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Abstract

The steps (Pt{111k {111} and Pt{100} x {111}) and terraces (Pt{100} and Pt{111}) of a 5% Pt/graphite catalyst have been identified by
cyclic voltammetry and their contributions to rate and enantioselectivity in high-pressure ethyl pyruvate hydrogenation assessed. Bi prefer.
entially adsorbed from solution onto the platinum surface of the catalyst at step and {100} terrace sites. Further increasing Bi coverage led tc
the gradual occupation of {111} terrace sites, followed by the formation of Bi multilayers. In contrast, S adsorbed from solution onto terrace
and step sites simultaneously but with the {131§111} step sites being strongly disfavoured. Pt/graphite, Bi—Pt/graphite, and S—Pt/graphite
catalysts have been modified by cinchonidine and used to catalyse the enantioselective hydrogenation of ethyl pyruvate to ethyl lactate
30 bar and 293 K. The effect of increasing Bi coverage at step sites was to increase activity substantially but reduce enantiomeric exces
from 43%(R) to 17%(R), whereas the effect of increasing S adsorption at terrace sites was to decrease activity and increase enantiomer
excess to 52%(R). These unexpected contrary effects on activity and enantioselectivity were confirmed for Bi adsorption by repeating the
experiments using the standard reference catalyst 6.3% Pt/silica (EUROPT-1), for which enantiomeric excess fell linearly from 73%(R) to
20%(R) as Bi loading was increased. The well-documented rate enhancement associated with catalyst modification by cinchonidine has be
reassessed in the light of this further rate enhancement by Bi adsorption, and its origin has been attributed to inhibition of ethyl pyruvate
dimerisation/polymerisation by the strongly basic alkaloid. Rate enhancement is now attributed to reaction occurring at a normal rate at ar
enhanced number of sites, not (as previously proposed) to a reaction occurring at an enhanced rate at a constant number of sites. The oppos
effects of Bi and S on rate and enantioselectivity are consistent with (i) preferential initiation of pyruvate polymerisation at step sites, (ii)
inhibition of propagation of this polymerisation by alkaloid, and (iii) a higher enantiomeric excess in cinchonidine-modified near-step sites
than in similarly modified terrace sites. These results have important implications for future catalyst design.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction preparation using heterogeneous metal catalysts. Two strate-
gies for this preparation are available: (i) enantioselective
Production of optically pure chiral compounds is of the hydrogenation, in which the chiral directing agent is chemi-
utmost importance in the pharmaceutical, agrochemical, andcally bonded to the catalyst surfagd, and (ii) diastereose-
fragrance industries, and much research has focused on theifective hydrogenation, in which the required chiral auxiliary
is covalently bonded to the prochiral reactant mole¢2]e
mponding authors. In the former, a small quantity of chiral modifier sufficient
E-mail address: attard@cf.ac.ukG.A. Attard). to form a partial adlayer at the metal surface is effective

0021-9517/$ — see front mattét 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.06.017


http://www.elsevier.com/locate/jcat
mailto:attard@cf.ac.uk

D.J. Jenkins et al. / Journal of Catalysis 234 (2005) 230-239 231

and the required product is formed directly, whereas in the surface[8]. Occupation of a given type of site by an adsor-
latter, stoichiometric quantities of chiral-directing agent are bate other than hydrogen or electrolyte anion results in the
needed, and a cleavage reaction is required to provide thepartial or complete loss of that feature from the CV. Here Bi
final product. Both methodologies when optimised can pro- and S have been adsorbed onto Pt/graphite. Single-crystal
vide optical yields of 95% or more, but in general the perfor- studies have shown that Bi blocks Pt step sites in prefer-
mance of enantioselective hydrogenation catalysts has beerence to {111} terrace sites, whereas S initially blocks Pt
disappointing. Their more modest performance may be dueterrace {111} siteq9]. In contrast with earlier studies of
to the wide diversity of site types available at polycrystalline chemically modified Pt surfaces, in which surface coverage
metal surfaces, and consequently to the generation of variousof adatoms was considered the important variable determin-
enantioselective sites that differ in terms of chiral efficiency. ing activity and selectivity10-13] the present investiga-
Adsorption of the reactant in an optimal spatial relationship tion applies recent knowledge (gained from single-crystal Pt
to the chiral environment of the adsorbed modifier is cru- electrode studies in relation to thdsorption site preference
cial to high performance, but no systematic information on of adatoms) to investigate the chiral efficiencies of various
the dependence of enantioselectivity on surface structure istypes of adsorption site at the molecular level. This strategy
presently available. The objective of this investigation was provides an opportunity to control and characterise the types
to explore the relationship between enantioselectivity and of catalyst site available to reactant molecules. Whether the
catalyst morphology and thereby provide a structural ba- sites exposed during catalysis in a reactor are the same in
sis for future catalyst design. Two approaches have beentype and number as those determined in an electrochemical
adopted: (i) the selective blocking of step or terrace sites by cell will be determined by the normal processes of competi-
inert adatoms and observation of the chiral performance of tive adsorption that operate under reaction conditions.
the remaining surface, and (ii) the variation of available site  The choice of Pt/graphite as the catalyst was deter-
types by thermal sintering. This paper demonstrates for themined by the requirement that samples for cyclic voltam-
first time the relationship between activity, enantioselectiv- metry should be conducting. We previously reported the
ity, and catalyst morphology in the enantioselective hydro- effects of adsorption of some cinchona alkaloids on the
genation of ethyl pyruvate to ethyl lactate over cinchonidine- CV of Pt/graphite[8]. Carbon- or graphite-supported Pt is
modified Pt. Sintering effects will be reported in future work. generally inferior to Pt/silica and Pt/alumina in terms of

