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Abstract

Solvent-stabilised Pt and Pd nanoparticles, of size range 2.3–2.8 nm and 2.7–3.8 nm, respectively, have been prepared
Ž .by metal vapour synthesis routes, characterised by transmission electron microscopy TEM , and their behaviour as catalysts

Ž .for the enantioselective hydrogenation of ethyl pyruvate EP investigated; comparisons have been effected with the
performance of standard supported Pt and Pd catalysts. Cinchona alkaloid-modified Pt nanoparticles display parallel
behaviour to that exhibited by their conventional supported counterparts both in terms of the sense of the enantioselectivity
in the ethyl lactate product and in the acceleration in reaction rate relative to the unmodified system. With Pd, however,
significant differences are noted. Here, the sense of the enantioselectivity relative to that reported previously over

Ž . Ž .conventional supported catalysts is reversed, i.e., an R - vs. S -enantiomer switch occurs, and a rate acceleration rather
than retardation is noted on cinchona alkaloid modification. The Pt particle size distribution shows a higher degree of
monodispersity after use in catalysis, although the average particle size remains essentially unchanged, whereas the
behaviour of the Pd nanoparticles shows evidence of concentration dependence, lower concentrations showing Pt-like
behaviour but more highly concentrated preparations showing evidence of significant aggregation during catalysis. With Pt
catalysts, the presence of water as a component of the ketonic solvent system is shown to result in a significant acceleration
in overall reaction rate with both conventional supported catalysts and their solvent-stabilised counterparts. In sharp contrast,
totally aqueous-based colloidal platinum preparations, obtained by conventional salt reduction, display very low reaction
rates and enantioselectivities. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The preparation and characterisation of metal
nanoparticles is currently of considerable practi-
cal and theoretical interest because such materi-
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als fall into that intermediate state of matter
between the molecular and the bulk and fre-

Žquently display unusual physical structural,
.electronic, magnetic and optical and chemical

Ž . w xcatalytic properties 1,2 . As one aspect of our
interests in this area, we have developed a
reproducible method, using vapour synthesis

w xtechniques 3 , for the production of solvent-
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stabilised metal nanoparticles in the size range
2–3 nm. This has been applied to the prepara-
tion of Ru, Rh, Pd, Pt, Ag and Au nanoparti-
cles; particle size characterisation has been ef-
fected by high resolution transmission electron

Ž .microscopy HRTEM . In terms of catalytic ap-
plications of such materials, we have previously
reported the use of Au nanoparticles as precur-
sors to supported gold catalysts for use in the
low temperature oxidation of carbon monoxide
w x4 . Palladium and platinum are used exten-
sively as selective heterogeneous hydrogenation
catalysts; however, reports of their utilisation in
the colloidal form for enantioselective hydro-

w xgenation are few 5–8 . In this work, we de-
scribe our recent results relating to the applica-
tion of solvent-stabilised Pt and Pd nanoparti-
cles, prepared by vapour synthesis routes, for
the enantioselective hydrogenation of ethyl
pyruvate, and a comparison of their behaviour
with that of conventional oxide-supported cata-
lysts.

The enantioselective hydrogenation of pyru-
vate esters catalysed by Pt modified by the

Ž .cinchona alkaloids cinchonidine CD and cin-
Ž .chonine CN , the Orito reaction, has received

much attention recently as one of only a few
effective heterogeneous enantioselective cata-

Ž . w xlysts Scheme 1 9–12 . It is generally accepted
that the adsorption of such modifiers onto a Pt

w xsurface via the quinoline moiety 13 provides
an adjacent site at which selective enantioface
adsorption of pyruvate occurs and at which
subsequent hydrogenation provides lactate prod-
uct with one enantiomer formed in excess, cin-

Ž .chonidine favouring the R -enantiomer and
Ž .cinchonine the S -enantiomer. Concomitant

with enantioselectivity is an increase in rate, the
enantioselective reaction typically being 20 to
50 times faster than reaction in the absence of
alkaloid. The corresponding Pd catalysed reac-

w xtions have been less well studied 14–16 . Two
distinctive features of the Pd-catalysed reaction

Ž .are as follows: i the sense of the enantioselec-
tivity is reversed with respect to that of the Pt

Ž Ž .system i.e., CD directs the reaction to S -

Scheme 1.

