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Abstract

The enantioselective hydrogenation of ethyl pyruvate catalyzed by finely dispersed oxide supported rhodium nanocluster
was studied with cinchonidine as chiral modifier. The results indicated that cinchonidine not only exhibited good enantiodif-
ferentiating ability but also could accelerate the reaction by a factor 10. Supports (�-Al2O3, SiO2, TiO2) played an important
role in promoting the further increase of catalytic activity and enantioselectivity of polyvinylpyrrolidone-stabilized rhodium
nanoclusters (Rh/PVP). Under the optimum reaction conditions (298 K, 7.0 MPa of hydrogen pressure and tetrahydrofuran
as solvent), TOF and the enantiomeric excess reached 58.6 min−1 and 65.4% e.e., respectively.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Asymmetric catalysis has been the most challeng-
ing and interesting subject of applications in the syn-
thesis of drugs, agrochemicals and fragrances/flavors
over the past two decades. Homogeneous transition
metal complexes with chiral ligands are the most
versatile and efficient catalysts [1]. However, the sep-
aration of expensive chiral catalysts from products is
often complicated by the air and thermal sensitivity
of these catalysts [2]. For ease of reuse and environ-
mental considerations, researchers have concentrated
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on finding ways to improve homogeneous catalysis.
The heterogeneous catalysis plays an important and
crucial role in many chemical processes because of
its inherent practical advantages connected with the
easy separation and handling. Recently, the hetero-
geneous asymmetric catalysis has become a rapidly
growing and interesting field [3,4]. For the enantiose-
lective hydrogenation of�-ketoesters (Orito reaction
[5]), the supported metal catalyst, Pt/cinchonidine,
achieved enantiomeric excess (e.e.) values exceeding
95% under optimum reaction conditions [6–8]. The
utilization of other transition metals, such as Ru, Rh,
Pd, Ir, to replace Pt leads to lower enantioselectivity
[9–11]. For example, the enantioselectivity is only
20–30% e.e. in hydrogenation of ethyl pyruvate using
Rh catalyst and cinchonidine as a chiral modifier [9].
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Rh nanocluster catalysts, however, exhibited high
activity and chemoselectivity in achiral hydrogenation
catalysis [12–17]. This is related to the high quan-
tum size effect and high surface area of nanoclusters.
Because of its advantages, attention [18–20] has been
directed towards nanocluster catalysts stabilized by
ligands, polymers and solvents. However except that
we have published paper [21], the application of Rh
nanocluster and supported Rh nanocluster in enan-
tioselective hydrogenation has not been reported up
to now. In this paper, we report the catalytic perfor-
mance of supported Rh nanoclusters stabilized by
polyvinylpyrrolidone (PVP) in the enantioselective
hydrogenation of ethyl pyruvate. The effects of some
reaction parameters and the support materials on the
enantioselectivities and catalytic activities have been
studied in detail.

2. Experimental

2.1. Materials

Ethyl Pyruvate, PVP (MW= 10,000) were used as
received from Acros. Hydrogen (99.9%) was purified
prior to use. RhCl3·3H2O and other reagents of ana-
lytical grade were used. The specific surface areas of
�-Al2O3, SiO2 and TiO2 are listed in Table 1.

2.2. Preparation of the rhodium nanocluster
(Rh/PVP)

The PVP-stabilized rhodium colloidal nanoclusters
(designated as Rh/PVP) was prepared by a method as
reported in the literature [14–16].The 5.0×10−2 mmol
rhodium chloride trihydrate and 0.5 mmol PVP (refer-
ring to the monomer units) were dissolved in a mixture

Table 1
Enantioselectivity-improving effect of the supportsa

Catalyst Support Specific area (m2/g) TOF (min−1) e.e. (%) Configuration

Rh/PVP No – 15.7 42.2 R
0.5% Rh/PVP-�-Al2O3 �-Al2O3 154 58.6 65.4 R
0.5% Rh/PVP-SiO2 SiO2 121 58.6 60.9 R
0.5% Rh/PVP-TiO2 TiO2 103 58.6 56.4 R

a Reaction conditions: catalyst (containing 2.0 × 10−3 mmol rhodium), cinchonidine (4.0 × 10−3 mol/l), THF (2.0 ml), ethyl pyruvate
(2.0 mmol), 298 K, 7.0 MPa.

of ethanol and distilled water (70 ml, ethanol:water=
9:1) in a 100 ml round flask. The solution was re-
fluxed at 79◦C for 1 h. A dark brown solution was
obtained and then evaporated to dryness by a rotary
evaporator.

