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Stabilizer in the Diastereoselective Hydrogenation of Cinchonidine
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Introduction

Metal nanoparticles have been the target of intensive re-
search in the past decades due to their intriguing chemical[1]

and physical[2,3] properties. The unique features of these
“metals in the embryonic state”[4] are reflected also in catal-
ysis.[5–8] Nanoparticles of narrow size distribution[9–13] and
those exhibiting preferentially exposed crystal facets[14–22] are
attractive models for the investigation of the fundamental
nature of active sites.

A key point in any application is the stability of the nano-
particles. In classical heterogeneous catalysis, the nanosized
metal particles are stabilized by a high surface area support,
and a similar role is played by the organic stabilizers (or
capping agents) used for nanoparticles. When considering a
conventional supported metal catalyst, the support may

have a remarkable influence on the catalytic properties of
the metal.[23–28] An analogous or even stronger effect is ex-
pected for the stabilizer that is present in considerable
amounts on the surface of the nanoparticles but its interac-
tion with the metal surface and the reactant is still poorly
understood. It has been shown by comparing various stabil-
izers that there is an inverse correlation between the stabili-
ty and the catalytic activity of nanoparticles.[9] In general,
the strongly adsorbing stabilizer may have a negative effect
on the catalytic activity due to site blocking. In addition, the
selectivity of the catalytic reaction may be affected in differ-
ent ways by the capping agent: 1) it may have a steric effect
due to preferential adsorption on certain surface sites (anal-
ogous to selective poisoning[29]); 2) it may influence the elec-
tronic properties of the metal; and 3) interaction of the cap-
ping agent with the reactant can change the adsorption
mode of the latter and its reactivity toward one of the prod-
ucts.

Here we report a striking effect of poly(acrylic acid)
(PAA) stabilizer on the catalytic performance of Pt nano-
particles. We chose the practically relevant hydrogenation of
the natural alkaloid cinchonidine (CD; see Scheme 1). This
alkaloid is the most commonly used chiral modifier of Pt-
group metals in heterogeneous asymmetric hydrogenation
reactions.[30–33] CD adsorbs strongly on the Pt surface
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through the quinoline ring, a key requirement for inducing
enantioselection at the metal surface.[34–37] An important
side reaction that limits the application of cinchona alka-
loids is the saturation of the quinoline ring, which leads to
weaker adsorption on the metal surface and a considerable
loss of enantiomeric excess.[38–40]

Results and Discussion

Structural and chemical properties of Pt nanoparticles

Characterization by electron microscopy : Representative
electron micrographs of the nanoparticles are shown in
Figure 1. The metal particles of all samples exhibit a narrow
size distribution and a similar average diameter (dav) of ap-
proximately 10 nm. The majority of the Pt particles in Pt-1
have a cube-like shape with preferentially exposed {100}
faces, whereas Pt-3 consists of octahedral and truncated oc-
tahedral particles that expose especially {111} faces. Pt-2 ex-
hibits a high amount of cubooctahedral particles with ex-
tended {100} and {111} faces.

A metal dispersion of 0.14 (Table 1) was calculated for all
three samples (after supporting them onto silica) based on
the particle size and shape distributions determined by
counting 800–1000 particles for each sample.[41–43] The data
agree well with those available in the literature.[10,14,17, 21,43, 44]

Importantly, no change in the average particle size and in
the shape distribution was observed after supporting the Pt
colloids (TEM pictures in Figure 1, inset) onto silica (scan-

ning transmission electron microscopy (STEM) pictures in
Figure 1). Clearly, the method allows variation of the domi-
nant crystallographic face of Pt while keeping the particle
size virtually constant. This is an important condition for the
unambiguous interpretation of the catalytic results.

Compared to the Pt nanoparticles, the particle-size distri-
bution of the reference catalyst Pt/Al2O3 is broader but the

Scheme 1. Hydrogenation of cinchonidine (CD).

Figure 1. Representative STEM images of the silica-supported nanoparti-
cles a) Pt-1, b) Pt-2, and c) Pt-3. The insets show TEM pictures of the
parent colloids in aqueous solution.

Table 1. Characteristics of Pt nanoparticles supported on silica and those
of the reference catalyst; “as-prepared” samples.

Sample Pt [wt %] dav [nm] Shape Dispersion

Pt-1 0.78�0.10 9.8�1.1 cubic 0.14
Pt-2 0.70�0.08 9.8�0.8 cubooctahedral 0.14
Pt-3 0.68�0.08 10.2�1.2 hexagonal 0.14
Pt/Al2O3 5.8�0.3 3.2�1.2 spherical 0.32

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 2181 – 21922182

www.chemeurj.org


particles are smaller, thereby resulting in a higher dispersion
of 0.32 (Table 1).

X-ray photoelectron spectroscopy (XPS): XPS measure-
ments were performed to evaluate the presence of the or-
ganic stabilizer PAA on the Pt surface after deposition of
the colloids onto the support. For comparison, a blank ex-
periment was also made with pure silica without addition of
Pt (Figure 2). The peak positions (Table 2) for Si 2p, O 1s,
Pt 4f7=2

, and C 1s in all samples are in agreement with litera-
ture data for silica, Pt0, and poly(acrylic acid), respective-
ly.[45] The unwashed silica reference material and Pt-1
showed an additional weak Cl signal (2s) at 265.2 and
265.5 eV, respectively. This chlorine impurity was probably
introduced by setting the pH with aqueous HCl during dep-
osition of the nanoparticles onto silica. The catalytic results
indicate, however, that the presence of chlorine did not have
a significant effect (see the section on catalytic behavior
below).

