).

The hydrogenation of 3 was very slow, much slower than that
of 1, but in a lower substrate/catalyst ratio (200 mg/0.4 g), the
hydrogenation of 3 over the unmodified Raney nickel was com-
pleted in 12 h to give a mixture of diastereomers in a ratio of
syn:anti = 68:32. Hence, the substrate-controlled stereoselectiv-
ity during the hydrogenation is not profoundly different between
1 and 3. However, the chiral modification showed difference.
The hydrogenation of 3 over the modified nickel at 100 ◦C was
very slow. Even when the amount of NaBr for the modifica-
tion was reduced to a half to minimize its deactivation effect,
activity of the catalyst was lost within 24 h and the conversion
remained only 13% (entry 3). Even under such sluggish condi-
tions, the diastereoselectivity increased to syn:anti = 89:11, and
the (2S,3R)-isomer accounted for 73% of the product isomers.

The deterioration of the catalyst was minimized by perform-
ing the reaction at lower temperatures, 80 and 60 ◦C. The con-
versions of the reactions were only 23% and 15% after 24 h at
the respective temperatures, but the fraction of the major isomer
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. Results and discussion

The hydrogenation of 1 was reinvestigated by the tartaric
cid-modified Raney nickel prepared by our method in an auto-
lave with a reciprocating shaker (Method A) since the reported
electivities with 1 were obtained with an analogous but different
atalyst [11], which prepared from reduced nickel by the modi-
cation without NaBr. Table 1 shows the reported result in entry
and the present one in entry 2. Although the catalytic activities
f the two catalysts were quite different, the observed stereose-
ectivities were similar to each other. This similarity is consistent
ith the performance of the catalysts in the hydrogenation of 2 to
6% ee that is equivalent to the reported values of 83% ee. The
btained diastereomer ratio, syn:anti = 74:26, again shows the
n the products increased to 93% and 91% (entries 4 and 6).
he diastereomer ratio of syn:anti = 97:3 was achieved and the
nantiomer selectivity was as high as (2S)-3/(2R)-3 = 16 (entry
). In these temperatures, the prolonged reaction time resulted in
igher conversion up to 56%, but the performance of the catalyst
n the stereocontrol was decreased to give the major isomer at
9–83% of the total products and the diastereomer ratio = 92:8
entries 5 and 7). The major problem here was that the high
onversion and the high selectivity are not compatible.

One of the possible methods for accelerating the reaction is
eduction of the solvent amount. In entries 3–7, the reaction
f 3 was performed in the low substrate/catalyst ratio with a
maller amount of the substrate in keeping the catalyst amount
onstant. The solvent amount was also kept constant because
he total volume of the solution must be within a certain range
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to achieve effective mixing by the shaker type reactor (20 mL
for the present 100 mL reactor). Since the hydrogenation rate
depends on the substrate concentration [17], the low concentra-
tion can be a reason for the slow reaction, and thus, reduction
of the solvent amount was expected to result in a faster reaction
rate. To perform a small-volume experiment with a sufficient
mixing of gas, liquid and solid phases, we have introduced a
new reactor using magnetic stirring.

To avoid unacceptable mechanical grinding of the catalyst
particles between a magnetic stirrer bar and the reactor bot-
tom, we have used a glass insert in a stainless steel autoclave
(Method B). The insert has a flat and smooth bottom, which
allows efficient hydrogenation reaction under relatively slow
rotation (600–800 rpm). When the reaction was carried out with
1 mL of THF (1/20 of Method A) at 80 ◦C, 96% conversion was
achieved in 30 h to give the major isomer at 91% of the product
and the diastereoisomer ratio = 94:6 (entry 8). The stereoselec-
tivity was a slightly lower than the best case in entry 4, but the
enantiomer selectivity was still as high as (2S)-3/(2R)-3 = 12.
The reaction at 60 ◦C was less optimized to give the selectiv-
ity = 8.8 in the 82% conversion.

The dynamic kinetic resolution of 3 in the tartaric acid-
modified nickel hydrogenation was found to be much more
efficient than that of its simple analogue 1. The enantiomer selec-
tivity = 2 with 1 was improved up to 16 with the cyclopropyl-
substituted 3. The cyclopropyl substituent effect was estimated
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led to strict recognition of the 2-methyl to accomplish the effec-
tive dynamic kinetic resolution. Discrimination of the 2-methyl
group of 3-oxoalkanoate during the hydrogenation was more
efficient than that with homogeneous catalyses [2,6]. The fact
suggests an important feature of heterogeneous catalysis regard-
ing the reaction selectivity; a substrate adsorbed on the catalyst
surface reacts under recognition not only at a reaction site, but
of the whole molecule.
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