Ž . . Ž .product and CN to the R -product , and ii
there is not only no rate enhancement, but a
slight retardation relative to that of the racemic

w xreaction 14,15 .

2. Results and discussion

2.1. Preparation and characterisation of sol-
Õent-stabilised Pt and Pd nanoparticles

Solvent-stabilised nanoparticles of Pt and Pd
were prepared by the electron beam evaporation
of the metals and co-condensation with the
vapours of organic solvents at 77 K in a Tor-
rovap metal atom reactor, as described previ-

w xously 3 . Preferred solvents for the stabilisation
of such nanoparticles are ketones, in particular,

Ž .butan-2-one, methylethylketone MEK , and
Ž .acetone MMK . The ready miscibility of ace-

tone with water has been utilised to facilitate the
preparation of nanoparticles in mixed
organicraqueous media and allows a ready
comparison with the behaviour of more conven-
tional aqueous-based colloidal systems. Addi-
tional proprietary stabilising agents KD1 and
KD2 were also employed in some nanoparticle
preparations. The solvent-stabilised Pt and Pd
nanoparticles prepared and used in this catalytic
investigation are summarised in Table 1, to-
gether with estimates of their particle sizes mea-
sured by TEM before and after evaluation of
their catalytic behaviour.
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Table 1
Particle size ranges measured from TEM analysis of a selection of solvent-stabilised nanoparticulate Pt and Pd pre- and post-catalyst testing
in the enantioselective hydrogenation of ethyl pyruvate

Ž .Entry Catalyst Concentration Particle size range nm"s
y3Ž .mmol dm Pre-catalysis Post-catalysis

1 PtrMEK 1.3 2.3"0.8 2.5"0.7
2 PtrMEKrKD1 17 2.5"0.8 2.8"1.03
3 PtrMEKrKD2 3.8 2.5"0.6 2.8"0.7
4 PtrMEKrCD 0.6 5.4"1.3 2.2"0.5
5 PtrMMKrH O 4.6 2.6"0.6 2.8"0.62

6 PtrMMKrH OrKD2 4.4 2.8"0.9 2.4"0.52
a7 PtrH O 7.2 2.5"0.6 3.4"1.42

8 PdrMEKrKD1 78 3.8"1.1 5.4"1.9
w x9 PdrMEKrKD1 A 28 3.0"0.9 5.2"1.9
w x10 PdrMEKrKD1 B 0.6 2.9"0.9 3.5"0.7

11 PdrMEKrKD2 1.1 2.7"0.8 17.4"4.1

a PtrH O prepared by reduction of aqueous chloroplatinic acid.2

In general, the electron micrographs of the
freshly prepared materials are of similar appear-
ance and show a mixture of spatially well-sep-
arated primary particles with the size distribu-
tions indicated together with aggregates of these
primary particles into larger ‘clumps’ having
the appearance of ‘frogspawn’, ‘raspberries’ or
‘caviar’, depending on one’s country of origin!
This clumping phenomenon probably arises as a
consequence of the convective forces that occur
as the solvent evaporates from the specimen on
the electron microscope grid, and is thus an
artefact of the drying process rather than an
intrinsic structural property of these materials.
An alternative explanation is the presence of
some metallo-organic component in addition to

w xpurely metallic states 3 . In some samples, e.g.,
PtrMEK, PtrMMKrH O, particularly those2

without the KD1 and KD2 stabilising agents,
some evidence of agglomeration to bulk mm-
sized material is frequently noted.