The surface compositions (Table 2) were determined
using the integral intensities of the characteristic peaks and
the empirical cross-section factors for each element. All
samples contained significant amounts of carbon, the main
source of which is probably some residual colloid stabilizer
PAA. For the three nanoparticles, the C/Pt atomic ratio
varies in the range of 6–15. The large amounts of the same
carbon species on the surface of the silica support even after
washing with water suggests that the polymer residue in the
supported nanoparticles is partially located on the silica sup-
port and the coverage of Pt by the stabilizer cannot be esti-
mated from these data.

In summary, the XPS analysis proved that a considerable
amount of the colloid stabilizer PAA was present on the sur-
face of supported Pt nanoparticles despite the extensive
washing with water, the reaction medium during catalyst
synthesis.

Diffuse reflectance infrared spectroscopy (DRIFTS) study of
CO adsorption : Adsorption of CO followed by DRIFTS
was used to investigate the accessibility and morphology of
the Pt surface. The spectra obtained on all samples, before
and after pretreatment, are presented in Figure 3. The refer-
ence Pt/Al2O3 was diluted tenfold with KBr to account for
the higher Pt content and dispersion. Still, the stretching vi-
bration signals of adsorbed CO (spectra (a) in Figure 3A–
D) are remarkably more intensive on the diluted Pt/Al2O3

compared to the nanoparticles (all deposited onto silica).
CO adsorption on Pt/Al2O3 (Figure 3A) is characterized

by two main IR signals: one at around 2070 cm�1, commonly
attributed to a linear, single-bonded (on-top) species, and a
second broader and less intensive signal at 1850 cm�1 that
corresponds to bridge-bound CO.[46,47] The high-energy
signal is split into a narrow, intensive signal at around
2085 cm�1 and a broad band at around 2050 cm�1. The first
signal is assigned to CO bound to highly coordinated Pt
atoms such as {111} and {100} terraces, whereas the latter
signal is attributed to CO adsorbed on low-coordinated Pt
sites at step edges, corners, and defects.[48–51]

CO adsorption on Pt-1, Pt-2, and Pt-3 gave rise to very
different IR signals. As seen from the spectra in Figure 3B–

Figure 2. X-ray photoelectron spectra in the C 1s (top) and Pt 4f
(bottom) regions. Spectra a, b, and c are related to Pt-1, Pt-2, and Pt-3,
respectively. The PAA-treated neat silica belongs to spectra d and e
(washed).
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D, lines (a) exhibit a weak signal at 2064–2065 cm�1 (at satu-
ration coverage) independent of the particle shape. The

signal is assigned to on-top CO
on Pt terraces but is redshifted
by 20–30 cm�1 relative to those
on single crystals[52–55] and on
Pt/Al2O3. Since all three sam-
ples exhibit a narrow size distri-
bution with an average of 9–
10 nm, the variation in the fre-
quency of the on-top CO spe-
cies due to different particle
sizes[49] can be ruled out. The
higher mean particle size of the
nanoparticles compared to that
of Pt/Al2O3 is expected to result
in a smaller contribution of CO
adsorbed on Pt defect sites and
more pronounced, slightly blue-
shifted on-top CO signals on
terrace sites.[49] Taking into ac-
count the low intensity of the
CO signals, the observed red-
shift can be explained by the
very low CO coverage. The oc-
cupation of far-separated sites
hinders dipole–dipole coupling
and results in a lower C�O
stretching frequency. Krebs and
L�th[55] observed a frequency of
2068 cm�1 for CO adsorption
on PtACHTUNGTRENNUNG{111} at very low coverage.
The signal was attributed to iso-
lated CO species separated
from each other by about 10
lattice constants. Also, Borchert
et al. observed a redshift of 20–
25 cm�1 on oxide-supported Pt
nanoparticles capped with do-
decylamine or hexanethiol.[56]

Only very small amounts of
bridge-bound CO are seen also
on Pt-1 and Pt-2 at 1855 and
1862 cm�1, respectively. Clearly,
the Pt surface is partly covered
by contaminants on all three as-
prepared nanoparticle samples
and CO cannot efficiently com-
pete for the surface Pt sites at
the solid/gas interface.

A combined oxidative–reduc-
tive pretreatment at 473 K was
effective in removing the sur-
face residue of the stabilizer
(Figure 3B–D). It increased the
intensity of the signals of on-
top CO by a factor of ten but

also enhanced the signal of bridge-bound CO. The control
experiment with Pt/Al2O3 revealed no significant difference

Table 2. XPS analysis of the silica-supported Pt nanoparticles (“as-prepared”) and the silica support treated
with poly(acrylic acid) (PAA).

Peak positions [eV] (Composition [%])
Sample Si O Pt C Cl

2s 2p 1s 4f7=2 4f5=2
1s 2s

silica +PAA 154.4 103.4 (20.1) 532.8 (78.9) – – 284.7 (0.60) 265.2 (0.40)
silica +PAA, washed 154.4 103.4 (20.2) 532.7 (79.4) – – 285.0 (0.30) – (0.13)
Pt-1 154.4 103.4 (20.2) 532.6 (79.1) 70.7 (0.02) 73.9 284.9 (0.30) 265.5 (0.38)
Pt-2 154.4 103.4 (20.2) 532.7 (79.7) 70.5 (0.02) 73.8 284.9 (0.11) ACHTUNGTRENNUNG(trace)
Pt-3 154.4 103.4 (20.5) 532.8 (79.4) 70.6 (0.02) 73.9 284.8 (0.13) ACHTUNGTRENNUNG(trace)