Enantioselective hydrogenation of a range of prochi- chiral performance—typically Pt/C, ee 20-45%][14,15]}
ral activated ketones has been catalysed in solution byPt/silica, ee= 65—-78%[16-21} and Pt/alumina, ee- 75—
supported Pt catalysts modified by cinchona alkalgids 85% [1,4] with special treatments such as ultrasonica-
Mechanisms have been developed that interpret not only thetion [22] or particle restructuring during reacti¢®3] pro-
sense and magnitude of the enantiomeric excess, but alswiding exceptionally high values. However, as we discuss
the variations in enantioselectivity accompanying changeslater, detailed understanding of enantioselective surface
in reactant, alkaloid structure, and reaction conditif8js processes that can be defined for Pt/graphite using the elec-
With respect to catalyst morphology, early work demon- trochemical surface science approach can be applied, by
strated an inverse correlation between enantiomeric excesanalogy, to nonconducting supported Pt catalysts where
and platinum dispersiofd], and some investigators pro- analogous behaviour can be established. Hence conducting
posed a key role for corner atom sites in achieving enantiose-Pt/graphite catalysts occupy a key strategic position in our
lectivity [5]. High values (ca. 97%) were reported for 1.4-nm investigation of the dependence of enantioselectivity on cat-
colloidal Pt particle$6], again suggesting that suitable edge alyst morphology.
sites might be of importance, but 0.7-nm silica-supported  The chosen enantioselective reaction involved the use of
Pt clusters were inactivfy], probably because of the dif- two strongly adsorbed components, ethyl pyruvate and cin-
ficulty of co-adsorbing both modifier and reactant on such chonidine. To aid interpretation of the results, we briefly re-
restricted surfaces. Thus the potential of morphology to in- port the characteristics of cyclohexene hydrogenation, a less
fluence chiral outcome has been recognised, but no directaggressive reaction.
link between enantioselectivity and local surface structure
has been demonstrated experimentally.

Supported metal catalysts contain polycrystalline metal 2. Experimental
particles that expose terraces, steps, and kinks (formed at
step intersections) to the fluid phase. These particles have Platinum-catalysed ethyl pyruvate hydrogenation at am-
a wide size distribution and surface morphologies that de- bient temperature and 30-bar pressure was conducted in a
pend on their size and on their chemical and thermal his- stainless steel, mechanically stirred Baskerville reactor. Cat-
tory. Cyclic voltammetry can provide evidence of this mor- alysts used were a 5% Pt/graphite (Johnson Matthey), with
phology as long as the catalyst is a conductor. Thus cyclica Pt area of 2.1 Ag~! and a mean Pt particle size of
voltammograms (CVs) of Pt/graphite catalysts in acidic so- 14 nm, and the standard reference catalyst EUROPT-1, 6.3%
lution contain electrosorption peaks corresponding to the Pt/silica (Johnson Matthey), with a total area of 185gn’
presence of various types of terraces and steps at the metaind a mean Pt particle size of 2 rjg#,25] Pt/graphite re-
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quired no re-reduction; EUROPT-1 was re-reduced at 450 K mostly R- and S-ethyl lactate, with enantioselectivity quan-
in flowing 5% H, in Ar for 3 h before use. tified in terms of the enantiomeric excess, ee (%), defined
To deposit Bi or S onto Pt/graphite or Pt/silica, 2 g sam- as ([R-]—[S-])10?/([R-]+[S-]). Values of enantiomeric ex-
ples of catalyst were immersed in predetermined volumes cess measured chromatographically for a series of synthetic
of aqueous 1.5 mmol bismuth nitrate solution for 3 h with standards exhibited a correlation coefficient of 0.99. A small
vigorous stirring. The slurry was then left to stand for 18 h, percentage of the reactant was converted to eight high-
filtered off, washed with 1.0 | of ultrapure water, and dried at molecular mass products (HMMPSs). The total area under the
373 K for 0.25 h. For S deposition onto Pt/graphite, 2 g sam- HMMP peaks in each chromatogram was determined, and
ples of catalyst were immersed in predetermined volumesthe value for the cinchonidine-modified reaction at 100%
of agueous 1.5 mmol sodium sulphide solution in a bubbler, conversion over Bi-free Pt/graphite was given the value 100.
and hydrogen was passed through the solution for 0.5 h. TheYields from other reactions were scaled accordingly.
slurry was then sparged with nitrogen for 0.5 h, and the cata-  The two-compartment electrochemical cell used for cat-
lyst was filtered off, washed, and dried. Surface coverages ofalyst characterisation was as described previolZdy. The
Bi and S on Pt/graphite were determined by cyclic voltam- working electrode consisted of a Pt mesh basket containing
metry, as described later. 2.7 mg of Pt/graphite catalyst, the electrolyte was 0.5 mol
Pt, Pt-Bi, and Pt-S catalysts were rendered enantiose-of sulphuric acid, and the sweep rate was 10 m¥ Vs
lective by treatment with cinchonidine (CD) (Fluka). The of Pt catalysts revealed electrosorption peaks at 0.06, 0.20,
quinuclidine ring system in these alkaloids is crucial to their 0.28, and 0.47 V attributed (in comparison with the single-
mode of action, and hence catalyst treatment with achiral crystal data) to the presence{afl Lerr x {111 sepStep sites,
quinuclidine (QD) was also investigated. Modification (the {100err x {111}step Step sites, {100} terraces, and {111}
process by which alkaloid was adsorbed onto the catalyst)terraces, respective[,27,28] The area under the voltam-
was achieved in situ. Typically, 65 mmol of ethyl pyruvate mogram was reduced when Bi or S was adsorbed onto the
(7.2 ml), 0.17 mmol of alkaloid (50 mg cinchonidine or cin- Pt/graphite catalyst, and surface coveraggsandds, were
chonine, 19 mg quinuclidine), 0.25 g of catalyst, and 12.5 ml calculated using the equatiépi s = [(QR) — (QE"S)]/QS,

