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Heterogeneous catalysts are systems for which the chemical
reactivity normally occurs at a solid–gas or solid–liquid
interface. They are traditionally regarded as workhorses for
large-scale chemical transformations (for example, oil crack-
ing, ammonia synthesis, and olefin polymerization). Solid–gas
interfaces have been thoroughly investigated, and an impres-
sive understanding of their structure and reactivity has been
reached.[1] In contrast, the understanding of solid–liquid
interfaces, which are especially useful for the production of
fine chemicals, lags behind, owing to their complexity and to
the limited availability of suitable spectroscopic tools. This
situation is particularly true for the chiral surfaces used in
heterogeneous asymmetric catalysis.[2] While various analyt-
ical techniques relying on ultrahigh vacuum (UHV) condi-
tions have provided fascinating insight on the structure of
adsorbed chiral molecules,[3] transferring this information to
the conditions governing liquid-phase reactions is not
straightforward. Herein, we show that enantioselective het-
erogeneous catalysts derived from the platinum–cinchona-
alkaloid system[2a–h] can generate chiral solid–liquid interfaces
where subtle conformational changes of the carbon skeleton
lead to inversion of the sense of enantioselection. This
understanding opens interesting possibilities for the tailoring
of solid–liquid interfaces.

The structural characterization of surface species pre-
sented in the following discussion is attained using attenuated
total reflection infrared (ATR-IR) spectroscopy[4] in combi-
nation with density functional theory (DFT) calculations on
metal clusters.[5] Cinchonidine (CD), O-phenylcinchonidine
(PhOCD), and its ring-substituted derivatives O-[3,5-bis(tri-
fluoromethyl)phenyl]cinchonidine (tFPhOCD) and O-(3,5-
dimethylphenyl)cinchonidine (dMePhOCD) have been used
as chiral surface modifiers of platinum in the hydrogenation
of ethyl pyruvate and other activated ketones (Figure 1).[6]

Cinchona alkaloids are anchored to the metal surface by the
quinoline ring[7] and can interact with the prochiral ketone

through the tertiary amino group of the quinuclidine moie-
ty.[2b–f, 8]

The conformations of CD and PhOCD have been studied
in vacuum, in solution, and upon adsorption on Pt(111).[9]

Figure 1 shows two views of a stable conformer of PhOCD
adsorbed on platinum, which indicate the remarkable con-
formational complexity of the system. Two rotational degrees
of freedom (torsional angles t1 and t2) allow surface con-
formers characterized by different positions of the quinucli-
dine moiety;[5b] additionally, O-phenyl-substituted cinchoni-
dines have two further rotational degrees of freedom (tor-
sional angles t3 and t4) that allow conformers having different
spatial arrangements of the phenyl ring. Note that the chiral
site generated in proximity of the alkaloid is determined by
the values of t1 and t2, by the presence of the ether
substituent, and by its position, which is set by t3 and t4.
The adsorption geometry and distribution of conformers on
the surface can be investigated by assigning a spectroscopic
feature to each molecular subunit. For this purpose, surface
selection rules are applied, according to which only vibra-
tional modes having at least a component of the dynamic

Figure 1. Top: Chemical structures of the cinchona-alkaloid modifiers;
the main submolecular moieties, the absolute configurations at C8
and C9, and the torsional angles t1 and t2 are indicated. Bottom: Two
views of a stable conformer of PhOCD adsorbed on platinum; in
addition to t1 and t2, the two degrees of freedom associated with the
phenyl ring, torsional angles t3 and t4, are also indicated; Pt gray,
C orange, H white, N blue, O red; the carbon atoms of the quinuclidi-
ne (left) and of the phenyl moieties (right) have been darkened.
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dipole moment perpendicular to the surface can be
detected.[10]

The transmission IR spectra of the cinchona-alkaloid
modifiers in solution (Figure 2 f–i) are a combination of the
spectra of CD and the corresponding substituted anisole, for
which the assignment of the vibrational modes was reported
elsewhere.[5c] Since adsorption is dominated by the interaction
of the quinoline ring with platinum, the signals due to the

quinoline ring in the 1650–1500 cm�1 region of the ATR-IR
spectra (Figure 2a–e) of all the modifiers are very similar,
indicating a similar mode of interaction of the anchoring
group with the surface.[6b,7b,c]

The orientation of the quinuclidine moiety can be
qualitatively followed by studying the change in the intensity
of the signal at 1460 cm�1 (black arrow in Figure 2a). This
signal is composed of at least three deformation modes due to
the CH2 groups, which are very close in energy.[7b] In the ATR-
IR spectra, this signal vanishes almost completely on passing
from CD (Figure 2a) to PhOCD (Figure 2b), indicating a
change in orientation: PhOCD has surface conformers
characterized by a different orientation of the quinuclidine
subunit with respect to that of CD.