2.3. Preparation of the supported rhodium
nanocluster (0.5% Rh/PVP-γ-Al2O3)

1.0 g�-Al2O3 was treated with the required amount
of Rh/PVP in ethyl alcohol (10 ml) at room tempera-
ture while being stirred for 1 day in a round bottom
flask. After evaporation, the supported rhodium nan-
ocluster catalyst was washed with water and ethanol
for several times, and then dried under vacuum at room
temperature for 6 h. The rhodium content in the cata-
lyst was 0.5 wt.% as determined by atomic absorption
spectroscopy. Other two catalysts, 0.5% Rh/PVP-SiO2
and 0.5% Rh/PVP-TiO2, were also prepared by the
similar methods.

2.4. Determination of rhodium particle diameter

The particle diameter of rhodium particles were de-
termined from the enlarged photographs of TEM using
a JEM-100CX instrument as described in the literature
[21]. The size distribution histogram was established
from the data of 200 particles.

2.5. Enantioselective hydrogenation of
ethyl pyruvate

Enantioselective hydrogenation of ethyl pyruvate
(Scheme 1) was performed in a 20 ml stainless au-
toclave with a glass linear and magnetic stirrer. The
catalysts (containing 2.0× 10−3 mmol rhodium), cin-
chonidine, solvent (2.0 ml), ethyl pyruvate (2.0 mmol)
were introduced into the autoclave. After the autoclave
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Scheme 1. Enantioselective hydrogenation of ethyl pyruvate.

was flushed with hydrogen for several times, the re-
quired hydrogen was added until the desired pressure
is reached. The hydrogenation reaction was carried out
in a quasihomogeneous solution for a desired period
of time.

The conversion of ethyl pyruvate and e.e. value
of the products were determined on a GC960 in-
strument (Shanghai Haixin Instrument Company)
fitted with FID detector and�-DEXTM120 capil-
lary column (30 m× 0.25 mm, 0.25�m film) at
80◦C. The reaction activity was expressed as the
average turnover frequency [TOF= mol (ethyl
lactate) mol−1 (rhodium) min−1] and e.e. was counted
from the equation: e.e.(%) = 100 × (R − S)/

(R + S).

3. Results and discussion

3.1. Characterization of the Rh/PVP nanocluster

The TEM photograph and particle size distribution
of the rhodium colloidal nanocluster were given in our
previous report [21]. Rhodium nanoclusters are finely
dispersed and have an average diameter of 1.8 nm, and
rhodium nanocluster were adsorbed onto the support
materials (�-Al2O3, SiO2, TiO2) without cluster ag-
glomeration as shown by TEM in [22]. According to
equationy = 10n2 + 2 (n > 0) (y is the total num-
ber of metal atoms pernth shell of full-shell atom
clusters) [23], every rhodium nanocluster of 1.8 nm
might include 147 (dRh = 0.269 nm) rhodium atoms
and three full-shells, and the percentage of surface
atoms is about 63%. This high quantum surface is
favorable for increasing reactivity because the active
center (Rh atom) and reactant molecule on the cat-
alyst surface have a good chance of touching each
other.