of dichloromethane, in that order, were measured into the where(Qﬂ) and(QEi'S) are the hydrogen sorption charges

glass liner of the reactor. Once sealed, the vessel was purgeghefore and after adsorption of Bi or S onto the catalyst,

several times with hydrogen to remove air, then pressurisedrespectively. When preparating the (Pt—Bi)/graphite cata-

to 30 bar. The stirrer motor was started immediately, and |ysts, using 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 20.0, 30.0,

reaction commenced. All enantioselective reactions were al-40.0, and 50.0 ml bismuth nitrate solution produced Bi sur-

lowed to proceed to 98-100% conversion. Cyclohexene hy-face coveragesgg;) of 0.09, 0.17, 0.26, 0.35, 0.43, 0.52,

drogenations at 5-bar pressure were conducted analogously.70, 1.05, 1.40, and 1.70, respectively; the last two cata-

but in the absence of alkaloid. lysts in this series contained multilayers of Bi. Likewise,
Reactions were carried out at constant pressure; a Buchi(pt—S)/graphite catalysts were prepared for wisigh: 0.15,

9204 gas dosing system admitted hydrogen to compensate 16, 0.19, 0.28, 0.29, 0.49. Bismuthated EUROPT-1 sam-

for the hydrogen consumed. Reactions over Pt/graphite andples were prepared using 10.0, 20.0, 25.0, 30.0, 35.0, 40.0,

Pt/silica showed uptake-time curves of the type previously and 48.0 ml bismuth nitrate solution. (Bismuth coverages

recorded for EUROPT-116,17] Reaction in the absence could not be determined, because samples were not conduct-

of an alkaloid modifier was slow, showed a decreasing rate ing.)

typical of a progressively poisoned reaction, and often be-  Because Bi and S coverages under reaction conditions

came immeasurably slow before complete conversion. (Ac- departed from the values @g; and6s determined during

tivity is denoted by the initial rateinitiar .) Alkaloid-modified catalyst characterisation (due to competitive adsorption ef-

reactions were much faster, showing an initial period of fects), the coverages under reaction conditions are denoted

mildly accelerating rate (0 to-15% conversion) followed by (6g;)ch and (0s)ch to emphasise that these were the val-

by fast reaction at constant maximum ratgax (~15 to ues determined at characterisation.

~85% conversion), and a final deceleration as the reactant

became exhausted. Rates of reactions over alkaloid-modified

catalysts are denoted b§maxcp Or (rmaxop, and the 3. Results

rate-enhancement fact@®g, is defined a$rmax) cop/ (initial)

or (rmax)op/ (rinitial). Cyclohexene hydrogenations showed 3.1. Pt/graphite: activity and enantioselectivity

first-order decay of reaction rate with time; activity is ex-

pressed in terms of the initial rateyciohex Uncertainties in Fig. 1 shows uptake—time curves for (a) reaction over
the rate measurements were generalll-2% of the stated  Pt/graphite in the absence of alkaloid (racemic product),
values. (b) reaction in the presence of 0.17 mmol of the achiral