Consider now the orientation of the phenyl ring of
PhOCD. Its role is evidently critical, because its presence
leads to the inversion of enantioselectivity, with respect to
unsubstituted CD, in the enantioselective hydrogenation of
ethyl pyruvate. Sampling the conformational space leads to
several minimum-energy structures, of which the most mean-
ingful for the present discussion are illustrated in Figure 3.

DFT calculations identify three conformers which lie within
an energy range of only 2 kcalmol�1. In conformer A, the
phenyl ring is far from the metal surface (and above the
quinoline ring); therefore, the chiral site of CD is reproduced.
In contrast, in conformer B, the phenyl ring is approximately
perpendicular to the surface and is located in the space beside
the quinoline ring; the phenyl ring is, thus, close to the metal
surface and interferes with the chiral site. In conformer C, the

Figure 2. Bottom: ATR-IR spectra of the cinchona-alkaloid modifiers
adsorbed on Pt/Al2O3: a) CD, b) PhOCD, c) dMePhOCD, and
tFPhOCD d) before and e) after solvent flow. Conditions: 0.5 mm

modifier, 293 K, CH2Cl2 solvent, 1 h on stream (1 mLmin�1). The
signals between 1650 and 1500 cm�1 are representative of three
coexisting adsorbed species having different orientations of the
quinoline ring with respect to the surface plane:[7b,c] flat species:
1570 cm�1; tilted species: 1590 and 1510 cm�1; and a-quinolyl species:
1530 cm�1. The red arrows indicate the signals associated with the
phenyl substituents. The black arrow indicates the envelope grouping
the deformation modes of the quinuclidine moiety. The chemical
structures illustrate the dynamic dipole moments of the normal modes
(blue arrow: in the plane of the phenyl ring; red arrow: perpendicular
to the plane) associated with the signals at 1167 and 1151 cm�1 (c) for
dMePhOCD, and at 1181 (d) and 1137 cm�1 (e) for tFPhOCD. Top:
Transmission IR spectra of the modifiers in solution: f) CD, g) PhOCD,
h) dMePhOCD, and i) tFPhOCD. Conditions: 20 mm modifier, 293 K,
CH2Cl2 solvent, 1-mm pathlength. The chemical structures illustrate
the dynamic dipole moments associated with the signals at
1323 cm�1 (h) for dMePhOCD, and at 1378 cm�1 (i) for tFPhOCD.

Figure 3. Three energetically similar conformations calculated for
PhOCD adsorbed on a platinum surface. Note that in conformers B
and C the phenyl ring is close to the metal surface and can interfere in
the interaction with the substrate, while in conformer A the chiral site
is similar to that of CD adsorbed on a platinum surface. The arrows
indicate the C2 axis of the phenyl ring. Pt gray, C orange, H white,
N blue, O red; the carbon atoms of the phenyl moiety have been
darkened.
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phenyl ring lies approximately parallel to the surface, directly
on the metal, and, therefore, also interferes with the chiral
site. It should be emphasized that two of the three conformers,
namely B and C, produce a chiral site that is different from
that of CD. This finding is consistent with the results of
catalysis studies, which have shown that the use of PhOCD as
a modifier affords the S lactate, whereas the use of CD affords
the R lactate in the enantioselective hydrogenation of ethyl
pyruvate over modified platinum.[6a]

The presence of the calculated conformations on Pt can be
confirmed by spectroscopic analysis. Conformers A and B are
detected on the basis of the characteristic vibrational modes
of the phenyl ring; these modes are visible in the spectra of
PhOCD, dMePhOCD, and tFPhOCD on platinum (red
arrows in Figure 2b–e), thus, revealing species which have
the phenyl ring oriented nonparallel to the surface plane.
Conformer C has to be detected on the basis of other signals
because of the nearly flat orientation of the phenyl ring.
According to the calculated structures in Figure 3, the
orientation of the quinuclidine subunit in conformer C is
different from that in the other conformers. This change in
orientation is also evident from a comparison of the ATR-IR
spectra of CD and PhOCD on platinum. Since the most stable
surface conformer of CD was shown to be equivalent to
conformer A,[5b] it follows from the differences in the
intensities of the peak at 1460 cm�1 in the two spectra that
conformer C is also present for PhOCD on the platinum
surface.[6b]

Furthermore, the determination of the orientation of the
phenyl ring in conformers A and B is aided by the character-
istic vibrational modes of the CH3 and CF3 groups in
dMePhOCD and tFPhOCD, which are absent in CD and
PhOCD. The orientation of the phenyl ring of dMePhOCD
with respect to the surface plane and the molecular backbone
can be assessed by analysis of the signals at 1167 and
1151 cm�1, which correspond mainly to C�CH3 stretches
(Figure 2c).[5c] These vibrational modes, whose dipole
moments are perpendicular to the C2 axis of the ring and lie
in the plane of the ring, are detected in the spectrum of
dMePhOCD on platinum. In contrast, the vibration at
1323 cm�1 (n(CC)Ar+ n(CH3)+ d(CH)Ar),

