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Heterogeneous asymmetric reactions. 23. Enantioselective
hydrogenation of ethyl pyruvate over cinchonine-
and α-isocinchonine-modified platinum catalysts
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The enantioselective hydrogenation of ethyl pyruvate to (S)-ethyl lactate over cinchonine- and α-isocinchonine-modified Pt/Al2O3
catalysts was studied as a function of modifier concentration and reaction temperature. The maximum enantioselectivities obtained under
the applied mild conditions were 89% ee using cinchonine (0.014 mmol dm−3, 1 bar H2, 23 ◦C, 6% AcOH in toluene), and 76% ee in the
case of α-isocinchonine (0.14 mmol dm−3, 1 bar H2,−10 ◦C, 6% AcOH in toluene). Since α-isocinchonine of rigid structure exists only in
“anti-open” conformation these data provide additional experimental evidence to support the former suggestion concerning the dominating
role of “anti-open” conformation in these cinchona-modified enantioselective hydrogenations.
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1. Introduction

The preparation of chiral pharmaceuticals and agrochem-
icals by direct asymmetric synthesis is one of the most
fascinating areas in contemporary chemical research [1]. Al-
though most remarkable results are obtained by homoge-
neous reactions, however, due to the recent trends in regu-
lation of safety and environmental issues, the heterogeneous
processes are much more preferable [2]. In this field, the
enantioselective hydrogenation of activated ketones has re-
ceived significant attention [3,4]. Despite its twenty-two
years old history [5], the research activity in the asymmet-
ric hydrogenation of α-ketoesters over cinchona-alkaloid-
modified platinum catalysts still increases.

New methods were developed to increase the perfor-
mance of the system (up to 98% ee) such as ultrasonic activa-
tion [6] or platinum colloid catalyst systems [7]. More and
more successful applications with ee values usually higher
than 95% ee were recently reported including a cyclic ke-
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toester [8], α-ketoesters [9], α-ketoacetals [10,11], α-keto-
dicarboxylic acid esters [12] and 2,4-diketoesters [13]. Be-
sides improving the cinchonidine/platinum catalyst system,
extensive efforts have been made in developing a reliable
mechanistic interpretation. Though this topic was exten-
sively reviewed [3,14] in recent years, since then significant
new details were published concerning the mechanism. Dif-
ferent groups contributed to the development of the present
mechanistic representation. The different viewpoints from
the alkaloid [15,16] or the ketoester [17,18] sides both pro-
vided important new details to refine the mechanistic ex-
planations. In a preliminary communication [19] using α-
isocinchonine as modifier we disclosed experimental evi-
dence which indicated that the open conformer of the alka-
loid, at least in relatively high concentration, is an effective
modifier for the reaction. However, the effect of modifier
concentration, especially in the very low regions, simulta-
neously with the possible transformation or stability of the
modifier in the reaction mixture was not fully characterized.
The same features of cinchonine-modified hydrogenations,
according to the lack of experimental data, are also not yet
known.

Here, we describe a detailed study concerning the ef-
fect of cinchonine and α-isocinchonine concentration on
the enantioselective hydrogenation of ethyl pyruvate, and
their stability or transformation in the reaction mixture
by electrospray ionization mass spectrometry (ESI-MS)
recently described as a useful tool in similar investiga-
tions [20].
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2. Experimental

2.1. Materials

The ethyl pyruvate (EtPy) used was of analytical grade
and purchased from Fluka, while the solvents with mini-
mum purity of 99.5% were also Fluka products. Cinchonine
(CN) (minimum purity >98%) was purchased from Fluka,
while α-isocinchonine (α-ICN) was synthesized according
to the literature [21] and isolated from the product mixture
by preparative HPLC. The α-isocinchonine thus prepared
contained 3% impurities (0.81% β-isocinchonine, 0.36% di-
hydrocinchonine, 1.83% unknown) detected by HPLC and
ESI-MS. The organic compounds including the reactant and
the solvents were freshly distilled prior to use. The catalyst
used in the hydrogenations was a well-known reference cat-
alyst 5% Pt/Al2O3 (Engelhard 4759). It was subjected to a
reductive heat treatment (400 ◦C, H2 flow, cooling in flowing
He) before reactions.