2.2. The enantioselectiÕe catalytic hydrogena-
tion of ethyl pyruÕate

2.2.1. Platinum catalysts
Solvent-stabilised Pt nanoparticles were tested

for activity both before and after modification
Ž .with either cinchonidine CD or cinchonine

Ž . ŽCN in the enantioselective hydrogenation 70
.bar H , room temperature, 1 h of ethyl pyru-2

vate. Comparative experiments were also car-
ried out using the standard heterogeneous
silica-supported Pt catalyst, EUROPT-1. Repre-
sentative results are summarised in Table 2
from which it can be concluded that these
nanoparticulate catalysts, of sizes almost below
the currently accepted size regime reported to
exhibit enantioselectivity, display similar be-
havioural characteristics to their conventional

Ž .supported counterparts. These include i rate
enhancement in the presence of the modifier by
factors in the range 50–85 for CD-modification,
values which are significantly higher than
observed previously in the majority of investiga-
tions using conventional heterogeneous cata-

Ž .lysts, and ii the same direction of the enantios-
electivity in the product ethyl lactate, i.e.,
Ž . Ž .R - and S -enantiomers following CD- and

ŽCN-modification, respectively compare entries
.1–3 with 4–6 . It is also evident that they can

display higher activity than conventional sup-
ported catalysts. The additional presence of the
polymeric protecting agents KD1 and KD2 has
only minor effects on reaction rate and ee for
CN modification and a slight suppression of

Ž .both with CD entries 7–10 . The lower level of
enantioselectivity exhibited by the solvent-
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Table 2
Initial rates of hydrogenation, EP conversions and ee’s for CD- and CN-modified platinum catalysts used for the hydrogenation of ethyl
pyruvate

Ž . Ž .Entry Catalyst Modifier Initial rate Conversion % ee %
y1 y1Ž .mmol s molmetal

Ž .1 EUROPT-1rMEK CD 600 100 51 R
Ž .2 EUROPT-1rMEK CN 500 100 55 S

3 EUROPT-1rMEK – 25 32 0
Ž .4 PtrMEK CD 1025 100 25 R
Ž .5 PtrMEK CN 830 100 15 S

6 PtrMEK – 12 23 0
Ž .7 PtrMEKrKD1 CD 634 100 12 R
Ž .8 PtrMEKrKD1 CN 795 100 12 S
Ž .9 PtrMEKrKD2 CD 496 100 14 R
Ž .10 PtrMEKrKD2 CN 655 100 13 S
Ž .11 PtrMEKrCD 133 31 14 R

stabilised nanoparticles may reflect the rela-
tively small particle sizes, ca. 2–3 nm, in these
systems; previous reports have indicated that
3–4 nm is the minimum size requirement for

w xgood enantioselectivity 17 . Interestingly, how-
ever, in that report activity was also found to be
optimal for particles larger than 3 nm. It is
therefore possible that both the activity and
enantioselectivity of the nanoparticulate materi-
als prepared by the vapour synthesis route could
be enhanced by increasing the particle sizes.
Pre-modification by CD in the preparative stage
is clearly deleterious to the observed reaction
rate which approaches that of the unmodified

Ž .catalysts entry 11 .

It is noteworthy that catalyst compositions
which contain water as a significant component
of the solvent mixture should show evidence of
enhanced activity in comparison with other cata-

Žlyst formulations examined compare entries
.1–6, Table 3 with entries 1–6, Table 2 . A

w xreport by Augustine et al. 18 referred to the
beneficial effects of traces of water on reaction
rate but almost all the previous work in this area
has used, nominally at least, organic solvents
alone as reaction media. For the purposes of
comparison, entries 7–9 in Table 3 illustrate the
behaviour of nanoparticulate Pt catalysts pre-
pared by conventional reduction of aqueous so-
lutions of chloroplatinic acid. The resultant low

Table 3
Effect of water on catalytic activity and enantioselectivity during Pt-catalysed hydrogenation of ethyl pyruvate

Ž . Ž .Entry Catalyst Modifier Initial rate Conversion % ee %
y1 y1Ž .mmol s molmetal

a Ž .1 PtrMMKrH O CD 4198 100 26 R2
Ž .2 PtrMMKrH O CN 2253 100 36 S2
Ž .3 PtrMMKrH OrKD2 CD 3110 100 22 R2