Products were analysed by chiral gas-liquid chromatogra- modifier quinuclidine (racemic product), and (c) reaction
phy (25 m capillary column, chirg#-cyclodextrine station-  in the presence of 0.17 mmol of the chiral modifier cin-

ary phase; Varian). Ethyl pyruvate hydrogenations produced chonidine [optically active product, ee 43%(R)]. Table 1
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Fig. 1. Uptake/time curves for ethyl pyruvate hydrogenation at 293 K
and 30 bar pressure. Catalysts: (a) unmodified Pt/graphite; (b) qui-
nuclidine-modified Pt/graphite; (c) cinchonidine-modified Pt/graphite;
(d) cinchonidine-modified Pt-Bi/graphit@6gj)ch = 0.43), (e) equimo-

lar CD:QN-modified Pt/graphite, (f) cinchonidine-modified Pt—S/graphite
((6s)ch=0.19).

Table 1

Variation of activity {max), enantiomeric excess (ee) and HMMP yield in
reactions over Pt/graphite, Pt—Bi/graphite and Pt-S/graphite modified by
cinchonidine (CD) and quinuclidine (QRI)

Surface Alkaloid  rmax ee HMMP
modifier (mmol h1 gc’eﬁ) (%(R)) yield
Pt None b 0 x*
Pt CD 850 41 100
Pt QN 440 0 40
Pt 1:1 CD:QN 1205 37 -
Pt-Bi ((0gj)ch =0.35) CD 1350 35 49
Pt—Bi ((6gj)ch =0.35 QN 1710 0 36
Pt-Bi ((fgj)ch =0.35) 1:1 CD:QN 4600 15 -
Pt-S((fs)ch=0.19) CD 440 52 109
Pt-S((6s)ch=0.19) QN 310 0 -
Pt—=S((6s)ch=0.19) 1:1CD:QN 645 51 -

& Conditions: 65 mmol ethyl pyruvate, 0.17 mmol CD and/or 0.17 mmol
QN, 0.25 g catalyst, 12.5 ml dichloromethane, 30 bar hydrogen, 293 K,
1000 rpm.

b For this reactiontipitia = 24 mmolhr1gl,,

¢ Conversion, 20%.

lists the rates. The presence of cinchonidine and quinu-
clidine caused rate enhancements by factag) (of 18
and 35, within the range of 15-50 normally observed over
EUROPT-1[4,16,29] Using a 1:1 mixture of cinchonidine
and quinuclidine (0.17 mmol of each) resulted in a previ-
ously unreported additive effect with respect to rate, with the
enantiomeric excess only slightly reduced at 37%(R)- (
ble 1andFig. le).

3.2. Pt-Bi/graphite: characterisation
Representative CVs for the (Pt—Bi)/graphite catalysts are

shown inFig. 2 The catalyst containing no Bi showed fea-
tures attributable t¢111} x {111} and {100} x {111} steps
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Fig. 2. CVs for Pt/graphite and bismuthated derivatives. For conditions see
Experimental section. Electrosorption features: 0.0§IM,1} x {111} Pt
steps; 0.20 V{100} x {111} Pt steps; 0.28 V, {100} Pt terraces; 0.47 V,
{111} Ptterraces;>0.5V, Bi covered surface. Bismuth coverages at charac-
terisation (top): 0.00 (full curve), 0.26 (dashed curve), 0.35 (dotted curve),
0.52 (dot-dashed curve); (bottom): 0.70 (full curve), 1.05 (dashed curve),
1.40 (dotted curve), 1.74 (dot-dashed curve).

(0.06 and 0.20 V) and to {100} and {111} terraces (0.28 and
0.47 V) (Fig. 2(top)).

Peak shapes were consistent with the steps, demonstrat-
ing limited long-range order and narrow {111} and {100}
terraceq28]. Adsorption of Bi onto this Pt surface resulted
first in a diminution in the step feature®gj)ch = 0.09 to
0.35), indicating that Bi was adsorbed preferentially at the
step sites. Adsorption at the {100} terraces was well un-
derway even atfgj)ch = 0.26, whereas the {111} terraces
were populated only at high coveragf®gi)ch > 0.60].
When the bismuth loading exceedéti)ch = 0.70, a new
feature appeared at0.53 V, attributable to surface redox
processes associated with Bi chemisorbed at the {111} ter-
races Fig. 2). The initial preferential adsorption of Bi at Pt
step sites demonstrated that this morphologically complex
Pt surface behaved in the manner expected from the results
of Pt single-crystal studiel®,30]. Bi and S appear to be in
their zero oxidation states at electrochemical potentials close
to 0 V (Pd/H), although they exhibit redox behaviour under
oxidising conditions £0.9 V) [31,32] Thus, under the re-
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Table 2

Effect of bismuth coverage¥gi)ch, on the ratermax of ethyl pyruvate
hydrogenation catalysed by Pt/graphite modified by cinchonidine (CD) or
quinuclidine (QN); and the initial rate of cyclohexene hydrogenation catal-
ysed by unmodified Pt/graphite
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(0gi)ch  Ethyl pyruvate hydrogenatién Cyclohexene hydrogenatiBn