Figure 3. DRIFT spectra measured after CO adsorption on A) the reference catalyst Pt/Al2O3 and on support-
ed nanoparticle samples B) Pt-1, C) Pt-2, and D) Pt-3. Spectra were collected after CO adsorption without any
catalyst pretreatment (spectra a), and after treatment in O2 and subsequently in H2 at 473 K (spectra b).
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compared with the spectrum taken on the as-received
sample (Figure 3A). After the combined pretreatment, the
shape and intensity of the CO adsorption bands on the
nanoparticles and on Pt/Al2O3 are similar and correspond
well to literature data.[50] The frequency of the signal of CO
linearly adsorbed on terrace sites is blueshifted by 20–
25 cm�1 compared to the as-prepared samples. This shift is
seen with all three nanoparticles and is due to higher CO
coverage. A comparison of the three nanoparticles after the
combined pretreatment reveals a slight blueshift from
2084 cm�1 (Pt-1) to 2086 cm�1 (Pt-2) to 2088 cm�1 (Pt-3).
The shift is a consequence of the increasing {111}/ ACHTUNGTRENNUNG{100} ratio
and it is in excellent agreement with former studies.[57]

Deconvolution of the bands corroborates that variation of
the particle shape was preserved after the oxidative–reduc-
tive pretreatment procedure (Figure 3B–D, Table 3). The
ratio of {111}/ ACHTUNGTRENNUNG{100} faces, as estimated from the signal inten-
sities obtained by band deconvolution, increases from 0.9
for Pt-1 to 1.3 for Pt-2 and to 2.0 for Pt-3. This trend agrees
well with the results of electron microscopy on the as-pre-
pared samples,[43] thus indicating that changes in surface
morphology of the Pt nanoparticles by the pretreatment in
O2 and H2 are negligible (see Figure 4b). Literature reports
on pretreatments in H2 or O2 affecting the shape of Pt nano-
particles are based on experiments at higher temperatures,
typically at or above 923 K.[58–60]

The amount of defect and low-coordinated Pt sites rela-
tive to that of terraces cannot be quantified from the CO
adsorption due to differences in the molecular IR absorp-
tion coefficients.[61,62] Nonetheless, the amount of defect sites

relative to terraces is very similar for all nanoparticle sam-
ples (Table 3).

The IR spectra contain some further important informa-
tion on the chemical nature of the surface species that acts
as a poison to CO adsorption. The effect of the combined
oxidative–reductive pretreatment is highlighted by the dif-
ference spectra obtained before and after pretreatment
(Figure 5). Negative signals in these difference spectra indi-
cate the removal of surface species during the treatment,
and positive signals point to the formation of new species.
The spectra in the fingerprint region show the removal of
water as a broad negative signal at around 1630 cm�1. Fur-
ther negative signals at 1552 cm�1, and less clearly pro-
nounced at 1452 and 1401 cm�1, correspond to strong posi-
tive signals in the spectrum of the neat PAA stabilizer
(Figure 5, spectrum d) and can be assigned to the character-
istic vibration of carboxylic groups and C�H deformational
vibrations. This is a confirmation that the Pt surface was
covered by the poly(carboxylic acid)-type stabilizer PAA
that was removed by decarboxylation during the oxidative
pretreatment. Note that Gomes et al. used 1 % Pt/C as an
effective decarboxylation catalyst with oxygen at 473 K.[63]

The difference spectra in the C�H stretching region
(2700–3050 cm�1; see Figure S1 in the Supporting Informa-
tion) underline our interpretation. Therein the removal of
hydrocarbon species is indicated by the strong negative sig-
nals at 2958, 2925, and 2854 cm�1, respectively. The corre-
sponding signals in the spectrum of the neat stabilizer are
attributed to the symmetric and asymmetric stretching vibra-
tions of the methylene groups of PAA. This is an indication

that the intact stabilizer mole-
cules rather than degradation
species covered the Pt surface
prior to the oxidative treat-
ment.

A very weak positive signal
at 2760 cm�1 in the difference
spectra (Figure S1), not seen in
the PAA spectrum, points to
the formation of a new surface
species during the oxidative–re-
ductive treatment. The signal
arises from C�H stretching vi-
brations of hydrocarbon meth-
ylene groups on the Pt sur-
face.[66] It therefore indicates
that even after the combined
oxidative and reductive pre-
treatment procedure minor
amounts of hydrocarbon frag-
ments still remain on the Pt sur-
face. Nevertheless, their impact
on CO adsorption from the gas
phase is negligible, as shown by
the comparison with the refer-
ence Pt/Al2O3 catalyst.

Table 3. Characteristic data of CO adsorption after a combined oxidative–reductive pretreatment at 473 K
(based on the band deconvolution of DRIFT spectra), and some selected literature values.

Species Sample Signal position [cm�1] fwhm[a] [cm�1] Intensity

CO linearly adsorbed on Pt ACHTUNGTRENNUNG{111} terraces Pt-1 2087 10.5 0.016
Pt-2 2088 11.2 0.014
Pt-3 2090 10.5 0.018
Pt/Al2O3 2085[b] n.d.[c] n.d.[c]

lit. values 2087–2096[48–50] 9–16[49, 50, 55] –
CO linearly adsorbed on Pt ACHTUNGTRENNUNG{100} terraces Pt-1 2079 18.3 0.018

Pt-2 2080 17.3 0.011
Pt-3 2082 15.6 0.009
Pt/Al2O3 2085[b] n.d.[c] n.d.[c]

lit. values 2075–2084[48–50] 14–20[49, 50, 55] –
CO linearly adsorbed on defect sites Pt-1 2056 44.5 0.012

Pt-2 2057 45.6 0.009
Pt-3 2058 44.1 0.008
Pt/Al2O3 2045 n.d.[c] n.d.[c]

lit. values 2041–2072[48–50] 25–51[49, 64] –
CO next to metal–support interface Pt-1 2010 49.7 0.002

