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Platinum sols, prepared fromH2PtCl6 in aqueous methanol, are, whenmodified by cinchona alkaloids, highly reproducible cat-
alysts for the enantioselective hydrogenation of ethyl pyruvate. It is shown that the presence of HCl in the as-prepared sols has a
marked effect on rate and reproducibility, and that removal of HCl by dialysis gives catalysts which display exceptional reproduci-
bility and higher rates. The reliability of these colloidal catalysts will allow their use as a reliable test system both for precise rate
studies, in the absence of possible support effects, of the various reaction parameters which affect catalyst performance in this reac-
tion, and also for screening of alternativemodifiers to cinchona alkaloids.
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1. Introduction

The use of modifying coadsorbates in heterogeneous
catalysis is a promising method for the development of
selective catalytic processes in organic synthesis. This
approach is the heterogeneous analogue to the use of
ligand effects (both steric and electronic) in the modifi-
cation and optimisation of homogeneous molecular
complex catalysts. One potential complication in the
selection and evaluation of adsorbed modifiers in het-
erogeneous catalysis is the fact that traditional heteroge-
neous catalysts are often used as oxide-supported metal
particles, and the adsorptive properties of the support
may result in a competition for modifier molecules
between metal sites and the support surface. The evalua-
tion of modifiers is thus complicated by the presence of
an adsorbing support.

Highly dispersed transition metals in colloidal sus-
pension offer the possibility of studying the catalytic
properties of small metal particles in the absence of solid
supports, and as a prelude to the development of adsor-
bate modified metal colloid catalysts we have sought a
colloidal catalytic metal which could serve as a test bed
for modifier molecules, and a heterogeneously catalysed
reaction in which such modifier effects could be studied.
The reaction we have chosen is one in which such an
effect is widely assumed to play an important role in a
catalytic process, and that is the enantioselective hydro-
genation of ethyl pyruvate toR- and S-ethyl lactate cata-
lysed by supported platinum in the presence of cinchona
alkaloids, such as cinchonidine or quinidine [1^6], and
other chiral modifiers [7,8]. The evaluation of modifiers
in this system is potentially complicated by the competi-
tive adsorption of the modifier on both support and
metal, a phenomenon which has been observed for this
reaction [9]. The catalytic metal, platinum, is readily

available in colloidal form by a number of preparative
methods [10], thus giving access to colloidal support-free
analogs to the supported Pt catalysts.

The selection of a preparation for Pt sols as test mate-
rials was complicated by the fact that particle morphol-
ogy can be quite difficult to control in sol preparations,
where preparation conditions can play an important role
in determining both particle size and shape [11^13]. At
the inception of this workwewere aware of data suggest-
ing that the performance in this reaction of platinum sols
in the presence of cinchona alkaloids showed a strong
dependence on the morphology of the catalyst particles,
and that the colloidal catalysts were in some cases signif-
icantly less active than their heterogeneous counterparts
[14]. Colloidal platinum prepared from platinum vapour
was also less effective than the traditional Pt/Al2O3 cat-
alysts [15]. However, recently published work by Duff
and co-workers [13] has demonstrated that colloidal pla-
tinum may be prepared very reproducibly in the form of
approximately equidimensional monodispersed parti-
cles, in a particle size range (30^40 Ð) known to be effec-
tive in enantioselective ketoester hydrogenation [16],
and so we chose this method to attempt to obviate any
problems caused by irreproducible particle morphology.
Our goal was to establish a colloidal catalyst system as a
reliable test material for future modifier evaluation and
mechanistic studies, but not to optimise the system for
either e.e. or rate. Polyvinylpyrrolidone (PVP) was cho-
sen as a stabilising agent to maintain the platinum parti-
cles in highly dispersed non-aggregated form, as used by
Duff et al. [13] 1.
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1 Recently a platinum sol has been prepared which is in fact stabilised
only by dihydrocinchonidine [17], but the stabilising effect seems
however to be unique to this alkaloid, limiting the utility of that sys-
tem for the screening of othermodifiers.
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We report here results showing PVP stabilised colloi-
dal platinum is highly active in catalysing the enantiose-
lective hydrogenation of ethyl pyruvate. In particular,
we show that the presence of variable concentrations of
HCl, a side product form the colloid preparation, in the
colloidal catalyst suspension causes a rate inhibition and
irreproducibility prohibitive to useful kinetic analysis,
but that when the colloid is purified by dialysis the result-
ing catalyst is highly reproducible and thus a promising
test vehicle for evaluation of modifiers other than cinch-
ona alkaloids.