Enantiomeric excess / %(R)

(rmax)CcD (rmax) QN Tcyclohex 30 e
0.00 850 440 3670 T
0.09 930 640 2960 254 7
0.17 980 1095 -
0.26 1520 1440 - 207 iy
0.35 1350 1710 2840
043 1440 2350 - 159 ]
052 1900 1635 - 00 02 04 06 08 10 12 14 16 18
0.60 1645 1960 -
0.70 1950 - 1980 0
1.05 1660 - 630
1.40 1690 - 70 Fig. 3. Pt—Bi/graphite: variation of enantiomeric excess with bismuth cov-
174 1755 2110 20 erage at characterisation. For reaction conditionsTabée 1

@ For reaction conditions sékable 1
b Reaction conditions: 100 mmol cyclohexene, 0.05 g catalyst, 20 ml
dichloromethane, 5 bar dihydrogen, 293 K, 1000 rpm.
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actor conditions used in this work (30-bar hydrogen), Biand F 0
S would be expected to be present in their zero oxidation
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3.3. Pt-Bi/graphite: activity and enantioselectivity 1
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An uptake—time curve for cinchonidine-modified reaction
over Pt-Bi/graphité(dgi)ch = 0.43] is shown as curve (d) in

204

Enantiomeric excess / %(R)

Fig. L The maximum rateymax)cp, increased with increas- 10 s
ing Bi coverage Table 2, with activity becoming indepen- . ] 1
dent of coverage fqr cat_al_ysts showi(®gi)ch > 0.6. In. the _ o 1 2 s 4 =
presence of Bi, quinuclidine was as effective as cinchoni- Volume of bismuth nitrate solution / ml

dine in providing an enhanced raféaple 9. Modification _ . - N .
Fig. 4. Pt-Bilsilica: variation of enantiomeric excess with extent of expo-

with 1:1 (CmChonldmef qumuc“dme) mIXtu_reS p_roduced sure of EUROPT-1 to bismuth nitrate solution. For reaction conditions see
an extremely fast reactiorRE = 184, Table ) in which the Table 1

enantiomeric excess was reduced to 15%.

Rates were independent of ethyI pyruvate concentration (Tmax)CD, again increased as the Bi dosage was increased
for Pt/graphite(fgi)ch = 0.52 and 1.05. This indicates that  (not shown), and enantiomeric excess decreased in a sim-
the zero order in pyruvate normally reported for this reac- jlar two-stage mannerF{g. 4). Although surface coverage
tion [16] also applied to the faster reactions at these bis- of Bi could not be determined, we can infer that Bi oc-
muthated surfaces. cupied step sites, because the catalyst was dosed with up

Fig. 3 shows the effect of bismuth on the enantioselec- to 25-ml bismuth solution, and that terrace sites were oc-
tivity observed in the cinchonidine-modified reaction. Enan- cupied thereafter. Although the enantiomeric excess over
tiomeric excess decreased with increasing bismuth cover-Bj-free Pt/silica was 73%(R), considerably higher than
age, with the most rapid increase occurring over the rangethat observed over Bi-free Pt/graphite, the value observed

(6i)ch = 0-0.6, the region coincident with the occupation of when Bi fully occupied the step sites was similar, about
Pt step sites by Bi in the as-prepared catalysts. The rate of de20%.

crease in the enantiomeric excess was less rapid in catalysts
for which (@gj)ch > 0.6, that is, where bismuth adsorption 3.5, Pt—S/graphite: characterisation
occurred at the {111} terraces during preparation.
Fig. 5 shows CVs for clean and sulfided Pt/graphite.
3.4. PtBi/silica: activity and enantiosel ectivity All features in the CV diminished as sulfur was progres-
sively adsorbed; the {100} terrace feature (0.25 V) was most
The effect of Bi adsorption on 6.3% Pt/silica (EUROPT-1) rapidly attenuated, and the {111} terrace feature (0.46 V)
was similar to that on 5% Pt/graphite. The maximum rates, was lost by (6s)ch = 0.28, leaving only the step features
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over Bi-free Pt/graphite was given the value of 100, and
values for other reactions were scaled accordingly (see Ex-
perimental section). Yields were lower in the faster Pt—Bi-
catalysed reactions and higher in the slower Pt—-S-catalysed
reactions.

Reactions over untreated Pt/graphite (with Bi, S, and
alkaloid absent) became immeasurably slow at modest con-
versions. The relative HMMP yield at 20% conversion
was 2.

Four major components constituted more than 90% of
the HMMP vyield and were found to have mass 234 on
mass spectrometry: the four diastereoisomers of (1), which is

, ——T— T termed “adduct-(I)” because it may be considered an adduct
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Current / A

E (Pd/H ref) | V of ethyl pyruvate and ethyl lactate.