Pt-2 2010 47.9 0.001
Pt-3 2010 50.2 0.001
Pt/Al2O3 n.d.[c] n.d.[c] n.d.[c]

lit. values 1950–2025[57, 65] “broad” [65] –
bridged CO on Pt Pt-1 1868 57.9 0.004

Pt-2 1865 (1800)[d] 62.4 (50.7)[d] 0.004[d]

Pt-3 1870 82.2 0.001
Pt/Al2O3 1840 n.d.[c] n.d.[c]

lit. values 1780–1882[49, 57] 35–50[52, 55] –

[a] fwhm = full width at half-maximum. [b] No deconvolution of terrace sites. [c] n.d. = not determined.
[d] Two species.
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Catalytic behavior of the nanoparticles

Cyclohexene hydrogenation in the liquid phase : The hydro-
genation of cyclohexene was used as a test reaction to eluci-
date the influence of colloid stabilizer on the activity of Pt
nanoparticles. The different Pt loadings and metal disper-
sions of the supported Pt nanoparticles and the reference
catalyst Pt/Al2O3 were compensated during hydrogenation
by applying adjusted amounts of catalysts under otherwise
identical conditions (see the Experimental Section). In other
words, the molar amount of the substrate related to the
amount of surface Pt atoms was kept at a similar value.

The experiments were started by investigating the influ-
ence of the reaction temperature on the activity of Pt/Al2O3

(see Figure S2 in the Supporting Information). The reaction
rate was characterized by the turnover frequency (TOF) re-
lated to the number of surface Pt sites. The TOFs were cal-
culated from the slope of the linear part of the conversion–
time curves that correspond to 20–80 % conversion. The
TOFs of 2.23 and 7.80 s�1 calculated for 275 and 307 K, re-
spectively, agree well with the values reported for various Pt
catalysts under these conditions.[67] The good agreement
with the literature data confirms the absence of significant
interference by mass transfer below 80 % conversion.

Next, the influence of the catalyst pretreatment on the hy-
drogenation of cyclohexene with Pt/Al2O3 is shown in
Table 4. In the experiments at 10 bar, the TOFs were calcu-
lated from the time needed to achieve 40–60 % conversion,
that is, assuming linearity in this region. The change in the
dispersion of the reference Pt/Al2O3 due to pretreatment
was negligible and there was only a small improvement in
the hydrogenation activity. Our interpretation is that the ref-

Figure 4. Representative TEM images of the silica-supported nanoparti-
cle Pt-2 after a) hydrogenation of cyclohexene at 1 bar H2, b) after cata-
lyst pretreatment in O2 and subsequently in H2 at 473 K, and c) after cy-
clohexene hydrogenation at 1 bar H2 subsequent to the combined oxida-
tive–reductive treatment.

Figure 5. Difference DRIFT spectra derived from the spectra taken after
and before the combined oxidative–reductive pretreatment for a) Pt-1,
b) Pt-2, and c) Pt-3; d) shows the IR spectrum of the neat stabilizer PAA
as sodium salt.

Table 4. Influence of oxidative–reductive catalyst pretreatment (+) at
473 K on metal dispersion (D) and rate of cyclohexene hydrogenation at
different H2 pressures.

Catalyst Pretreatment D TOF [s�1]
1 bar 10 bar

Pt-1 � 0.14 1.36 4.89
+ 0.12 4.58 7.85

Pt-2 � 0.14 1.56 4.65
+ 0.12 4.44 7.63

Pt-3 � 0.14 1.20 4.53
+ 0.12 4.02 7.26

Pt/Al2O3 � 0.32 4.02 8.04
+ 0.30 4.72 8.11
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erence Pt/Al2O3 contains only minor amounts of surface im-
purities that do not play a significant role in the hydrogena-
tion reaction, which is in agreement with the results of CO
adsorption (see above).

The as-synthesized Pt nanoparticles were less active by a
factor of about 2.9 and 1.7 at 1 and 10 bar, respectively, rela-
tive to the reference catalyst. Clearly, the poisoning effect of
the stabilizer decreases with increasing hydrogen pressure. It
is also interesting that the activities of as-prepared Pt nano-
particles correspond to about 30–40 % of the activity of Pt/
Al2O3 at as little as 1 bar, although CO adsorption on the
same nanoparticles was almost completely blocked (see
above). These observations suggest that PAA is partly re-
moved from the Pt surface by the competitive adsorption of
hydrogen in the presence of solvent, whereas this process is
not possible at the solid/gas interface during CO chemisorp-
tion. Dendrimer-encapsulated nanoparticles showed a simi-
lar behavior of reasonable activity in the presence of a sol-
vent,[68,69] although they were inactive for gas-phase reac-
tions.[70]

Boudart and co-workers[67] demonstrated that cyclohexene
hydrogenation on Pt is structure-insensitive, independent of
the catalyst support, metal loading, and particle size. These
and other studies on the structure sensitivity of cyclohexene
hydrogenation support our interpretation that the lower ac-
tivity of the supported nanoparticles compared to that of Pt/
Al2O3 should be attributed to partial site blocking by the re-
sidual stabilizer molecules.[71]

The influence of the pretreatment procedure on the activ-
ity of the Pt nanoparticles is highlighted by the calculated
TOFs in Table 4 (for conversion versus time plots, see Fig-
ure S3 in the Supporting Information). The remarkable rate
enhancement is attributed to the efficient cleaning of the
metal surface by decarboxylation of the residual PAA, a
process that is catalyzed by the Pt surface sites.[63] After the
pretreatment, the activity of the nanoparticles approached
that of Pt/Al2O3 within 5–15 % (Table 4). Oxidative removal
of the major part of the stabilizer is underlined by the obser-
vation of some agglomeration of Pt nanoparticles by elec-
tron microscopy (see Figure 4b and c) and the resulting de-
crease in the dispersion from 0.14 to 0.12 (Table 4). Agglom-
eration or additional restructuring was not observed by
TEM after the hydrogenation of cyclohexene when no cata-
lyst pretreatment was applied (Figure 4a). The good stability
of the nanoparticles during liquid-phase hydrogenation at
room temperature is probably connected to the effect of
strongly adsorbed hydrogen and the negligible change of the
catalyst potential during hydrogenation of the olefin. Appli-
cation under oxidizing conditions or in the presence of a
good chelating agent may lead to rapid restructuring of the
nanoparticles, as observed by El-Sayed and co-workers.[72]