3.2. Enantioselectivity-improving and accelerating
effects of the supports

The enhancement of the activity (TOF) of nanoclus-
ter and the prevention of cluster agglomeration by the
catalyst support have been reported by Bonnemann
et al. [22], but no improvement of enantioselectiv-
ity and activity by the oxide supports was observed.
Similar results were obtained for the catalysts of Pt
nanocluster [7,24,25] and Ir nanocluster [11]. Our
experimental data in Table 1 show that the enantios-
electivity and TOF both increase. The e.e. value rises
from 42.2 to 56.4–65.4% e.e. and TOF increases from
15.7 to 58.6 min−1 when the Rh nanocluster is sup-
ported on�-Al2O3, SiO2 or TiO2. The results indicate
that the support material plays an essential role in
the improvement of enantioselectivity and activity in
the enantioselective hydrogenation of ethyl pyruvate.
Because Rh nanoparticles on these supports have the
same size as Rh/PVP, it is possible that the porous
structure and high surface area of supports are favor-
able for the dispersion of Rh nanoclusters and the
adsorption of cinchonidine on Rh surface, as well as
the formation of a more suitable asymmetric catalytic
microcircumstance, thus enhancing the modification
and induction effect of cinchonidine. Among the
three supports listed in Table 1, all supported cata-
lysts give the activities without obvious difference
under the experimental conditions used, but�-Al2O3
is the best support in terms of enantioselectivity. The
reason might be the difference in their surface areas
(see Table 1). Further study to understand the role of
supports is in progress.

3.3. Solvent effect

In asymmetric catalysis, the enantioselectivity is
very sensitive to the solvent used, for example, as in
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Table 2
Solvent effect on enantioselectivity and TOF of the hydrogenation of ethyl pyruvatea

Solvent Dielectric constant TOF (min−1) e.e. (%) Configuration

Toluene 2.4 38.9 33.2 R
Ethyl acetate 6.0 8.3 31.6 R
Tetrahydrofuran 7.6 58.6 65.4 R
Dichoromethane 9.1 7.6 45.5 R
Toluene/ethanol (1:1) 13.4 39.8 49.5 R
Ethyl acetate/ethanol (1:1) 15.2 14.3 40.1 R
Ethanol 24.3 39.6 29.8 R
H2O 80.4 38.0 6.1 R

a Reaction conditions: catalyst is 0.5% Rh/�-Al2O3-PVP, the others are the same as in Table 1.

the case of asymmetric hydrogenation of pyruvate cat-
alyzed by Pt/cinchonidine and Ir/cinchonidine systems
[26–28,11]. Solvents with dielectric constant rang-
ing from 2 to 80 have been included in this study
for the hydrogenation of ethyl pyruvate catalyzed by
alumina-supported Rh nanocluster. The enantioselec-
tivity and TOF data in Table 2 indicate that there is
no clear correlation between the catalytic performance
of 0.5% Rh/PVP-�-Al2O3 and solvent polarity, which
is different from the results in the literature [29,30].
Among the solvents investigated, tetrahydrofuran is
the best, leading to TOF and e.e. values of 58.6 min−1

and 65.4%, respectively.
The e.e. values of products are higher when mix-

tures of ethanol and toluene are used instead of pure
solvent, toluene or ethanol, as shown in Fig. 1. The e.e.
value reaches 49.5% when the volume ratio of ethyl

Fig. 1. The effect of mixed solvent on the enantioselective hydro-
genation of ethyl pyruvate catalyzed by 0.5% Rh/PVP-�-Al2O3.
The reaction conditions are the same as in Table 2 except solvent
used.

alcohol to toluene is 1:1. No obvious change, however,
is observed for TOF, indicating no loss of activity in
the mixed solvent. Enhancement of enantioselectivity
is also observed in mixtures of ethanol and ethyl ac-
etate, but in this system, TOF in the mixed solvent is
lower than that in pure ethanol and higher than that in
ethyl acetate (Table 2).