. . ) L " H3C OH
Fig. 5. CVs for Pt/graphite and sulfided derivatives. For conditions see Ex-
perimental section. Sulfur coverages at characterisation: 0.00 (full curve), o . " o
0.16 (dashed curve), 0.28 (dotted curve), 0.49 (dot-dashed curve).

( ), 0.28 ( ), 0.49 ( ) ~_— o ~_
HsC

Table 3 (o) 0]
Effect of sulfur coverage as determined during characterisatigfgn, on adduct-(l)

the rate of hydrogenatiorizmax)cp, and enantiomeric excess, ee, for ethyl
pyruvate hydrogenation catalysed by cinchonidine-modified Pt/graphite; Two minor products of mass 238¢heme 1 seen only in
and the initial ratercycionex Of cyclohexene hydrogenation catalysed by racemic reactions in the absence of alkaloid, Bi, and S, were
unmodified Pt/graphite . .

the enantiomers of pyruvate ester dimer (Il). Both adduct-
(I) (a diester) and dimer-(Il) (an-ketoester) may have re-

(6s)ch  Ethyl pyruvate hydrogenatién Cyclohexene hydrogenati®n

(rmax)cp (mmolh~tg=1) ee (%) reyciohex(mmol g1 acted further with ethyl pyruvate to form higher polymers
0.00 860 42 3640 on the surface that were not detected. The mechanism pro-
015 360 540 - posed inScheme Tiffers from the aldol-type reaction with
8‘18 iig gig : alkanol elimination reported previoudl§3,34], which is in-
028 280 510 2760 consistent with the present mass measurements. The enol
029 - - 2700 reacted with the alpha-keto group, not with the ester car-
0.49 270 53% 2120 bonyl. The processes iBcheme lare expected to be re-
05 - - 1950 versible and the equilibria will be responsive to the presence
a For reaction conditions s&able 1 of acids and bases, including the modifier alkaloid. Thus

the absence of dimer-(Il) among the HMMPs formed in the
present, of which thg111} x {111} step sites were most presence of alkaloid is interpreted as being due to inhibi-
prominent. Thus S exhibited preferential adsorption at the tion of its formation by alkaloid in alkaloid-modified reac-
terrace sites, although its selectivity toward adsorption at tions.
these sites was not as high as that of Bi toward step sites.
Of the step sites, thgl00} x {111} steps were occupied in  3.8. Cyclohexene hydrogenation
preference to th€l11} x {111} steps in the earliest stages of

S adsorption. Coverages beyo(##)ch ~ 0.5 could not be Initial rates for cyclohexene hydrogenation over Pt/gra-

achieved using this preparation technique. phite (cyclohey) are reported inTables 2 and 3With in-
creasing(6gi)ch, activity fell to 54% of its original value at

3.6. Pt-Sgraphite: activity and enantioselectivity (Bgi)ch = 0.70, and to 17% atbgi)ch = 1.05. Because the

CVs indicated full surface coverage of the Pt surface by Bi
Table 3 shows that activity for cinchonidine-modified at (6gj)ch = 1.07, cyclohexene hydrogenation clearly caused
reaction declined as S-coverage increased, whereas enarsome displacement of Bi and the reemergence of active Pt
tiomeric excess increased from 42%(R) for S-free Pt/graphitesurface. With increasing S coverage, activity for cyclohex-
to 51-54%(R) for the sulfided cataly$ts)ch = 0.15-049). ene hydrogenation dropped by 45%(6§).n = 0.55, con-
firming that considerable Pt surface remained exposed both

3.7. HMMPs in the as-prepared catalyst and under reaction conditions.
Because pyruvate ester and cinchonidine are more strongly
HMMP yields are given iffable 1 The yield in cinchoni- adsorbed than cyclohexene, we would expect them to cause