2. Experimental

The catalysts under investigation were prepared using
the method of Hirai et al. [18] as modified by Duff et al.
[13], in which H2PtCl6 was reduced in aqueous methanol
in the presence of polyvinylpyrrolidone under conditions
of high ionic strength (i.e. at high H2PtCl6 concentra-
tions). In a typical preparation, H2PtCl6�6H2O (0.252 g,
0.487 mmol) was dissolved in a mixture of methanol
(25 ml) and triply distilled water (25 ml) containing PVP
(10 000 MW, 3.0 g) and heated under reflux for 75 min.
A dark brown sol resulted, the UV/visible absorption
spectrum of which showed no residual unreduced
[PtCl6]2ÿ. Three different PVP stabilised colloidal plati-
num catalysts containing 1.02, 0.98 and 0.96 Pt per ml
were prepared under identical conditions. Subsequent
dialysis, using cellulose dialysis membrane tubes (15 h),
of the as-prepared sols was performed on solutions
which had been dried under reduced pressure and redis-
solved in triply distilled water. The dialysed sols were
then dried under reduced pressure. No change in particle
size was observed after dialysis.

Catalytic hydrogenations were performed in a 500 ml
cylindrical Fischer^Porter bottle (Andrews Glass,
Vineland NJ) with a modified multiport head to allow
gas inlet, liquid sample and return lines, liquid injection
port (via septum), thermocouple and safety valve. A
sealed magnetic drive overhead stirrer replaced the
mechanical stirrer supplied with the head. Stirring was
accomplished by a two-blade solid stirrer which
extended over the diameter of the reactor. Gas was fed
from a fixed volume reservoir at ca. 5 bar to the reactor,
via a pressure reducing valve (Brooks) whichmaintained
the reactor pressure of 1500 Torr with an error of�0:2%.
Four reservoirs with volumes of 75, 150, 500 and 1000ml
were available on the gas manifold, allowing flexibility
in reaction scale. The consumption of gas in the reser-
voir, which was the reaction observable, and the con-
stant reactor pressure were measured (�0:2%) using
MKS Baratron pressure transducers and these, together
with stirring speed and reactor temperature, were logged
to a PC via an Analog Connection PC analog card and
WorkBench PC software (Strawberry Tree Inc.,
Sunnyvale, California). Measured inputs were displayed

in real time so that periodic visual checks could be made.
Pressure measurements could be logged rapidly, for
example every 0.1 s for gas^liquid diffusion measure-
ments. During the catalytic process, data were logged at
an appropriate rate to give 200^500 pressure measure-
ments over the course of the reaction. Data quality was
sufficient to allow direct rate determination without
curve fitting of the pressure vs. time data. Rates were
determined by differentiation of the pressure vs. time
curve by measuring the slope over �10 points from the
20th to theN-10th point in the set ofN unsmoothedP vs.
time data. In this way the initial rapid pressure drop
(usually about 25 Torr) due to hydrogen dissolution was
excluded from the ratemeasurements.

Gas^liquid diffusion measurements showed that for
this reactor configuration adequate mass transfer coeffi-
cients for hydrogen into ethanol solutions of ethyl pyru-
vate were obtained at 1150 rpm, at which stirring speed
the rate of hydrogen diffusion into the liquid phase
exceeded the rate of consumption in the catalytic hydro-
genation using as-prepared colloids by greater than a
factor of at least forty, thus ensuring that the measured
rates were unperturbed by gas^liquid mass transfer lim-
itations [19].