2.2. Enantioselective hydrogenations

The hydrogenations were performed in an atmospheric
glass batch reactor at room temperature (23 ◦C), at 0 and at
−10 ◦C. The catalytic system including the catalyst and sol-
vent (standard conditions: 25 mg of catalyst, 1.8 ml of sol-
vent) was activated (1 bar hydrogen pressure), then the mod-
ifier solution and the reactant (usually 0.5 ml of ethyl pyru-
vate) were introduced via a syringe and the reaction mixture
was stirred (1300 rpm) for the required reaction time. The
product identification and the determination of enantiomeric
excesses (ee% = (|[S] − [R]|) ×100/([R]+[S])) were made
by gas chromatography (HP-5890 GC-HP 5970 MSD and
HP 5890 GC-FID, 30 m long Cyclodex-B (J&W Scientific)
and Lipodex-A (Macherey-Nagel) capillary columns). The
ee values were reproducible within 2%.

2.3. Electrospray ionization mass spectrometry (ESI-MS)

A Hewlett–Packard HP 5989 B MS Engine quadrupole
mass spectrometer equipped with a high energy dinode de-
tector and an atmospheric pressure ionization electrospray
(API-MS) interface (HP 59987 A) were used. For ES exper-
iments, samples were dissolved separately in a mixture of
MeOH/AcOH = 98/2 (v/v) and introduced into the ES ion
source with a syringe pump at a flow rate of 20 µl min−1.
A fine spray was formed by nitrogen as nebulizer gas at
135 kPa pressure. Nitrogen drying gas (heated up to 563 K)
was used at a flow rate of 8 dm3 min−1 to facilitate solvent
evaporation from the droplets. After tuning, the fragmenta-
tion pattern of cinchonas was studied by in-source collision-
induced dissociation (CID). During the CID experiment the
capillary exit voltage (CapEx) was increased from 80 to
400 V in 20 V steps and spectra were recorded for 0.5 min
at each CapEx setting.

3. Results and discussion

First of all, the effect of modifier concentration was stud-
ied on the enantioselective hydrogenation of ethyl pyruvate
in order to observe the actual changes in the reaction rates
and enantioselectivities. After the catalytic studies reaction
mixtures were analyzed in extended ESI-MS measurements
to learn more about the stability of modifier under the reac-
tion conditions.

In order to reveal the effect of the modifier concentration
on hydrogenation of ethyl pyruvate, CN and α-ICN solutions
in a wide concentration range (0.0014–2.85 mmol dm−3)

have been prepared and used. As we pointed out recently,
the use of neat acetic acid as solvent in these hydrogenations
is not necessary [22]; a small amount of acid additive (ap-
proximately 5–6%) in toluene results in the same enantiose-
lectivity as neat acid. In order to avoid any structural changes
of the modifier such as the ring opening of the O-containing
ring we applied as mild experimental conditions as possi-
ble. As a result, the hydrogenation reactions were carried
out in neat toluene and toluene–acetic acid mixture. The
experimental conditions and the enantioselectivity data are
collected in table 1, while the conversion vs. reaction time
curves of the catalytic systems are displayed in figures 1
and 2.

As the results show, cinchonine and α-isocinchonine pro-
duced comparable results in the hydrogenation reactions in
the case of 0.014 mmol dm−3 modifier concentrations con-
cerning both the hydrogen uptake rates and enantioselec-
tivities. Although these enantioselectivity values (86% ee
for CN and 76% ee for α-ICN) are not close to those ob-
tained by cinchonidine or 9-O-methoxy-cinchonidine [6,7],
they still indicate effective enantiodifferentiation. Accord-
ing to the experimental data, however, the effect of different

Table 1
Enantioselective hydrogenation of ethyl pyruvate to (S)-ethyl lactate
over cinchona-alkaloid-modified platinum catalyst (25 mg pretreated 5%
Pt/Al2O3 (E4759), 0.5 ml ethyl pyruvate, 2 ml solvent, 1 atm H2 pressure).