dine-modified pyruvate hydrogenation at 100% conversion greater displacement of Bi from the active surface.
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4. Discussion model, cinchonidine i -adsorbed by the quinoline moiety
[37,38] and pyruvate ester is-adsorbed by both carbonyl
4.1. Surface conditions functions. Optically active product is then formed on hy-
drogenation. Such enantioselective sites each require 25 or
The adsorption of cationic Bi and anionic S onto Pt/gra- so Pt atoms to achieve simultaneous adsorption of modifier,
phite proceeded in a fashion similar to that observed for reactant, and hydrogd9]. The chemical shielding model
the same adsorbates on Pt single cryd@ilsSteps at a Pt proposes that the alkaloid in a closed conformation forms a
surface exhibit a dipole momeif]. Bi, being more elec-  shielded complex with pyruvate ester such that on adsorp-
tropositive than Pt, is attracted to the stdp$, whereas tion, hydrogen atoms can be added to only one face of the
S, being more electronegative, is repelled from the stepsester molecule, thereby forming an optically active prod-
onto adjacent terracg8]. Electronegativity differences im-  uct [39-43] Both of these models predict the sense of the
ply that the Pt-Bi and Pt-S bonds have partial ionic charac- observed enantioselectivity (i.e., preferential R-lactate for-
ter, as has been confirmed by work function measurementsmation in the presence of cinchonidine, preferential S-lactate
[35,36] However (as indicated earlier), CV indicated that formation in the presence of cinchonine). The adsorption
Bi and S were in their zero oxidation states at 0 V, and model commands greater support because (i) the conforma-
hence the results are discussed in terms of a simple geomettional characteristics of cinchonidine in solution are known
ric site-blocking model. We will shortly be starting an X-ray  from nuclear magnetic resonance spectrosddgy45] and
spectroscopy study to determine the extent of any electronic(provided that the conformational balance observed in so-
effects of Bi and S on Pt/graphite. Using sodium sulphide |ytion is assumed to be largely retained on adsorption) the
as the source of S may have led to the presence of some:onditions that favour the open-3 conformation are those that
residual sodium in Pt—S/graphite catalysts despite the strin-fayour high enantioselectivitj46]; (i) cinchonidine deriv-
gent washing procedure used during preparation. We con-atives braced in the open conformation also yield preferen-
sider any effect of residual sodium unimportant in light of tja| R-product formatiorj47]; (iii) substituted cinchonidines
the zero/marginal effect of adding potassium ion to catalysts yield increases or decreases in enantiomeric excess under

for this reaction (data not published). standard conditions for which structural intepretations have
o been advancef]; and (iv) synthetic analogues of simpler
4.2. Mechanistic models structure but retaining the same functional entities are effec-

) ) tive modifiers[48-51] The discussion here is based on the
Two types of mechanisms have been advanced to inter-a4sorption model.

pret the enantioselective hydrogenation of pyruvate esters

catalysed by cinchonidine-modified supported Pt. &de i i

sorption model proposes that each alkaloid molecule ad- 4.3. Reactions over Pygraphite

sorbed at the Pt surface in the open-3 conformation creates

a chiral environment in its vicinity at which pyruvate ester Cinchonidine-modified reactions over Pt/graphite showed
can undergo selective enantioface adsorpbh9]. In this low rates in the absence of alkaloid, enhanced rates in the
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presence of alkaloid, and an enantiomeric excess in favour Alkaloid had opposite effects on the two processes of
of R-lactate Fig. 1 and Table J). Pt/graphite behaved like  HMMP formation. Dimer-(Il) was formed mostly at the Pt
Pt/silica and Pt/alumina in these respects, except that thesurface but was decoupled by N-base, as discussed earlier,
enantiomeric excess at45%(R) was lower than the values and any higher polymers would be expected to be similarly
of ~75%(R) given by oxide-supported Pt without optimisa- decoupled. In contrast, adduct-(l) was formed in a higher
tion under the same conditiofit,4]. A value of 45% over yield in the presence of N-baseEaple J), indicating that its

Pt/(amorphous-C) was also obtained by Orito e{®4] in formation was base-catalysed. Note that dimer-(ll) is also
their original studies of this reaction; lower values have been formed when cinchonidine and ethyl pyruvate are left to
reported for a range of other Pt/C cataly{4is]. stand in dichloromethane, so there was a subsidiary source

Fig. 1 and Table 1 show that quinuclidine enhanced of dimer-(Il) from a homogeneous process in all of these cat-
rate by a factor of 18, so that racemic reaction proceededalytic reactions.
rapidly to completion. We have previously reported that sim-  This model predicts unexpected behaviour with respect
ple amines accelerate reaction to an extent depending ono both rate and enantiomeric excess toward the end of reac-
their basicity[29]. The effect was interpreted in terms of  tion when the residual concentration of pyruvate in solution
H-bonding between the N-atom of modifier molecules in pecomes small. As the concentration of pyruvate ester di-
solution and adsorbed-bonded half-hydrogenated states minishes, the equilibria shown iScheme 1will shift to
of the type MeC(OH)COOR(ads), which were thereby sta- favour the monomer, and dimer-(I1) will undergo desorption,
bilised and their surface coverage (and hence the reactioneading to an increase in available Pt surface, particularly
rate) enhanced. Cinchonidine enhanced the rate by a factoledge sites. Thus there should be an increase in both rate and
of 35, again as expected on this basis. Modification with a enantiomeric excess. Results tending to confirm these expec-
1:1-mixture of cinchonidine and quinuclidine yield&g = tations have been published elsewhf5@]. Clearly, mass
52, which was additive, as expected, but the enantiomericransport of dimer-(ll) both within the solution and to and
excess was only slightly depressed. Thus the presence ofom the Pt surface is an important factor in determining the

achiral quinuclidine resulted in the more-rapid formation of oisoning effects of HMMPs on the overall reaction.
chiral product.

