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Abstract

Ethyl pyruvate was hydrogenated as a gas-phase reactant over 2.5% Pt/SiO; premodified with hydroquinidine 4-chlorobenzoate at two con-
centrations (0.85 and 8.5 mM gc_a{). The sense of enantioselectivity changed as a function of the modifier concentration. At low modifier
concentrations, the (§)-lactate is the preferred product, and at higher concentrations, (R)-lactate is favoured. The lower concentration yielded
an enantiomeric excess (ee) of 15% (S)-ethyl lactate in contrast to 17% (R)-lactate for the higher concentration. A range of hydroquinidine
and hydroquinine derivatives were evaluated at these concentrations; the results suggest that the carbonyl group of the ester linkage at the C(9)
position was required to promote the observed inversion of enantioselectivity. In a subsequent set of experiments, Bi3* was adsorbed onto the
Pt/SiO; catalyst before the premodification step; these ions are considered to adsorb preferentially on high-energy surface sites (e.g., corner sites
or step edges). Increasing Bi3* concentration decreased the degree of inversion until the effect was lost. On the basis of high-resolution electron
microscopy (HREM) comparisons of these Pt/SiO, and Bi—Pt/SiO; catalysts, the inversion effect is discussed in terms of the interaction of the

substrate and modifier with the catalyst surface.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Asymmetric hydrogenation of «-ketoesters using supported
Pt nanoparticles modified with cinchona alkaloids has been
studied extensively and is now considered a model system
[1-3]. Recently, Baiker and co-workers [4-7], Bartok and co-
workers [8—14], and Murzin and co-workers [15,16] reported
a further intriguing aspect of this reaction—that the sense of
the enantioselection can be inverted for specific modifiers by
changing the extent of reaction [4], the solvent [8], or the sub-
stituent at C(9) [5,6]. In all of these cases, the effect is induced
by changes in the reaction conditions. Very recently, Barték and
co-workers [14] noted that in the three-phase reactor system
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(i.e., Hy gas, liquid reactants and products, and solid catalyst),
bulky substituents at the C(9) of the modifier can induce a
change in the sense of enantioselection; in particular, the sense
of enantioselection is opposite to what was expected. Inver-
sion of enantioselectivity has also been observed by Garland
et al. [17] using a continuous-flow three-phase reactor. Note
that the observation of changes in the sense of enantioselec-
tion is not new; Augustine et al. [18] first observed the effect in
1993 by varying the alkaloid:catalyst concentration using di-
hydrocinchonidine as modifier with Pt/Al,O3 as catalyst for
the hydrogenation of ethyl pyruvate; at low modifier concen-
trations, (§)-ethyl lactate formed and at higher modifier levels,
the (R)-enantiomer formed.

These previous observations of inversion in the sense of
enantioselection were all associated with hydrogenation of
a-ketoesters in the liquid phase. We wished to investigate
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whether such effects could be observed using gas-phase reac-
tants, because this would ensure that solvent effects would not
complicate this interesting effect.

Gas-phase enantioselective hydrogenation has been rarely
reported [19,20], however, such a technique may provide a
more simplified approach to determining the mechanism of
such reactions. The absence of solvent at and around the re-
action interface greatly reduces the complexity of the system.
In addition, a greater degree of flexibility with the reaction
methodology is afforded, and experiments can be analysed on-
line and reactants switched with minimal disruption to the op-
erating catalyst.

Presented here are the initial investigations into the ori-
gin of the intriguing effect of the inversion of enantioselectiv-
ity. We have investigated the hydrogenation of ethyl pyruvate
(I, Scheme 1) with a commercially prepared Pt/SiO; catalyst
modified using hydroquinidine modifiers (Scheme 2) leading
to the formation of R- or S-ethyl lactate (II, Scheme 1). We
demonstrate that inversion of enantioselectivity can be observed
in the absence of solvent when the reaction is carried out at the
gas—solid interface, confirming the effect is due to the interac-
tion among the modifier, the substrate, and the metal surface.
Furthermore, by careful modification of the alkaloid, the car-
bonyl of an ester linkage to the carbon at C(9) is significant
with regard to this effect.