Ethyl pyruvate (Aldrich), which was distilled immedi-
ately prior to use, was dissolved in dry ethanol (100 ml)
to give a solution 0.22 M in the ester. The ester was
hydrogenated by each of the three sols using approxi-
mately 10 mg Pt stabilised with 300 mg PVP (MW
10 000, Aldrich) at 24� 0:5�C, modified by 50 mg dihy-
drocinchonidine. PVP/Pt ratios were constant at 3%.
Dialysed sols were used either at the same loading as for
the as-prepared sols, or at 50% of that value. In the latter
case the cinchonidinewas reduced to 25mg.

3. Results and discussion

The preparation of PVP stabilised platinum sols under
conditions of high ionic strength is, as reported by Duff
[13], a very reproducible preparative method, yielding
approximately equidimensional, monocrystalline 30 Ð
colloidal platinum particles. The form and size of the
particles were constant over ten independent prepara-
tions. A micrograph and particle size histogram of a
representative sol is shown in figure 1.

The gross reaction descriptors for the enantioselective
hydrogenation of ethyl pyruvate to R- and S-ethyl lac-
tate, rate and enantiomeric excess, have been reported to
be dependent on catalyst particle size [3,20,21], catalyst
precursor and preparationmethod [16], on the modifica-
tion protocol [4], on modifier structure [3], on catalyst
pretreatment [22], on solvent [1,2,23], on modifier load-
ing [5,9], on temperature [4] and on hydrogen pressure
[4] (or more correctly dissolved hydrogen concentration
[24]). Enantiomeric excess also varies with conversion
[4,6,9].Many of these variations in catalyst performance
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undoubtedly reveal mechanistic influences, but some
seem difficult to correlate with recognisable catalyst
properties or reaction conditions. For example, Blaser
has reported a daunting variability in both e.e. and rate
on simply changing the source of ethyl pyruvate, a differ-
ence which survives distillation of thematerial [25].

The primary reaction parameter we have focussed on
is rate, and we had expected that by working with cat-
alysts prepared by a reliable, reproducible colloidal syn-

thesis method, and in the absence of a support, some of
the variability would be removed. However, under
apparently identical hydrogenation conditions the cat-
alysts prepared from each of the three sols exhibited dif-
fering activities in ethyl pyruvate hydrogenation.
Figure 2 (a)^(c) shows the rate of hydrogen uptake for
the hydrogenation of 0.224 M ethyl pyruvate in 100 ml
ethanol at 1500 Torr constant hydrogen pressure using
ca. 10 mg Pt as a 3% PVP colloid in the presence of 50mg

Figure 1. Transmission electronmicrograph and particle size histogram of a PVP stabilised platinum colloid prepared fromH2PtCl6 (see text).
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dihydrocinchonidine. In the pressure vs. time plots pre-
sented in figures 2 and 3, pressure measurements
recorded every few minutes are used for visual clarity,
although data were collected at a much higher rate.
Reaction rates per total platinum atoms at 50%
conversion (see table 1) varied from 2:0� 10ÿ2 to
4:9� 10ÿ2 sÿ1, despite the apparently identical particle
sizes of the colloidal metal in the three preparations.
This degree of irreproducibility is unacceptable for our
purposes in a test system.

A possible cause for this irreproducibility in activity
with apparently identical catalysts is found in the fact
that during the preparation of the platinum sols signifi-
cant quantities of chloride, protons and formaldehyde

were formed. For example, platinumparticles of ca. 30Ð
contain approximately 1500 atoms, and so a preparation
from H2PtCl6 generates approximately 9 000 chloride
ions per platinum colloid particle:

H2PtCl6 � 2CH3OH! Pt�0� � 2HCHO� 6H� � 6Clÿ

�1�

The standard sol preparation used in this study
requires a starting H2PtCl6 concentration of approxi-
mately 10 mM, resulting in a chloride ion concentration
of 60mM, which, after the reduction of Pt(IV) to the col-
loidal metal, is in the form of HCl. The HCl can be lost
during the reflux phase of the preparation in gaseous
form, or removed during drying of the solid PVP/Pt
product under reduced pressure. The extent to which the
HCl is removed is not usually monitored and if, as seems
probable, the removal is variable from preparation to
preparation, this would result in a random residual con-
centration of HCl in the sol. Analysis of one of the dried
sols used in this study gave a chlorine content of 2.57%,
which can be compared with 3.15% expected if all the
HCl initially present as [PtCl6]2ÿ had remained in the
sol. Thus after reaction and work-up of the colloidal pla-
tinum > 80% of the HCl produced was retained. It
seemed possible that variable concentrations of HCl in
the catalyst might be the cause of the variable hydroge-
nation rate.