Entry Modifiera cmodifier T Solvent ee
(mmol dm−3) (◦C) (%)

1b α-ICN 1.71 23 EtOH –
2 α-ICN 0.014 24 Toluene 0
3 α-ICN 0.14 23 Toluene 10
4 α-ICN 1.14 24 Toluene 8
5 α-ICN 0.0014 24 6% AcOH in toluene 0
6 α-ICN 0.014 −10 6% AcOH in toluene 74
7 α-ICN 0.14 24 6% AcOH in toluene 60
8 α-ICN 0.14 −10 6% AcOH in toluene 76
9 α-ICN 2.85 24 AcOH 67

10 CN 0.0014 23 6% AcOH in toluene 13
11 CN 0.014 23 6% AcOH in toluene 54
12 CN 0.14 23 6% AcOH in toluene 86
13 CN 0.0014 23 AcOH 36
14 CN 0.014 23 AcOH 89
15 CN 0.14 23 6% AcOH in toluene 87
16 CN 0.0014 0 6% AcOH in toluene 16
17 CN 0.014 0 6% AcOH in toluene 78

a α-ICN = α-isocinchonine, CN = cinchonine.
b No ethyl pyruvate was added.
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Figure 1. Conversion vs. reaction time curves of enantioselective hydro-
genation of ethyl pyruvate over cinchonine-modified platinum catalyst
(E4759 5% Pt/Al2O3) in 6% acetic acid–toluene solvent mixture under
1 atm hydrogen pressure (25 mg pretreated 5% Pt/Al2O3 (E4759), 0.5 ml

ethyl pyruvate, 2 ml solvent).

Figure 2. Conversion vs. reaction time curves of enantioselective hydro-
genation of ethyl pyruvate over α-isocinchonine-modified platinum cata-
lyst (E4759 5% Pt/Al2O3) in 6% acetic acid–toluene solvent mixture under
1 atm hydrogen pressure (25 mg pretreated 5% Pt/Al2O3 (E4759), 0.5 ml

ethyl pyruvate, 2 ml solvent).

modifiers on the ee values under 0.0014 mmol dm−3 con-
centrations indicates significant alteration. Namely, while in
the case of α-isocinchonine no chiral induction was observed
at 0.0014 mmol dm−3 concentration, cinchonine could still
induce enantiodifferentiation (13% ee) even in this concen-
tration. These observations led us to a consideration, that
the possible previous assumption regarding the major role of
1–2% cinchonine (or dihydrocinchonine formed under the
reaction conditions) impurities in the α-isocinchonine sam-
ple can be excluded. It is worth noting that the decrease in
temperature has a significant beneficial effect on chiral in-
duction; at lower temperatures (0 or −10 ◦C) higher ee val-
ues are observed than at room temperature (23 ◦C).

As also shown, an optimum concentration of the modifier
exists regarding the reaction rates. Using α-isocinchonine
the rate increases with increasing modifier concentration,
however, a decrease in reaction rate is observed at high con-
centration range, which is in accordance with the literature
findings and explanations [16].

Therefore, after the catalytic measurements the reaction
mixtures obtained were subjected to electrospray mass spec-
trometric measurements. Recently, this technique is very
popular in the analysis of metal-containing species [23] as
well as biological samples [24] and has been pointed out to
be useful in catalytic studies, too [20]. The cinchona alka-
loids are of low volatility in itself, and the formation of even
larger complexes requires the use of ESI-MS technique. In
this way we can point out most transformations occurred
with the modifier (table 2).

In our earlier studies the identification of the relevant
peaks was already described [20,25]; here, only the most
characteristic peaks regarding the goal of the study will
be analyzed. These peaks are m/z = 295 ([α-ICNH]+),
297 ([dihydro-CNH]+), 299 ([tetrahydro-α-ICNH]+), 305
([decahydro-α-ICNH]+) and 307 ([dodecahydro-CNH]+).
The present ESI-MS measurements revealed important in-
formation concerning the transformation of the modifiers
during these hydrogenation reactions. First of all, it was ob-
served that the hydrogenation rate of the cinchona alkaloids

Table 2
Relative abundances of ESI-MS spectra of the product mixtures obtained from enantioselective hydrogenation of ethyl pyruvate to (S)-ethyl lactate over

cinchona-alkaloid-modified platinum catalyst (25 mg pretreated 5% Pt/Al2O3 (E4759), 0.5 ml ethyl pyruvate, 2 ml solvent, 1 atm H2 pressure).