2. Experimental
2.1. Reactions at the gas—solid interface

Enantioselective hydrogenations were performed over a
2.5% Pt/Silica (Johnson Matthey M01271) catalyst, premodi-
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Scheme 1. The possible products of ethyl pyruvate (I) hydrogenation over cin-
chona modified platinum catalysts.
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Scheme 2. Structures of cinchonidine 1 and cinchonine 2 derivatives.
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fied with an appropriate alkaloid. Commercial cinchona alka-
loids used included cinchonine (Cn; Fluka, 98%), hydroquini-
dine (HQd; Aldrich, 95%), hydroquinidine 4-chlorobenzoate
(HQdCIB; Aldrich, 98%), hydroquinine 4-chlorobenzoate
(HQnClIB; Aldrich, 98%), hydroquinidine 9-phenanthryl ether
(HQdPAE; Aldrich, 96%), and hydroquinidine 4-methyl-2-
quinolyl ether (HQAMQE; Aldrich, 97%). Premodification of
catalyst samples was conducted on a small batch scale, giv-
ing sufficient catalyst for several experiments. Catalyst samples
(200 mg) were stirred in a slurry of alkaloid and dissolved in
dichloromethane (25 ml) in air for 10 min. Control experiments
using nitrogen in place of air showed no differences in catalytic
efficacy. The catalyst was filtered and dried under vacuum be-
fore being transferred to the glass reactor tube for reaction at
10°C. Catalyst samples (25 mg) were preconditioned in a He
flow (80 mlmin~") for 10 min, followed by a 3:1 He:H; flow
(80 mlmin~1) for a further 10 min. This mixture was then di-
verted through a saturator (3 °C) containing the reactant. The
effluent reaction gas was analysed by on-line gas chromatogra-
phy at regular intervals during the reaction period. (See [20] for
full details and demonstration that the conditions used do not
involve gas/liquid/solid systems due to capillary condensation.)

2.2. Addition of Bt to the platinum surface

A 1-g sample of 2.5% Pt/SiO, was placed in a round-
bottomed flask to which aqueous Bi(NO3); (5 ml, 0.15-
0.75 mM; Aldrich, 99.999%) dissolved in ultra-pure water was
added. The slurry was stirred for 3 h and filtered under vacuum
and washed with ultra-pure water (500 ml) to remove any re-
maining nitrate species. The catalyst was dried under vacuum
and used immediately in the alkaloid premodification proce-
dure.

2.3. Synthesis of cinchonine and hydroquinidine derivatives

All reactions were carried out under a dried N, atmosphere.
All starting materials but cinchonine (98%, Fluka) were pur-
chased from Aldrich and used as received. APCI mass spectra
were recorded on a Fisons Platform II spectrometer at a cone
voltage of 20 V. "H NMR spectra were recorded in CDCl3 us-
ing a 500-MHz Bruker Avance spectrometer.

2.3.1. Hydroquinidine phenyl acetate (HQdPA)

Hydroquinidine (200 mg, 0.61 mmol) and triethylamine
(92.8 mg, 91.7 mmol) were dissolved in dichloromethane
(20 ml). The solution was cooled to 0-5 °C, and benzoyl chlo-
ride (85.6 mg, 0.61 mmol) was added dropwise. The reac-
tion mixture was allowed to warm to room temperature and
stirred at this temperature overnight. The reaction mixture was
poured to ice water (50 ml) and extracted with dichloromethane
(3 x 30 ml), the combined organic layers were washed with sat-
urated aqueous NaHCO3, dried over NaySQOy4, and evaporated
to dryness. The product was recrystallised from a solution of
10% diethyl ether/light petroleum 40-60.

du (500 MHz, CDCl3) = 8.70 (1 H d), 8.08 (2 H dd), 7.99
(1Hd),7.58 (1 Ht),7.51 (1Hd),7.45 (2 Hdd),7.40 (1 Hd),

7.35 (1 Hdd), 6.81 (1 Hd), 3.95 (3 H's), 3.36 (1 H aq), range
2.95-2.65 (4 Hm), 1.96 (1 H tt), 1.76 (1 H s), range 1.59-1.47
(6 Hm),0.88 3H ). m/z 431 (M + HT).