Hydrogenation of cinchonidine : Cinchonidine, the most
commonly used chiral modifier of Pt in the enantioselective
hydrogenation of ketones, is not stable on the Pt surface
under the usual reaction conditions, in the presence of H2.
The first, facile step of its degradation is the hydrogenation
of the vinyl group to afford 10,11-dihydrocinchonidine

(CDH2; Scheme 1). The efficiency of CDH2 as chiral modifi-
er is about the same as that of CD, but the slow hydrogena-
tion of the quinoline unit weakens its adsorption on Pt and
leads to a considerable loss in enantiomeric excess (ee).[38, 39]

Saturation of the heteroaromatic (pyridine) ring affords
two diastereomers ((R)- and (S)-CDH6-A) with the opposite
absolute configuration at C(4’). The other intermediate
CDH6-B is formed by hydrogenation of the homoaromatic
ring. The latter reaction has recently been described as
structure sensitive: PtACHTUNGTRENNUNG{100} surfaces on nanoparticles are re-
markably more active than PtACHTUNGTRENNUNG{111} faces.[43] Further hydro-
genation of the hexahydro derivatives results in up to eight
diastereomers of dodecahydrocinchonidine (CDH12). It has
also been shown with UV spectroscopy that the rate of hy-
drogenation of the homo- or heteroaromatic ring strongly
depends on the reaction conditions, for example, on the sol-
vent.[40] In nonpolar solvents such as toluene, the hydrogena-
tion of the pyridine ring was observed almost exclusively. In
acetic acid, the hydrogenation of the pyridine ring was less
dominant.

A typical example of the kinetics of CD hydrogenation is
shown in Figure 6. On Pt/Al2O3 in acetic acid, the main hex-
ahydro isomer is (R)-CDH6-A (Figure 6B, curve a). Interest-

Figure 6. Hydrogenation of CD in acetic acid using the as-received Pt/
Al2O3 reference catalyst (see also Scheme 1). Part A: a) CD; b) CDH2;
c) CDH6 (A+ B); d) CDH12 (8 isomers). Part B: a) (R)-CDH6-A; b) (S)-
CDH6-A; c) CDH6-B.
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ingly, further hydrogenation of the two CDH6-A diastereo-
mers to CDH12 is preferred over hydrogenation of CDH6-B,
and thus CDH6-B accumulates with increasing conversion
(Figure 6B). For comparison, UV spectroscopic investiga-
tions[40,43] indicated a high selectivity to CDH6-B (at high
conversion of CDH2), whereas the formation of CDH6-A
was underestimated due to the poor sensitivity of UV spec-
troscopy for the detection of these isomers in the presence
of significant amounts of alkaloid with intact quinoline
rings, that is, at low conversion.[40]

The reaction rates (TOFs) and the product distributions
are presented in Tables 5 and 6. The selectivities are com-
pared at (40�5) % conversion of CDH2; at this conversion,

no CD is left in the reaction mixture and the amount of the
fully hydrogenated product CDH12 is still low. The TOFs are
based on the number of Pt surface atoms (see Table 4) and
were calculated from the almost linear decrease in the con-
centration of CDH2 at low conversion but in the absence of
CD (see Figure 6A). Note that all experiments shown in
Tables 5 and 6 were repeated with Pt-1 deposited onto
Al2O3, and the TOFs were on average 10 % lower and the
selectivities deviated by 0–3 % relative to the standard Pt-1
deposited onto silica. Clearly, the support effect is minor
and does not affect the comparison of the silica-supported
nanoparticles to the reference Pt/Al2O3.

[43]

Variation of the dominant crystallographic face of the Pt
nanoparticles influenced mainly the rate of the reaction
(Tables 5 and 6). The TOFs increased in the order Pt-3<Pt-

2<Pt-1, independent of the solvent and the catalyst pre-
treatment in oxygen and hydrogen (Tables 5 and 6). This se-
quence is the same as that obtained with a former qualita-
tive UV spectroscopic analysis, and the probable origin of
the change in reactivity is the higher adsorption strength of
CD on Pt ACHTUNGTRENNUNG{100} faces relative to Pt ACHTUNGTRENNUNG{111} faces, as indicated by
DFT calculations.[40,43] The removal of the residual stabilizer
increased the rate in toluene by at least 50 % (Table 5),
which is in good agreement with the results of cyclohexene
hydrogenation (Table 4). In contrast, in acetic acid the effect
was minor, not exceeding 10 % (Table 6). In the case of the
relatively clean reference Pt/Al2O3, the effect of pretreat-
ment was almost negligible, independent of the solvent. We
attribute these differences to the solubility of the residual
stabilizer on the nanoparticles: PAA dissolves much better
in acetic acid, it is partially removed from the Pt surface
during reaction, and thus the site-blocking effect is smaller
in that solvent.

A comparison of the performance of Pt/Al2O3 in the two
solvents shows that the presence of acetic acid increased the
chemoselectivity to CDH6-B by a factor of 4–7 (Tables 5
and 6), which is in agreement with a former UV and NMR
spectroscopic study.[40] The shift in the chemoselectivity is
due to interaction of the solvent acid with the adsorbed al-
kaloid, as will be discussed later.