Entry Modifiera cmodifier Solventb T m/z (%)

(mmol ml−1) (◦C) 141 257 259 295 297 299 301 305

1c α-ICN 1.71 T 23 0 0 0 1 2 100 3 0
2 α-ICN 0.014 T 24 0 100 0 0 0 0 0 0
3 α-ICN 0.14 T 23 4 100 0 Traces 0 Traces 0 0
4 α-ICN 1.14 A-T 24 2 100 0 19 Traces 14 0 0
5 α-ICN 0.0014 A-T 24 0 0 100 0 0 0 0 0
6 α-ICN 0.014 A-T −10 0 0 100 0 0 0 0 0
7 α-ICN 0.14 A-T 24 100 66 0 4 0 2 0 29
8 α-ICN 0.14 A-T −10 0 1 100 0 0 1 Traces 2
9 α-ICN 2.85 A 24 15 69 0 100 2 60 2 9

10 CN 0.14 A-T 23 100 50 10 0 2 7 25 0

a α-ICN = α-isocinchonine, CN = cinchonine.
b T = toluene, A = acetic acid, A-T = 6% acetic acid in toluene.
c No ethyl pyruvate was added.
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is lower in toluene than in AcOH-containing mixtures. Fur-
ther major difference was found in the hydrogenation rate
and product selectivity of the different modifiers. Namely,
the N-containing part of the quinoline ring in α-ICN is hy-
drogenated in a faster reaction and forms tetrahydro-α-ICN,
while the CN is transformed to hexahydro-CN. In the case
of very low concentrations (0.014 mmol dm−3 and below)
none of the cinchona alkaloids could be identified under
the experimental conditions applied. The ESI-MS data in-
dicated (entries 7 and 8) that the cyclic ether structure re-
mains stable during the hydrogenation reaction, no C–O hy-
drogenolysis was observed. Moreover, the hydrogenation of
the quinoline skeleton is extensively suppressed at −10 ◦C,
even in the presence of acetic acid. Only peaks related to
the step-by-step saturation of the quinoline ring could be
detected (m/z = 295 ([α-ICNH]+), 299 ([tetrahydro-α-
ICNH]+) and 305 ([decahydro-α-ICNH]+)). Since the rele-
vant peaks, thought to be characteristic in detection of C–O
hydrogenolysis (m/z = 297 ([dihydro-CNH]+) and 307
([dodecahydro-CNH]+)) are completely missing we can ex-
clude the formation of reasonable amount of dihydrocincho-
nine. This statement has been confirmed by HPLC analysis
as well. On the basis of the literature [3,14] we can assume
that the mechanistic interpretation of the enantiodifferentia-
tion is similar using different cinchona alkaloids. Since their
structure is basically the same except the absolute configu-
rations in the stereogenic region, there is no reason to dis-
tinguish concerning adsorption properties and complex for-
mation with the ligand (EtPy). Several structural studies de-
scribed the most probable structure of isocinchona alkaloids
including α-isocinchonine. NMR and X-ray structure stud-
ies as well as molecular mechanics calculations described its
conformation to be fixed in anti-open state, while the closed
conformations were excluded [26]. Unlike cinchonine, α-
isocinchonine has a rigid structure and the quinuclidine part
cannot rotate around the C(8)–C(9) bond. As a result, in
the present paper we confirm our former statement [19],
namely the presence of cinchona alkaloid in closed confor-
mation [27] is not a precondition for chiral induction. The
actual conformations of cinchonine and α-isocinchonine are
illustrated in figure 3.

Our data show, that the enantioselectivities obtained in
the reactions modified with α-ICN are the results of the com-
plex formation between the modifier and the alkaloid (fig-
ure 3). The formation of cinchonine under the experimental
conditions was excluded by ESI-MS and HPLC measure-

Figure 3. The schematic representations of the structures of 1 : 1
dihydrocinchonine– and α-isocinchonine–α-ketoester intermediate com-

plexes.

ments. The decrease in enantioselectivities as a function of
diminishing modifier concentration can be explained by the
simultaneous hydrogenation of the N-containing part of the
quinoline ring in the modifier, which occurs in a consider-
ably faster reaction in the case of α-ICN than with CN. This
significant structural change results in the loss of adsorption
capabilities of the compounds and makes them inefficient for
inducing enantiodifferentiation. However, working in higher
concentration regions the effect does not entirely determine
the outcome of the hydrogenations.

4. Conclusions

On the basis of the above detailed results we can con-
clude that the cinchona alkaloids most likely took part in the
process of enantiodifferentiation in their “anti-open” con-
formation in the case of enantioselective hydrogenation of
α-ketoesters. The experimental data also revealed that the
effect of cinchonine and α-isocinchonine as chiral modifiers
on the rate of these hydrogenations is different.
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