2.3.2. Cinchonine acetate (CnA)

Cinchonine (100 mg, 0.34 mmol) and triethylamine (51.4
mg, 0.51 mmol) were dissolved in dichloromethane (20 ml).
The solution was cooled to 0-5°C, and acetyl chloride (26.6
mg, 0.34 mmol) was added dropwise. The product was recov-
ered and recrystallised as described previously.

dg (500 MHz, CDCl3) = 8.80 (1 H d), 8.13 (1 H d), 8.05
(1Hd),7.64 (1 Hdd), 7.52 (1 Hdd), 7.31 (1 Hd), 6.50 (1 H d),
5.95 (1 H m), range 5.20-5.00 (2 H m), 3.22 (1 H qa), range
2.85-2.59 (4 Hm), 2.19 (1 H qa), 2.05 (3 H s), range 1.80-1.73
(2 Hm), range 1.48-1.41 3 Hm). m/z 337 M + H™).

2.3.3. Cinchonine phenyl acetate (CnPA)

Cinchonine (100 mg, 0.34 mmol) and triethylamine (51.4
mg, 0.51 mmol) were dissolved in dichloromethane (20 ml).
The solution was cooled to 0-5°C, and benzoyl chloride
(47.6 mg, 0.34 mmol) was added dropwise. The product was
recovered and recrystallised as described previously.

dg (500 MHz, CDCl3) = 8.76 (1 H d), 8.28 (1 H d), range
8.07-8.00 (4 H m), range 7.64-7.35 (5 Hm), 6.81 (1 Hd), 5.93
(1 Hddd), 5.04 (1 Hd), 5.00 (1 Hd), 3.37 (1 H aq), range 2.99-
2.63 (4 Hm), 2.23 (1 H aqg), 1.94 (1 Ht), 1.79 (1 H s), range
1.57-1.47 3Hm). m/z 399 M + H™).

2.4. Transmission electron microscopy

Bright-field (BF) and high-resolution transmission electron
microscopy (HRTEM) was performed at 200 kV using a JEOL
2200FS transmission electron microscope with a point-to-point
resolution of 0.19 nm. Samples were prepared for TEM analysis
by dispersing the catalyst powder in high-purity ethanol, then
allowing a drop of the suspension to evaporate on a holey car-
bon film supported by a 300-mesh copper TEM grid.

3. Results and discussion

Recently, we showed that the enantioselective hydrogenation
of pyruvate esters can be carried out in the absence of solvent
at the gas—solid interface [20]. The significance of this obser-
vation is that enantioselective experiments can be conducted in
the absence of solvent effects, which are known to be a po-
tentially dominant feature [21]. In view of this, we carried out
an extensive set of experiments using gas-phase reactants and
investigated the use of various cinchonine and cinchonidine-
derived modifiers for the hydrogenation of ethyl pyruvate at the
gas—solid interface over a 2.5% Pt/SiO» catalyst using two dif-
ferent concentrations of the modifiers. The results are given in
Table 1. Under these conditions, 100% conversion was achieved
irrespective of the choice of modifier or the presence of alka-
loid; this was stable throughout the reaction. Time-on-line data
for the two concentrations are given in Fig. 1 for the enan-
tioselectivity of Cn (squares), HQnCIB (diamonds), HQdCIB
(circles), HQAPAE (triangles), and no modifier (crosses). It is
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Table 1

The influence of modifier structure and concentration of hydroquinine (1) hy-
droquinidine (2) derivatives on the sense of enantioselectivity in the gas phase
hydrogenation of ethyl pyruvate

Entry Modifier Enantiomeric excess (%)
0.85 mM g2 8.50 mM g,

1 Cn 30 (S) 27 (S)
2 CnA 5(S) 5(R)
3 CnPA 5(5) 5(R)
4 HQnCIB 15 (R) 10 (S)
5 HQd 25 (S) 15 (S)
6 HQdPA 6(S) 15 (R)
7 HQd4CIB 15 (S) 17 (R)
8 HQnPAE 8 (R) 9(R)
9 HQnMQE 6 (R) 16 (R)

2 Modifier concentration.
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Fig. 1. Time-on-line data of the enantioselective hydrogenation of ethyl pyru-
vate in the gas phase over 2.5% Pt/SiO, (unmodified, crosses) and us-
ing a range of chiral modifiers; closed symbols—8.5 mM g;ll, open sym-
bols—0.85 mM gc_dl Cn (squares), HQnCIB (diamonds), HQdPAE (triangles)
and HQACIB (circles). Conditions; 25 mg premodified catalyst, 25% Hj/He,
1 bar pressure, 9600 h—! GHSV, 3 °C saturator, 10 °C reactor.

apparent that inversion of enantioselectivity is observed with
HQnCIB (Table 1, entry 5) and HQdCIB (entry 6). Addition-
ally, this phenomenon was observed with CnPA (entry 2), CnA
(entry 3), and HQdPA (entry 7). The effect is considered ex-
perimentally significant and has been observed in many repeat
experiments.