Using the as-prepared Pt nanoparticles the chemoselectiv-
ity did not vary significantly when changing the solvent from
toluene to acetic acid, in clear contrast to the behavior of
Pt/Al2O3. Heat treatment of the nanoparticles reduced the
chemoselectivity to CDH6-B in toluene (Table 5) but barely
affected it in acetic acid. These changes in the chemoselec-
tivities indicate that PAA, which remains on the Pt surface
after preparation, interacts with CD during hydrogenation
about as strongly as the solvent acetic acid. Oxidative re-
moval of carboxylic-acid-type surface species eliminates the
PAA–CD interaction and the chemoselectivities to CDH6-A
increase to about 90 % on all nanoparticles.

Analysis of the diastereoselectivity in CDH6-A uncovered
an even more striking effect of PAA (Figure 7). In toluene,

Table 5. Shape selectivity in the hydrogenation of cinchonidine in tolu-
ene and the effect of oxidative–reductive catalyst pretreatment (+) at
473 K.

Catalyst Pretreatment TOF [h�1] Selectivity[a] [%]
CDH6-A CDH6-B CDH12

Pt-1 � 7.3 75 14 11
+ 11.6 89 2 9

Pt-2 � 3.7 72 19 9
+ 5.7 91 2 7

Pt-3 � 1.3 80 10 10
+ 2.0 91 1 8

Pt/Al2O3 � 6.4 87 3 10
+ 6.7 84 4 12

[a] Determined at (40�5) % conversion of CDH2.

Table 6. Cinchonidine hydrogenation in acetic acid: Shape selectivity and
the effect of oxidative–reductive catalyst pretreatment (+) at 473 K.

Catalyst Pretreatment TOF [h�1] Selectivity[a] [%]
CDH6-A CDH6-B CDH12

Pt-1 � 14.6 74 17 9
+ 15.7 75 16 9

Pt-2 � 7.9 78 15 7
+ 8.8 76 15 9

Pt-3 � 2.1 78 14 8
+ 2.3 79 12 9

Pt/Al2O3 � 8.1 68 22 10
+ 8.0 73 17 12

[a] Determined at (40�5) % conversion of CDH2.

Figure 7. Diastereoselectivity in the hydrogenation of CD to CDH6-A in
toluene with as-prepared nanoparticles (filled columns) and after the
combined oxidative–reductive catalyst pretreatment (empty columns).
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there is no clear correlation between the crystallographic
face of Pt and the diastereomeric excess (de) on the as-pre-
pared nanoparticles, but after catalyst pretreatment the de
inverted from R to S. In the case of Pt-3, the nanoparticles,
which contain predominantly Pt ACHTUNGTRENNUNG{111} faces, the de switched
from 45 % R to 23 % S. We can conclude that in the absence
of an acid—either as a solvent or the colloid stabilizer—the
Pt nanoparticles provide (S)-CDH6-A as the major product
and the de increases with increasing PtACHTUNGTRENNUNG{111}/PtACHTUNGTRENNUNG{100} ratio. In
acetic acid, all catalysts gave the (R)-diastereomer in excess
independent of the catalyst pretreatment, but after pretreat-
ment the de increased by about 6–12 % (Figure 8). In addi-
tion, the de increased in the order Pt-1<Pt-2<Pt-3, that is,

the Pt ACHTUNGTRENNUNG{111} face is more selective than the PtACHTUNGTRENNUNG{100} in both
solvents.

Scheme 2 illustrates two dominant adsorption modes of
the alkaloid on the Pt surface, based on former DFT calcu-
lations.[34] The so-called surface-open(4) (SO(4)) conforma-
tion leads to the formation of (S)-CDH6-A upon hydrogena-
tion of the pyridine moiety, assuming the hydrogen uptake
from the Pt surface. Formation of the R diastereomer is ex-
pected upon hydrogenation of CDH2 adsorbed on Pt in a
so-called surface-open(3) (SO(3)) geometry. A key point
here is that the two conformers are not interconvertable
without desorption and readsorption of the quinoline ring.
Our results demonstrate that the carboxylic acid functional
groups of PAA, adsorbed irreversibly on the Pt surface, can
invert the dominant adsorption mode of the alkaloid, there-
by resulting in the formation of the opposite diastereomer
in excess (Figure 7). A probable interaction would involve
the strongly basic quinuclidine N atom of the alkaloid, al-
though a weak hydrogen-bonding interaction with the quin-
oline N atom cannot be excluded. The acidity of PAA is ex-
pected to be similar to that of acetic acid (pKa =4.7), and a
considerable excess of acetic acid could protonate the qui-
nuclidine nitrogen (pKa =10.0), but its interaction with the

quinoline N atom (pKa =5.8) was barely detectable with
NMR spectroscopy.[73]

To our knowledge, this is the first evidence for the control
of the diastereoselectivity of a metal nanoparticle through
the colloid stabilizer. Recently, Ooe et al. used dendrimer-
encapsulated Pd nanoparticles for competitive hydrogena-
tions.[74] The presence of the polar dendrimer on the Pd sur-
face increased the relative reactivity of polar substrates
compared to a Pd/C reference catalyst. Clearly, such an
effect can be explained by the different solubilities of the
substrates,[75] and the phenomenon is different from the
direct interaction of the colloid stabilizer and the reactant at
the metal surface.