To test this hypothesis the specific Pt/PVP sols dis-
cussed above were dialysed over 15 h using a cellulose
dialysis membrane. One such sol gave a chlorine analysis
of 0.57% after dialysis, indicating 80% chloride removal
and implying a similar lowering of acidity. The dialysed
sols were then dried and redissolved in methanol for eva-
luation in the ethyl pyruvate hydrogenation reaction
under identical conditions as before, thus allowing a
direct comparison of catalytic properties to be made
before and after dialysis for each of the three prepara-
tions. The results are shown in figure 2(d)^(f) and table 1.
Using the same concentrations of platinum for each dia-
lysed sol as had been used in the undialysed cases, the
three colloidal catalysts which before dialysis had widely
differing rates were faster by factors of four to eight, and

Table 1
The effect of dialysis on the ethyl pyruvate hydrogenation activity of
colloidal platinum. (100 ml 0.22M ethyl pyruvate in ethanol, ca. 10 mg
colloidal Pt, 300 mg PVP, 50 mg dihydrocinchonidine, 24�C, 1150 rpm

stirring speed)

Pt
sol

Pttot
(mg)

Undialysed sols Dialysed sols

rate50%

(mol `ÿ1 sÿ1)
rate50%/Pttot

(sÿ1�
rate50%

(mol `ÿ1 sÿ1)
rate50%/Pttot

(sÿ1)

(a) 10.2 1:0� 10ÿ5 2:0� 10ÿ2 9:1� 10ÿ5 0.18
(b) 9.6 1:5� 10ÿ5 3:0� 10ÿ2 9:5� 10ÿ5 0.19
(c) 9.8 2:5� 10ÿ5 4:9� 10ÿ2 9:5� 10ÿ5 0.19

Figure 2. Hydrogen pressure vs. time curves for three colloidal plati-
num catalysed ethyl pyruvate hydrogenation reactions, before (curves
(a)^(c)) and after ((d)^(f)) dialysis of the colloidal catalyst. (100 ml 0.22
M ethyl pyruvate in ethanol, ca. 10 mg colloidal Pt, 300 mg PVP, 50 mg

dihydrocinchonidine, 24�C, 1150 rpm stirring speed).

Figure 3. Hydrogen pressure vs. time curves for two colloidal platinum
catalysed ethyl pyruvate hydrogenation reactions, showing the effect of
adding (a) HCl and (b) Et4N�Clÿ to reactions using catalysts which

had been previously dialysed.
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had remarkably reproducible hydrogenation rates per
total platinum atom, only varying from 0.18 to 0.19 sÿ1

(see table 1). The near identity of these rates is remark-
able for three independent catalyst preparations, and is
more reminiscent of rate reproducibility for molecular
homogeneous catalysts than for heterogeneous cat-
alysts. The similarity of the three measured hydrogena-
tion rates is real, and not an artefact resulting from
severely diffusion limited reactions showing identical
rates of gas^liquid mass transfer, which at the same agi-
tation speed would result in similar gas uptake rates for
the three reactions [19]. Measurement of the gas^liquid
mass transfer coefficient for the reactor, hydrogen pres-
sure, liquid volume and composition used in this study
gave a value of 0.6 sÿ1, corresponding to maximum
hydrogen dissolution rates at 1500 Torr of ca.
4� 10ÿ3 mol `ÿ1 sÿ1, whereas the highest rates measured
for the gas uptake for the dialysed catalysts were ca.
1:3� 10ÿ4 mol `ÿ1 sÿ1, some thirty-fold slower than the
calculated maximum gas^liquid diffusion rate. The
absence of mass transfer limitations was confirmed by
reducing the catalyst charge by half, which resulted in
reduction of the observed rate by a corresponding
amount, but the final e.e. was not significantly different.
Increasing the agitation speed also had no effect on reac-
tion rate.