4 PtrMMKrH OrKD2 – 57 21 02
Ž .5 EUROPT-1rMMKrH O CD 1131 100 32 R2
Ž .6 EUROPT-1rMMKrH O CN 456 100 19 S2

b Ž .7 PtrH O CD 67 79 13 R2
Ž .8 PtrH O CN 248 100 9 S2

9 PtrH O – 27 5 02

a MMKsacetone, MMKrH Os4r1 vrv.2
b PtrH O catalyst prepared by reduction of aqueous chloroplatinic acid using hydroxylamine hydrochloride.2
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reaction rates, which approach those exhibited
by the unmodified catalysts, may be accounted
for, in part by the limited miscibility of ethyl
pyruvate with water, notwithstanding the vigor-
ous stirring rates used throughout the catalyst
testing procedures. It should be noted that the

Žparticle size distribution pre-catalysis Table 1,
.entry 7 is very similar to those of the other

members of the PtrMEK, PtrMMKrH O se-2

ries investigated.
In general, the morphologies of the solvent-

stabilised Pt nanoparticles do not appear to be
greatly affected by use in catalysis and little
additional bulk agglomerated material is ob-
served post-catalysis. Examination by TEM af-
ter catalyst testing reveals only a marginal in-
crease in mean particle size from ca. 2.5"0.7

Ž .to 2.7"0.7 nm see Table 1 although there is
evidence of a greater extent of the ‘clumping’
phenomenon post-catalysis. This may be a con-
sequence of the additional presence of traces of

Žethyl pyruvate and ethyl lactate or their degra-
.dation products, possibly polymeric residues

which are less volatile than the solvents MEK,
acetone, etc., used in the initial preparative
stages. Nevertheless, the profile of the particle
size distributions is in some cases ‘sharpened’
during the process of catalyst evaluation, for

Ž .example, PtrMEK Fig. 1 , and PtrMEKrKD2,
in the direction of a higher degree of monodis-
persity.

2.2.2. Palladium catalysts
In marked contrast to the catalytic behaviour

displayed by Pt, solvent-stabilised Pd nanoparti-
cles have been found to display some surpris-
ing, and at present unexplained differences, from
conventional supported Pd catalysts towards the
enantioselective hydrogenation of ethyl pyru-

Ž .vate see Table 4 . Thus CD-modified Pd
Ž .nanoparticles also yield R -lactate with ee’s of

Žup to 30% in the hydrogenation of EP entries
.2, 3 and 6 , i.e., in the opposite sense to that

previously reported for CD-modified palladium
catalysts. In further contrast to the behaviour of
oxide-supported Pd catalysts, these reactions

Ž .Fig. 1. Particle size distributions for PtrMEK measured: a
Ž .pre-catalysis, and b post-catalysis.

also appear to show rate enhancement, the rate
of the unmodified reaction being very slow
Ž .compare entries 2–4 with 5 . The enantioselec-
tivity induced by CN is more muted, in agree-
ment with previous reports that CN is a less
effective modifier than CD, and is in favour of
Ž . Ž .S -lactate entries 4, 7 . The behaviour of the
solvent-stabilised Pd nanoparticles thus emu-
lates platinum in terms of both the sense of the
direction of enantioselectivity and in showing a
rate enhancement in the enantioselective hydro-
genation of pyruvate esters. It is noteworthy that
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Table 4
Initial rates of hydrogenation, EP conversions and ee’s for CD-
and CN-modified palladium catalysts used for the hydrogenation
of ethyl pyruvate

Entry Catalyst Modifier Initial Conversion ee
Ž . Ž .rate % %

y1Žmmol s
y1 .molmetal

a Ž .1 PdrC CD nrr 14 S
w x Ž .2 PdrMEKrKD1 A CD 47 13 29 R
w x Ž .3 PdrMEKrKD1 B CD 130 13 7 R

Ž .4 PdrMEKrKD1 CN 17 8 12 S
5 PdrMEKrKD1 – -5 9 0

Ž .6 PdrMEKrKD2 CD 101 18 9 R
Ž .7 PdrMEKrKD2 CN 17 8 3 S

b Ž .8 Pdralumina CD 30 10 32 R
b Ž .9 Pdralumina CN 17 6 7 S

a w xRef. 11 .
b5% Pdralumina Engelhardt ESCAT 14.

a standard Pdralumina catalyst shows similar
Ž .behaviour in MEK as solvent entries 8, 9 .