Conclusion

Intrigued by the importance in catalysis of metal nanoparti-
cles that possess special size and shape distributions, we
have studied the influence of the crystallographic faces of Pt
on the diastereoselective hydrogenation of cinchonidine
(CD). Three different Pt nanoparticles with controlled size
and shape distributions have been prepared by varying the
concentration of PAA, a widely used colloid stabilizer,[21,76]

and then the particles were deposited onto silica. All three
samples possessed very similar Pt particle size distributions,
whereas the particle shapes varied from preferentially cubic
(Pt-1) to cubooctahedral (Pt-2) and octahedral (Pt-3), thus
corresponding to an increasing {111}/ ACHTUNGTRENNUNG{100} ratio.

DRIFT spectroscopy showed that the majority of the Pt
surface sites were blocked by the stabilizer and were not ac-
cessible to CO chemisorption at the gas/solid interface. The
extended {100} and {111} faces could be freed from PAA by
a pretreatment in oxygen and then in hydrogen at 473 K.

Figure 8. Diastereoselectivity in the hydrogenation of CD to CDH6-A in
acetic acid. Filled columns: as-prepared nanoparticles; empty columns:
after oxidative–reductive catalyst pretreatment.

Scheme 2. Schematic illustration of adsorption modes of dihydrocinchoni-
dine (CDH2) on Pt, thus leading to formation of S and R isomers of
CDH6-A upon hydrogenation.
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The efficient regeneration of the surface sites is attributed
to the Pt-catalyzed oxidative decarboxylation of PAA.

In the hydrogenation of cyclohexene in toluene, all as-pre-
pared nanoparticles showed reasonable activity due to the
mobility of the stabilizer at the solid/liquid interface. Only a
partial poisoning effect was observed compared with the
performance of a reference Pt/Al2O3 catalyst, and the com-
bined catalyst pretreatment eliminated most of the site-
blocking effect of the stabilizer. Note that CD adsorbs even
more strongly than cyclohexene on Pt and can efficiently
compete with PAA for the surface Pt sites in the presence
of a solvent.

Hydrogenation of the aromatic moiety of CD is an impor-
tant side reaction during the enantioselective hydrogenation
of ketones on Pt and an ideal test reaction due to the com-
plex interaction (adsorption) of the alkaloid with the Pt sur-
face. A striking observation is that the diastereoselectivity in
the hydrogenation of the pyridine ring of CD is controlled
by the crystallographic face of Pt and the strongly adsorbed
colloid stabilizer. After removal of the stabilizer, the (S)-
CDH6-A diastereomer formed in excess in the weakly inter-
acting solvent toluene and the de increased on the Pt ACHTUNGTRENNUNG{111}-
rich samples (Pt-3>Pt-2>Pt-1). In the presence of the re-
sidual stabilizer at the Pt surface, however, the major diaste-
reomer inverted to (R)-CDH6-A and the unambiguous cor-
relation between the crystallographic face and the diastereo-
selectivity became indistinct. In acetic acid, both the as-pre-
pared and the pretreated nanoparticles gave the R diaste-
reomer in excess and the diastereoselectivity increased
again with the increasing Pt ACHTUNGTRENNUNG{111}/Pt ACHTUNGTRENNUNG{100} ratio. Variation of
the diastereoselectivity indicates that the presence of an
acid on the Pt surface inverts the dominant adsorption
mode of CD. Clearly, the presence of the stabilizer at the Pt
surface induces a “surface-localized acidification”, as its in-
fluence on the diastereoselectivity is comparable to that of
the solvent acetic acid.

A general conclusion emerging from this study is that not
only the activity but also the selectivity of colloid-derived
nanoparticles may be significantly affected by the residual
stabilizer. Possible interactions with the substrate as shown
here may have a more complex impact on the catalytic per-
formance than a simple site-blocking effect as previously
proposed. Understanding the catalytic behavior of as-pre-
pared nanoparticles requires a consideration of the interac-
tions among all three components: the metal, the stabilizer,
and the substrate.

Experimental Section

Materials : In general, analytical grade reagents and solvents were used.
Toluene (Fluka, >99.7 %) was dried over an activated molecular sieve
4 �; acetic acid (Acros Organics, 99.8 %), cyclohexene (Fluka, >99.5 %),
and cinchonidine (CD; Fluka, >98% alkaloid) were used as received.
The reference catalyst 5 wt % Pt/Al2O3 (Engelhard 4759) has been widely
used in enantioselective hydrogenation of ketones in the presence of cin-
chonidine and its behavior after various pretreatments is well known.[77, 78]

The synthesis of Pt nanoparticles with controlled size and shape distribu-
tion followed a known procedure.[14, 43] The starting solution of
0.1 mmol L�1 K2PtCl4 (Aldrich, >99.9 %) and the PAA stabilizer (poly-ACHTUNGTRENNUNG(acrylic acid) sodium salt, Aldrich, average Mr�2100) in water (250 mL)
was degassed by bubbling Ar (6.0, Pangas) for 1 h and then stirred for
24 h. A high fraction of cubic Pt nanoparticles (Pt-1) with preferentially
exposed {100} phases was obtained at a Pt to PAA molar ratio of 1:1. In-
creasing the concentration of PAA by a factor of 3 (Pt-2) or 5 (Pt-3) at a
constant pH of 7 results in a higher fraction of cubooctahedral and octa-
hedral particles, respectively, that feature higher amounts of {111} phases.
Precipitation of the colloids onto the nonporous, flame-made support in
a nominal loading of 1 wt % Pt was reached by stirring the degassed col-
loidal solution with a suspension of support material (500 mg) in water
(150 mL), followed by the addition of HCl (0.1 m) until a pH of 2 was
reached. Generally, silica (Aerosil 200, Degussa, BET surface area:
200 m2 g�1) was used as support, but for Pt-1 the colloidal solution was di-
vided into two fractions that have been deposited onto either silica or
Al2O3 (aluminum oxide C, Degussa, BET surface area: 100 m2 g�1). After
filtration and careful washing with water ten times, the supported Pt
nanoparticles were dried at 333 K in vacuum (10 mbar) overnight.