The cause of the lower rate for the undialysed sols
was revealed in the following two experiments, in which
either tetraethylammonium chloride or HCl was added
to the reaction mixtures during ethyl pyruvate hydroge-
nation with previously dialysed sol catalysts (see
figure 3). It should be noted that the colloidal catalysts
used in these experiments were from separate colloid
preparations, and so the coincidence of the two pressure
vs. time curves in the initial stage of the hydrogenations
(before either Et4N�Clÿ or HCl addition) testify to the
remarkable reproducibility of the dialysed sols in this
notoriously capricious reaction. In these hydrogenations
a dialysed sol was used under standard conditions until
ca. 30% conversion was achieved. To one reaction a con-
centrated solution of HCl in ethanol was added, giving a
chloride ion concentration equal to that which would be
present if all the chloride liberated in the preparation of
the catalyst charge were still present in the reactor as
HCl. The effect on the rate of reactionwas instantaneous
and dramatic, as shown in figure 3 (a). The rate of reac-
tion (30% conversion) per total platinum atom was
reduced on HCl addition from 2:4� 10ÿ1 sÿ1 to
2:0� 10ÿ2 sÿ1, a factor of twelve. However, when a simi-
lar experiment was performed by addition of a solution
of tetraethylammonium chloride in ethanol to give the
same chloride ion concentration as in (a), no change in
rate was observed, as shown in figure 3 (b).

This result clearly shows that the original rate
increase observed on dialysis of the as-prepared sols,
shown in figure 2, is due to a lowering of [H�]. This is in
contrast to the reported rate enhancement in acidic sol-

vents [2] found for alumina and silica supported cat-
alysts, although in those cases the acidic component is
usually a much weaker carboxylic acid. It was noted
however that formic acid and trichloroacetic acid, both
stronger acids than acetic acid, caused a significant
decrease in rate except at low concentrations [2].
Protonation of one or both of the two nitrogen atoms in
the cinchonidine molecule may well be involved in these
observations, and the effect of HCl addition on the per-
formance of the naphthylethylamine modifiers reported
byMinder et al. [8] would be revealing in this context, as
these molecules do not contain the second basic nitrogen
found in the cinchonamodifiers.

It is also remarkable that when the acidity of the col-
loidal catalyst suspension was reduced by dialysis, a
higher rate was accompanied by a lower enantioselectiv-
ity. Over a series of nine experiments under standard
conditions the predialysis colloidal catalysts spanned a
range of 33^51%, with a mean of 43%, whereas over
seven experiments with the corresponding dialysed sols
the range was 32^36%, with a mean e.e. of 33%. The fact
that rate and e.e. are affected in opposite directions by a
change in pH is worthy of comment, although it should
be recalled that a change of only 10% in e.e. in this range
corresponds to an increase in yield of only ca. 5% of the
R-enantiomer, hardly sufficient to allow detailed inter-
pretation. Increases in rate and enantioselectivity are
often assumed to occur in parallel in this system, but on
the basis of the results reported here we suggest that the
enantioselectivity and overall rate enhancement induced
by cinchona modification of the catalyst can respond to
reaction conditions independently in this reaction, in the
present case to changes in pH. These phenomena are
under continuing investigation in both the colloidal and
supported platinum catalyst systems.

In summary, the dialysed colloidal catalysts described
here have proved to be highly reproducible in rate and
enantioselectivity under controlled hydrogenation con-
ditions, and they thus provide a useful test system for a
detailed study of both rate and enantioselectivity effects
in the absence of possible support effects. Detailed rate
and enantioselectivity studies are in progress using this
colloidal platinum catalyst.

Acknowledgement

The authors thank Mr. U. Spliethoff (M.P.I.) for
TEM studies and Dr. D. Belder (M.P.I.) for GC anal-
ysis. A post-doctoral fellowship from the Max-Planck-
Gesellschaft (JK) is gratefully acknowledged.
Collaboration with Dr. P. Tindal, of Experimental
Design Corporation, Flemington, NJ on the design of
the prototype of the reactor system is gratefully
acknowledged. The authors also acknowledge fruitful
discussions with Professor A. Pfaltz and Dr. D.
Blackmond (M.P.I.), and thank Dr. H.U. Blaser

J.U.Ko« hler and J.S. Bradley /Enantioselective hydrogenation of ethyl pyruvate 207



(Novartis) for early access to unpublished data cited in
ref. [14].