3.4. Effect of reaction temperature and hydrogen
pressure

The results given in Fig. 2 for the 0.5% Rh/PVP-�-
Al2O3 catalyst suggest that a lower temperature is
more favorable for enantioselectivity. At 298 K, the
e.e. is 65.4% and it drops slowly with increasing
temperature to 55% at 353 K. However, the activ-
ity (TOF) keeps rising from 58.6 min−1 at 273 K

Fig. 2. The effect of temperature on TOF and enantioselectivity
catalyzed by 0.5% Rh/PVP-�-Al2O3. (�: TOF; �: e.e.). The
reaction conditions are the same as in Table 1 except reaction
temperature and catalyst.
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Fig. 3. The effect of hydrogen pressure on TOF and enantioselec-
tivity. (�: TOF; �: e.e.). The reaction conditions are the same
as in Table 1 except catalyst and hydrogen pressure.

to 84.0 min−1 at 323 K, and then decreases gradu-
ally with further increase in temperature. This drop
in activity was also observed for conventional sup-
ported Pt and Ir catalysts when the temperature is
higher than 318 K [6,31,32]. The effect of tempera-
ture on enantioselectivity and TOF could be attributed
to the thermal desorption of cinchonidine or the
change of its adsorption mode on Rh nanocluster
surface.

As shown in Fig. 3, the e.e. value increases with
hydrogen pressure and reaches a maximum 65.4% at
7.0 MPa for the catalyst 0.5% Rh/PVP-�-Al2O3. Fur-
ther increase in hydrogen pressure leads to e.e. de-
crease. This observation is agreement with the results
observed in Pt/cinchonidine [32] and Ir/cinchonidine
systems [11]. The increase in (R)-ethyl lactate can be
rationalized from the rise of hydrogen concentration
in the reaction system as reported by Blackmond and
co-workers [33,34]. The increase in hydrogen pressure
is beneficial to the activity of catalyst over the whole
pressure range under investigation, as indicated by the
TOF results in Fig. 3.

3.5. Rate-accelerating effect of cinchonidine

In enantioselective hydrogenation of ethyl pyruvate
catalyzed by colloidal rhodium nanocluster (Rh/PVP)
and �-Al2O3 supported Rh nanocluster, the addition
of cinchonidine not only can induce the preferential
formation of (R)-ethyl lactates but also can accel-
erate the reaction rate, as shown in Fig. 4. For the

Fig. 4. Effect of cinchonidine concentration on TOF and enantios-
electivity. (1) Rh/PVP as catalyst; (2) 0.5% Rh/PVP-�-Al2O3 as
catalyst. (�, �: TOF; �, �: e.e.). The reaction conditions are
the same as in Table 1 except catalysts and cinchonidine concen-
tration.

latter catalyst (0.5% Rh/PVP-�-Al2O3), at the con-
centration of cinchonidine of 4.3 × 10−3 mol/l the
TOF reaches 58.6 min−1, which is much higher than
that in the absence of cinchonidine (5.6 min−1). The
accelerating effect was observed in enantioselective
hydrogenation of pyruvates catalyzed by heteroge-
neous Pt/cinchonidine and Ir/cinchonidine systems
[7,10,11,24,25,35–39]. When the concentration of
cinchonidine is too high, the reaction rate decreases.
It is possible that the high concentration of cinchoni-
dine will block some active sites on the surface of
the 0.5% Rh/PVP-�-Al2O3 catalyst. Comparing the
two catalyst systems, the hydrogenation rate of ethyl
pyruvate is always higher on the supported catalyst
0.5% Rh/PVP-�-Al2O3 than that on the Rh/PVP cat-
alyst with a TOF ratio of 3.7:1 under the optimum
reaction conditions. The results show firstly that there
is a synergistic effect of cinchonidine and�-Al2O3 in
acceleration of the enantioselective hydrogenation of
ethyl pyruvate.

4. Conclusion

Rh/PVP supported over�-Al2O3 (0.5% Rh/�-
Al2O3-PVP) exhibits better catalytic properties than
rhodium colloidal nanocluster (Rh/PVP) and con-
ventional heterogeneous Rh catalysts in the enan-
tioselective hydrogenation of ethyl pyruvate using
cinchonidine as chiral modifier.�-Al2O3 plays an
essential role in the enhancement of catalytic activity
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and enantioselectivity of Rh/PVP nanoclusters adsor-
bed on its surface.
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