This unexpected observation has necessitated a revision . . .
. . .~ 4.4, Reactions over Pt—Bi/graphite

of our rate-enhancement mechanism. Scanning tunnelling
microscopy (STM) has recently provided direct evidence ) . o o
that ethyl pyruvate polymerises at the Pt{111} surf§52] Pt/graphite catalysts, which at characterisation exhibited
and that in the absence of hydrogen, individual polymer Progressive preferential adsorption of Bi at Pt step sites
chains nucleate from defect sites. In the presence of hydro-(Fig. 2), showed a progressive increase in rate and decrease
gen, monomers decorate step edges. This finding confirmsn €nantiomeric excess for C|pchon|d|n§-m0dlf|ed reactions
our long-held suspicion, based on the kinetics and HMMP (Table 2and Fig. 3) and an increase in rate for racemic
formation, that pyruvate ester polymerisation is the most quinuclidine-modified reactions. This behaviour contrasts
likely cause of the slow rate of racemic reaction over sup- directly with the sympathetic change in activity and enan-
ported Pt catalysts in the absence of a N-base. Because théioselectivity normally observed and establishes that rate en-
surface oligomeric species proposed here are formed re-hancement and achievement of an enantiomeric excess are
versibly, the effect of N-bases is to decouple dimer-(Il) by Separate phenomena within this reaction. The decrease in
the reverse oBcheme 1reforming ethyl pyruvate monomer enantiomeric excess as a function of Bi coverage of defect
and, if adduct-(1) can undergo hydrogenolysis, forming ethyl sites demonstrates that enantioselective sites at or near a step
lactate. Thus, in the dynamic situation of polymer initiation, were more effective (i.e., produced a higher enantiomeric
propagation, and decoupling, the overall effect of N-bases on€xcess) than enantioselective sites on terraces away from a
dimer-(11) formation is one of general inhibition. Pt surface step. The rate enhancements that accompanied step site oc-
formerly poisoned by polymer is thereby released for pro- cupation by Bi [e.g.,.Re ~ 80 at (fgi)ch = 0.7] show that
ductive hydrogenation of ethyl pyruvate. On this basis, rate (i) polymer/dimer-(ll) formation was initiated preferentially
enhancement is due to reaction occurring at normal rate atat step sites (supported by STM d#2]) and (ii) a much
an increased number of sites and not, as formerly supposedgreater degree of Bi displacement occurred than was the case
due to reaction occurring at enhanced rate at a constant numwith cyclohexene hydrogenation. In this model, as Bi cover-
ber of sites. Thus, when both cinchonidine and quinuclidine age increased, the rate of polymer/dimer-(ll) formation de-
were present, they acted cooperatively in decoupling the creased, polymer/dimer-(ll) decoupling by cinchonidine or
pyruvate ester polymer and increased the fraction of pro- quinuclidine remained efficient, but yet more Pt surface was
ductive surface. Cinchonidine, being much more strongly available for ethyl pyruvate hydrogenation. Co-modification
adsorbed than quinuclidine, was then able to adsorb prefer-with cinchonidine and quinuclidine again gave an additive
entially on the newly released Pt surface, and hence most ofrate enhancemenRE = 180 at(dgj)ch = 0.35 (Table 1), the
the faster pyruvate hydrogenation resulted in chiral product highest value recorded], but because most of this faster reac-
and enantiomeric excess was maintained largely at 37%. tion was catalysed at terraces that yielded lower enantiose-
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lectivity, the value of the enantiomeric excess was typical of excess indicate not only that enantioselectivity varies over
that for terrace reaction (i.e., 15%). the surface of a given Pt nanopatrticle, but also that edge sites
In this new model of rate enhancement, dimer-(ll) plays provide the highest enantioselectivity. This may also be as-
a key role, predicated by the monomer’s ability to react in sociated with the recent reports of enhanced enantiomeric
its enol form. Thus it should follow that comparable reac- excess occurring after sonicati¢d2] and resulting from
tants that cannot enolise should not provide enhanced rategarticle reconstruction during reactif®d], given that such
in the presence of N-bases. The literature reports that eth-processes may create new edge sites.
ylbenzoyl formate (PhCOCOOEt) and ketopantolactone are  Rate enhancement in the presence of an alkaloid modifier
enantioselectively hydrogenated over cinchonidine-modified is attributed to the inhibition of pyruvate ester polymerisa-
Pt at rates only slightly exceeding those of the respective tion at the Pt surface and results from reaction occurring at
racemic hydrogenations in the absence of alkalbid-56] a normal rate at an increased number of sites, not (as was
The decline in the yields of the four diastereocisomers of once thought) to reaction occurring at an enhanced rate at a
adduct-(I) with increasin®gicn (Table ) indicates that  constant number of sites. Exceptions to the widely reported
these products, like dimer-(I1), were formed at step sites, the synergy between rate and enantioselectivity can now be ac-
availability of which was progressively reduced as bismuth commodated by the proposed mechanism. HMMPs provide
coverage was increased. evidence of the participation of enolic forms of ethyl pyru-
vate in reactions at these surfaces.
4.5. Reactions over Pt—S/graphite
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