Consequently, we conclude on the basis of these experiments
that the solvent plays no significant effect in the origin of the
inversion of enantioselectivity. Furthermore, no initial transient
effects are observed (Fig. 1) with modifiers for which inversion
of enantioselectivity is observed. However, an initial transient
effect is still observed with cinchonine as modifier under the
gas-phase conditions, and the effect is most marked when a low
concentration of the modifier is used (Fig. 2). These results sug-
gest that the origin of the inversion and initial transient effects
are not linked, and neither effect is dependent on solvent in-
volvement.
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Fig. 2. The influence of increasing the concentration of Bi3+ ions on the enan-
tioselective hydrogenation of ethyl pyruvate in the gas phase over 2.5% Pt/SiO;
with no modifier (O) and using HQACIB: (M) 8.5 mM g;l{, (A) 0.85 mM gc_a%.
Conditions: 25 mg premodified catalyst, 25% H;/He, 1 bar pressure, 9600 h~!
GHSY, 3 °C saturator, 10 °C reactor temperature.

We have found that the observation of inversion of enantios-
electivity is dependent on the nature of the substituent at C(9).
Inversion is not observed if the substituent at this position is
OH (Table 1, entries 1 and 5) or with an ether linkage (Table 1,
entries 8 and 9). However, inversion of enantioselectivity is al-
ways observed when the C(9) substituent comprises an ester
linkage. The steric bulk of the substituent at C(9) does not ap-
pear to be a significant factor (Table 1, entries 8 and 9), nor the
omission of the OMe group from the quinoline ring (Table 1,
entries 2 and 3). We consider the interaction of the substrate
with the carbonyl group of the modifier to be the key factor
in determining whether inversion of enantioselectivity is ob-
served. Because no initial transient is observed with modifiers
that display inversion of enantioselectivity using gas-phase re-
actants, we consider that the carbonyl group of the substituent
interacts strongly with the surface of the Pt nanocrystals, signif-
icantly affecting the conformation of the modifier on the surface
leading to the origin of this effect.

We wished to determine whether an inversion of enantios-
electivity is a function of the nature or morphology of the Pt
crystallites as well as the modifier concentration. Recently, At-
tard et al. [22] reported that addition of Bi3* to platinum single
crystals and Pt/C catalysts preferentially adsorb at high-energy
surface sites (e.g., step edges, corner sites, kinks in step edges).
This effect was exploited to reduce the production of higher-
molecular-weight products during pyruvate hydrogenation.

Consequently, we set out to deliberately block these sites
in a similar manner, and investigated the effect of adding
Bi3* to Pt/SiO, before modification with hydroquinidine
4-chlorobenzoate. The results for the enantioselective hydro-
genation of ethyl pyruvate at the gas—solid interface as a func-
tion of Bi3* concentration are shown in Fig. 3.

Where no alkaloid modification occurs, the resulting lac-
tate product is racemic (Fig. 2, open circles). At low modifier
concentrations (open triangles), increasing the concentration of
Bi3* sequentially removes the active sites responsible for the
S-enantiomer formation, until at higher Bi3t concentrations,
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Fig. 3. Bright field transmission electron micrographs of the Pt/SiO; (a, b) and Bi—Pt/SiO; (c) samples showing Pt nanoparticles with a 2—5 nm size distribution
and occasional regions where the supported particles apparently wet and spread out on the SiO» support material.

Fig. 4. Representative high resolution electron micrographs of the supported crystallites in the Pt—Bi/SiO; sample. The nanoparticle orientations as determined from
measurements of lattice fringe spacings and inter-planar angles are (a) [110] Pt, (b) [001] Pt and (c) PtO [221].

the R-enantiomer is formed in excess. At the higher modifier
concentrations (solid squares), which gives the R-enantiomer
in excess in the absence of Bi3T, a decrease of ca. 6% ee with
increasing Bi** concentration is observed.