References

[1] Y.Orito, S. Imai and S. Niwa, J. Chem. Soc. Jpn. (1980) 670.
[2] H.-U. Blaser, H.P. Jalett and J. Wiehl, J. Mol. Catal. 68 (1991)

215.
[3] H.-U. Blaser, H.P. Jalett, D.M. Monti, A. Baiker and

J.T.Wehrli, Stud. Surf. Sci. Catal. 67 (1991) 147.
[4] P.A. Mehew, A. Ibbotson and P.B. Wells, J. Catal. 128 (1991)

387.
[5] H.-U. Blaser, M. Garland and H.P. Jallet, J. Catal. 144 (1993)

569.
[6] J. Wang, Y. Sun, C. LeBlond, R.N. Landau and

D.G. Blackmond, J. Catal. 164 (1996) 752.
[7] G. Wang, T. Heinz, A. Pfaltz, B. Minder, T. Mallat and

A. Baiker, J. Chem. Soc. Chem.Commun. (1994) 2047.
[8] B. Minder, M. Sch�urch, T. Mallat, A. Baiker, T. Heinz and

A. Pfaltz, J. Catal. 160 (1996) 261.
[9] I.M. Sutherland, A. Ibbotson, R.B. Moyes and P.B. Wells, J.

Catal. 125 (1990) 77.
[10] J.S. Bradley, in: Cluster and Colloids, ed. G. Schmid (VCH,

Weinheim, 1994) pp. 459.
[11] P.R. van Rheenen, M.J. McKelvey, R. Marzke and

W.S. Glaunsinger, Inorg. Synth. 24 (1983) 238.

[12] P.R. van Rheenen, M.J. McKelvey and W.S. Glaunsinger, J.
Solid State Chem. 67 (1987) 151.

[13] D.G. Duff, P.P. Edwards and B.F.G. Johnson, J. Phys. Chem.
99 (1995) 15934.

[14] H.U. Blaser, H.P. Jalett, M. M�uller and M. Studer, Appl. Catal.
(1997), in press.

[15] P.J. Collier, T. Goulding, J.A. Iggo and R. Whyman, in: Chiral
Reactions in Heterogeneous Catalysis, eds. G. Jannes and
V.Dubois (PlenumPress, NewYork, 1995) pp. 105.

[16] J.T. Wehrli, A. Baiker, D.M. Monti and H.-U. Blaser, J. Mol.
Catal. 61 (1990) 207.

[17] H. B�onnemann andG. Braun, Angew.Chem. 108 (1996) 2120.
[18] H. Hirai, Y. Nakao and N. Toshima, J. Macromol. Sci. Chem.

13 (1979) 727.
[19] U.K. Singh, R.N. Landau, Y. Sun, C. LeBlond and

D.G. Blackmond, J. Catal. 154 (1995) 91.
[20] J.T. Wehrli, A. Baiker, D.M. Monti and H.U. Blaser, J. Mol.

Catal. 49 (1989) 195.
[21] H.U. Blaser, H.P. Jalett, D.M. Monti, A. Baiker and

J.T. Wehrli, in: Symp. on Structure^Activity Relationships,
American Chemical SocietyMeeting, Boston 1990, p. 79.

[22] H.U. Blaser, H.P. Jalett, D.M. Monti and J.T. Wehrli, Appl.
Catal. 52 (1989) 19.

[23] J.T. Wehrli, A. Baiker, D.M. Monti, H.-U. Blaser and H. Jalett,
J.Mol. Catal. 57 (1989) 245.

[24] Y. Sun, R.N. Landau, J. Wang, C. LeBlond and
D.G. Blackmond, J. Am.Chem. Soc. 118 (1996) 1348.

[25] H.-U. Blaser, H.-P. Jalett and F. Spindler, J. Mol. Catal. 107
(1996) 85.

J.U.Ko« hler and J.S. Bradley /Enantioselective hydrogenation of ethyl pyruvate208