The solvent-stabilised Pd nanoparticles also
provide a contrast with their Pt analogues in that
the particle size distribution increases signifi-
cantly in most cases during use in catalysis,
typically increasing in the range from 2.9–3.8
nm pre-reaction to 3.5–5.4 nm post-reaction

Žand increasing in dispersity see Fig. 2, for
w x.PdrMEKrKD1 A . Nevertheless with

w x Ž .PdrMEKrKD1 B Fig. 3 , the reverse situa-
tion, i.e., that which obtains for the majority of
solvent-stabilised Pt nanoparticles, is observed,
namely a redistribution and ‘sharpening’ of the
particle size distribution. This difference may be
a consequence of variation in Pd concentrations
in the samples examined, the Pd concentration

w x y3of PdrMEKrKD1 B at 0.6 mmol dm being
very much lower than that of PdrMEKrKD1-
w x y3A , 28 mmol dm . These differences in initial
particle size distribution may also account for
the differences in enantioselectivity noted in
entries 2 and 3, the larger particles in catalyst
w xA inducing higher levels of enantioselectivity,

w xcf. Ref. 17 . In all cases examined, there is a
higher degree of clumping, in some cases, oc-
curring to such an extent that the primary parti-
cles appear to be spread across the specimen
grid in the form of an interlinked network.

Further work is required in attempts to deter-
mine the origin of the observed switch in the
sense of the enantioselectivity over palladium
catalysts. The mechanistic pathway of palla-
dium-catalysed reactions, in general, is much
less well understood than the corresponding
platinum-catalysed systems. Deuterium la-
belling experiments have shown that in contrast
to Pt, over conventional oxide-supported Pd, the
main product forming route is via the enol and

w xcarbon–carbon double bond hydrogenation 15 .

w xFig. 2. Particle size distributions for PdrMEKrKD1 A mea-
Ž . Ž .sured: a pre-catalysis, and b post-catalysis.
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w xFig. 3. Particle size distributions for PdrMEKrKD1 B measured:
Ž . Ž .a pre-catalysis, and b post-catalysis.

It is however quite conceivable that carbon–
oxygen double bond hydrogenation and
carbon–carbon double bond hydrogenation via
the enolate conformer may provide delicately
balanced competitive mechanistic pathways with
different Pd catalysts. Deuterium tracer experi-
ments are in progress to test this possibility.

Recent collaborative work with the group of
Prof. P.B. Wells has provided evidence that the
situation with respect to catalysis by palladium

is even more complex than indicated in the
preliminary work reported here and that not
only the sense of the enantioselectivity may be
switched, but the outcome of the enantioselec-
tive hydrogenation of pyruvate esters may also
be dependent on the choice of both solvent and

w xsubstituent, e.g., RsEt or Me 19 .

3. Conclusions

Some new and presently unexplained results
have emerged from these preliminary studies
with solvent-stabilised nanoparticles. The be-
haviour of solvent-stabilised Pt nanoparticles
towards the enantioselective hydrogenation of
ethyl pyruvate parallels that observed with con-
ventional cinchona alkaloid-modified, oxide-

Ž .supported Pt catalysts in respect of both i the
acceleration in reaction rate relative to the un-

Ž .modified system, and ii the sense of the enan-
tioselectivity in the ethyl lactate product. In
marked contrast, the use of solvent-stabilised Pd

Ž .nanoparticles results in i a reversal of the
sense of the enantioselectivity previously re-
ported over conventional supported catalysts,

Ž .and ii a rate acceleration rather than retarda-
tion on cinchona alkaloid modification. From
this and other work, it has become evident that
notwithstanding generally low activities and
enantioselectivities, the Pd-catalysed enantiose-
lective hydrogenation of ethyl pyruvate is much
more complex than the corresponding Pt catal-
ysed reactions. The substantial rate enhance-
ment effect of the presence of water which has
been observed with, for example, PtrMMKr
H O, appears new and is at present unex-2

plained. In contrast, aqueous-based Pt nanopar-
ticle preparations obtained by simple conven-
tional chloroplatinic acid reduction show both
low reaction rates and enantioselectivities. Al-
though the metal particle size distributions re-
main relatively unchanged during catalysis with
Pt, some variation in behaviour, which appears
to be concentration dependent, is observed dur-
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ing catalysis with solvent-stabilised Pd nanopar-
ticles.