Details on the synthesis and purification of the hydrogenation products
of CD and their characterization by 1H NMR spectroscopy (Bruker
200 MHz) are given in the Supporting Information. The characterization
data agreed well with the values given in the literature.[38, 39]

Electron microscopy : For TEM investigations, the material was deposited
onto a holey carbon foil supported on a copper grid. TEM investigations
were performed using a CM30ST microscope (FEI; LaB6 cathode, oper-
ated at 300 kV, point resolution �2 �). Scanning transmission electron
microscopy (STEM) images were recorded using a high-angle annular
dark field (HAADF) detector at a Tecnai F30 microscope (FEI; field
emission gun, operated at 300 kV, point resolution �2 �). HAADF-
STEM images reveal the metal particles with bright contrast (Z contrast).
The particle size and shape distribution as well as the metal dispersion
were determined for the three different colloids in aqueous solution and
after deposition onto silica, and also for the reference catalyst Pt/Al2O3.
The measurements were repeated after the catalyst pretreatment and
after the catalytic reaction.

Atomic absorption spectroscopy (AAS): AAS was used for the determi-
nation of the Pt content of the catalysts. All measurements were per-
formed using a Varian SpectrAA 220 FS spectrometer equipped with an
air/C2H2 burner and a D2 lamp for background correction. The samples
were dissolved in a HF/aqua regia mixture overnight.

X-ray photoelectron spectroscopy (XPS): XPS analysis of the Pt nano-
particles deposited onto silica was performed using a Leybold Heraeus
LHS11 MCD instrument with MgKa (1253.6 eV) radiation. The sample
was pressed into a sample holder, evacuated in a load lock to 10�6 mbar,
and transferred to the analysis chamber (typical pressure <10�9 mbar).
The peaks were energy-shifted to the binding energy of Si 2p for silica
(103.4 eV) to correct for the charging of the material. The surface com-
position of the catalysts was determined from the peak areas of Pt 4f, Si
2p, O 1s, Cl 2s, and C 1s, which were computed after subtraction of the
Shirley-type background by empirically derived cross-section factors.

DRIFTS study of CO adsorption : Adsorption of CO from the gas phase
was used as a standard method to characterize the catalytic materials. A
varying dilution of the samples in KBr (1:20–1:2) was used to account for
the different Pt loadings. Prior to adsorption, the samples were placed
into the reaction chamber (HVC-DRPZ, Harrick) and dried in flowing
Ar (20 mL min�1) at 298 K for 60 min. The following pretreatment proce-
dure was applied: oxidation in flowing O2 at 473 K for 1 h, purging with
Ar for 5 min followed by reduction in H2 at a constant temperature for
an additional 1 h. After cooling to 298 K the samples were purged in
flowing Ar for 30 min followed by adsorption of CO (10 % in He) at a
flow rate of 20 mL min�1. An adsorption time of 90 min was found to be
sufficient to observe saturation coverage. After removal of the gas phase
CO from the cell by purging with Ar, DRIFT spectra were recorded
using a Bruker Equinox 55 spectrometer equipped with a liquid-nitro-
gen-cooled MCT detector. Spectra were collected by coaddition of 500
scans at a scanner velocity of 10 kHz and a resolution of 4 cm�1.
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Liquid-phase hydrogenation of cyclohexene : Hydrogenation of cyclohex-
ene (160 mg, 1.95 mmol) in toluene (5 mL) at 298 K and 10 bar hydrogen
was performed in a stainless steel reactor equipped with a glass liner,
polytetrafluoroethylene (PTFE) cover, and magnetic stirrer (750 rpm).
Pressure was controlled using a constant-volume constant-pressure
system (B�chi BPC 9901). The amount of catalyst was either 10 mg of
Pt-1, Pt-2 or Pt-3 (1 wt % Pt) or 2 mg of Pt/Al2O3 (5 wt % Pt) to account
for the different Pt loadings. Reactions at ambient pressure were carried
out in a magnetically stirred glass reactor and scaled up by a factor of
four (640 mg cyclohexene and 40 or 8 mg catalyst). Prior to use, the cata-
lysts were dried overnight at 333 K (10 mbar) or pretreated by oxidation
in flowing O2 at 473 K for 1 h, then purged with Ar for 5 min, followed
by reduction in H2 at constant temperature for 1 h. The products were
analyzed by gas chromatography (Thermo Quest Trace 2000, HP-FFAP
capillary column, FID detector).

Liquid-phase hydrogenation of cinchonidine : Hydrogenation of CD
(5 mg, 17 mmol) in solvent (10 mL toluene or acetic acid) at 298 K and
2 bar hydrogen was performed in the stainless steel reactor described
above. The amount of catalyst was either 50 mg of Pt-1, Pt-2, or Pt-3
(1 wt % Pt) or 10 mg of Pt/Al2O3 (5 wt % Pt) to keep the molar ratio of
substrate to surface Pt atoms at around 20. Prior to use, the catalysts
were dried overnight at 333 K (10 mbar) or pretreated by oxidation in
flowing O2 at 473 K for 1 h, then purged with Ar for 5 min, followed by
reduction in H2 at constant temperature for an additional 1 h. The sam-
ples taken from the reaction mixture were either washed with aqueous
0.1m NaOH (solvent: toluene) or carefully neutralized by an excess of
aqueous 1 m NaOH (solvent: acetic acid) and extracted with toluene
three times before being filtered and analyzed by gas chromatography
(Thermo Quest Trace 2000, HP-5 capillary column, FID detector). De-
tails on the preparation and characterization of hydrogenated CD deriva-
tives are given in the Supporting Information.
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