TEM was carried out on both the Pt/SiO; and Bi-Pt/SiO,
samples to compare their respective microstructures. Fig. 3ais a
BF micrograph showing the general morphology of the Pt/SiO»
material. A dispersion of Pt nanoparticles in the 2- to 5-nm size
range is clearly visible by diffraction contrast against the amor-
phous SiO, support in this image. The particle size distribution
measured for the corresponding Pt/SiO, sample is comparable,
which is not unexpected because the heat treatments received
by both materials were identical. In both samples, however, two
distinct particle morphologies were observed to coexist. The
first, and most commonly found morphology by far, comprised
truncated cuboctahedral particles of metallic Pt (Fig. 3b). Typi-
cal lattice images of such particles viewed along the {110} and
{001} directions are shown in Figs. 4a and 4b, respectively. Sur-
face faceting of the cub-octahedral particles to preferentially ex-
pose low-energy {111}- and {200}-type planes is apparent. The
second, and considerably rarer, morphology shown in Fig. 3c is

of particles that appear to “wet” the SiO, substrate. These have
a considerably weaker contrast level than the purely metallic
Pt nanoparticles, suggesting that they are thinner and/or have a
lower average atomic mass or density. Measurement of lattice
fringe spacings and intersection angles of the particles shown
in Fig. 4c are consistent with the {221} projection of PtO.
The relative proportions of the Pt to PtO particles appeared
to be very similar in the Pt/SiO, and Bi-Pt/SiO; samples, and
hence we do not consider the presence of PtO to be an impor-
tant factor in these studies. Although the presence of Bi in the
latter sample was verified by atomic absorption spectroscopy
(AAS), X-ray energy dispersive analysis (XEDS) in the TEM
was unable to detect this due to the very low concentration of
Bi3* present. Furthermore, the low atomic number difference
between Pt (78) and Bi (83) atoms meant that discriminating
between the two elements by mass contrast in high-angle annu-
lar dark field (HAADF) imaging experiments was not possible.

Even though we were unable to detect the presence of Bi
in the TEM or to identify and gross changes in microstructure
between the Pt/SiO; and Pt-Bi/SiO; samples, it is still worth-
while to speculate on reasons that could explain the origin of
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this interesting inversion effect. A possible model is that the
chiral modifier forms chiral active sites by adsorption on high-
energy kink or edge surface sites of the Pt (i.e., step edges,
corner sites, kinks in step edges), and these confer the oppo-
site enantioselective direction to sites formed by adsorption on
terrace sites. In this way, the effect is considered analogous to
the promotion of supported Pt catalysts for oxidation reactions
observed when doped with low concentrations of Bi’*. With
Bi-promoted metal catalysts, the effect is considered to be due
to Bi*T cations progressively adsorbing on and thereby block-
ing/poisoning specific surface sites [23] that catalyse nonselec-
tive oxidation. Recently, Attard et al. [22] confirmed this result
using cyclic voltammetry to probe the interaction between Bi**
and Pt surfaces of both catalyst and single crystals. Hence, at
low modifier concentrations, the modifier absorbs at these high-
energy surface sites, giving one sense of enantioselectivity, and
these sites are present only in low amounts. At higher modifier
concentrations, other lower energy surface sites are modified,
which give rise to the other sense of enantioselectivity. Hence,
the two sites act in opposition and limit the overall enantiose-
lection that can be achieved.

4. Conclusion

In conclusion, we have shown that the sense of enantioselec-
tivity for the hydrogenation of ethyl pyruvate can be a function
solely of the modifier concentration over a range of cinchoni-
dine and quinine derivatives 1 and cinchonine and quinidine
derivatives 2. Furthermore, we have shown the effect is inde-
pendent of solvent, as observed in experiments involving the
gas-liquid interface. Our findings have important implications,
predicting that 100% enantioselection may not be achieved with
this experimental approach, because the modifier interactions
with different sites on the heterogeneous catalyst lead to differ-
ent senses of enantioselection. We note, however, that the effect
is very specific to the substitute at the C(9) position, and so the
results may be very specific to the systems investigated to date.
Our results should now prompt the design of catalyst surfaces
with specific surface sites or at least minimising sites that can
lead to inversion of enantioselectivity.
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