4. Experimental

4.1. Preparation of solÕent-stabilised Pd and Pt
nanoparticles

The solvent-stabilised nanoparticles listed in
Table 1 were prepared by the evaporation of
platinum and palladium metals and co-con-
densation of their vapours with those of organic
solvents at 77 K using a commercial positive
hearth electrostatically focused electron beam

Žrotary metal atom reactor Torrovap Industries,
. w xOntario, Canada as described previously 3 .

Typically, 2.5 g of KD1, a proprietary poly-
meric protecting agent in the Hypermer KD
range of dispersants marketed under the
Solsperse tradename by Zeneca Colours, was
melted and dispersed onto the walls of the 5 l
spherical reactor chamber, after which it was
evacuated to 10y7 Torr and cooled in liquid

Ž .nitrogen. Palladium 11.3 mmol was then evap-
orated over 2 h and co-condensed with butan-2-

Ž . Ž 3.one MEK 145 cm which was simultane-
ously added to the vessel as vapour. After depo-
sition the chamber was slowly warmed to room
temperature during which period a further 2.5 g
of KD1 in 60 cm3 of MEK was added to the
softening matrix of reactants. After warming to
room temperature, the resultant clear brown liq-
uid was transferred under anaerobic conditions
into a Schlenk receiver vessel for storage.

Solvent-stabilised nanoparticles of Pt were
prepared by a similar procedure. One Pt sample
was prepared in the presence of the alkaloid

Žcinchonidine as a stabilising agent Table 1,
.entry 4 . This was achieved by first coating the

walls of the rotating reaction chamber with a
dichloromethane solution of cinchonidine fol-
lowed by evaporation of the solvent under vac-
uum. The product was then obtained after co-
condensation of platinum and MEK vapours
onto the cinchonidine layer at 77 K, followed

by slow warming to room temperature and
workup using the procedure described above.

4.2. Characterisation of solÕent-stabilised metal
nanoparticles

Metal concentrations of the solvent-stabilised
nanoparticles were determined by atomic ab-

Ž .sorption spectroscopy AAS .
Particle sizes and morphologies of the sol-

vent-stabilised nanoparticles, both in the as-pre-
pared state and after use as catalysts for enan-
tioselective hydrogenation, were determined by

Ž .transmission electron microscopy TEM . Phase
contrast TEM images were obtained using a
side entry Philips EM400 electron microscope
operating at 120 kV. Specimens were prepared
by allowing one or two drops of the sample
solution to evaporate onto a standard copper

Ž .grid supplied by Agar Scientific .
For particle size analysis and construction of

the histograms of particle size distributions, at
least 300 particles were measured from each
micrograph obtained from different areas of the
sample grid and at various magnifications.

4.3. Catalytic hydrogenation studies

Solutions of the solvent-stabilised palladium
nanoparticles containing either 1.8 mg Pt or 1

Ž y5mg of Pd, CD or CN modifier 6 mg, 2=10
. Ž .mol , freshly distilled ethyl pyruvate Aldrich

Ž 3.and solvent total reaction volume: 20 cm
were added to a Parr Model No. 4592 autoclave.
The autoclave was sealed, purged three times
with H to 50 bar and then pressurised to 70 bar2

with H and maintained at 25"18C for 1 h.2

Rates of reaction were determined from hydro-
gen uptake data measured during the period of
steady reaction using a pressure transducer fit-
ted to the autoclave.

At the conclusion of the reactions, the prod-
uct solutions were analysed for substrate con-
version and ee by GC, using an FFAP capillary

Ž .column Alltech and a CDX-B capillary chiral
Ž .column J&W Scientific , respectively. For ee
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determination, the product solution was anal-
ysed following derivatisation with trifluoro-
acetic anhydride.
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