[5c] which exhibits a
dynamic dipole moment perpendicular to the plane of the
ring, is silent (Figure 2c), demonstrating that the plane of the
phenyl ring in dMePhOCD is normal to the surface plane.
Since the same conclusion has been reached for PhOCD[6b]

these observations show that the chiral modifiers dMe-
PhOCD and PhOCD, both of which afford the S lactate[6a]

in the enantioselective hydrogenation of ethyl pyruvate on
chirally modified platinum, have similar orientations of the
phenyl ring (conformer B in Figure 3).

A different picture results from the analysis of the ATR-
IR spectrum of the fluorinated derivative tFPhOCD.
Although there is an indication that the phenyl ring in this
case is also strongly tilted with respect to the surface plane,
the reversed intensity ratio of the signals having nas(CF)
character[5c] at 1181 and 1137 cm�1 in the ATR-IR spectrum of
tFPhOCD on platinum (Figure 2e) and in the transmission
spectrum of tFPhOCD (Figure 2 i) reveals that the ring is
oriented with the C2 axis approximately normal to the plane

of the surface. This conformation is in contrast to those of
dMePhOCD and PhOCD. The two vibrations have dynamic
dipole moments along the C2 axis of the phenyl ring and
perpendicular to the plane of the ring, respectively. Calcu-
lation of the surface conformations of tFPhOCD on platinum
reveals that by far the most populated species is the one
corresponding to conformer A in Figure 3. In fact, for
tFPhOCD this conformation is approximately 4 kcalmol�1

more stable than that corresponding to conformer B in
Figure 3. The adsorption mode with the phenyl ring parallel
to the metal (corresponding to conformer C) is not even
feasible, owing to the low affinity of the phenyl ring to the
surface because of the trifluoromethyl substituents.[5c] Hence,
the phenyl ring of tFPhOCD is mainly positioned as in
conformer A and, thus, causes no interference in the chiral
space. As for CD, the use of tFPhOCD as a chiral modifier
leads to theR lactate in the enantioselective hydrogenation of
ethyl pyruvate on chirally modified platinum. Note that the
spectrum in Figure 2d is representative of all the adsorbed
species, whereas the spectrum recorded after rinsing the
surface (Figure 2e) represents only the most strongly adsor-
bed species.

The preceding observations draw a simple but fascinating
picture of the surface phenomena that lead to an inversion of
the enantioselective properties of the chirally modified
platinum catalyst. The position of the phenyl ring, which
can be altered by substitution, induces a conformational
change of the skeleton of the adsorbed modifier. As a
consequence, catalysts modified by ether derivatives of CD
bearing differently substituted phenyl rings yield enantiomers
of opposite configuration. In simpler terms, the sense of
enantioselection is correlated with the conformation of the
carbon skeleton of the modifier adsorbed on the metal.

In a lock-and-key mechanism, the presence of some types
of ether substituents on CD, such as the O-phenyl moiety,
closes the chiral space to the pro-R face of the substrate and
opens it to the pro-S face. In contrast, the presence of
trifluoromethyl groups on the O-phenyl moiety causes a
conformational rearrangement of the carbon backbone of the
modifier, which reshapes the chiral space and restores the
pro-R selectivity. The structural variation of the chiral site
that arises from the conformational changes of the modifiers
has a similar implication for the interaction models proposed
in the literature.[2b–f, 3d,8] These models assume that the
substrate interacts with the tertiary nitrogen center of the
quinuclidine moiety.

Therefore, transition-metal surfaces modified by flexible
molecules, although less refined than biological catalysts, can
operate with principles that are analogous to those of
enzymes: an orbital-rich transition metal activates the incom-
ing substrates toward a transformation, and the flexible (but
controllable by low energy barriers) carbon skeleton of a
modifier directs the substrate to adopt a specific orientation
with respect to the surface, which is ready to deliver active
hydrogen. This process of chiral recognition and reshaping
sites on catalytic surfaces constitutes a template for the
development of smart catalytic interfaces, which could lead to
interesting possibilities in the synthesis of optically pure
molecules.
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Experimental Section
Materials: CD (Fluka, 98%), PhOCD (Ubichem, > 99.8%), dMe-
PhOCD (Ubichem, > 98.5%), tFPhOCD (Ubichem, > 99.8%), and
CH2Cl2 were used as received. N2 (99.995 vol.%) and H2 (99.999
vol.%) gases were supplied by PANGAS.

Film preparation: The Pt/Al2O3 thin films used for ATR-IR
spectroscopy were prepared on a 1-mm-thick trapezoidal germanium
internal-reflection element (IRE; 52B 20B 1 mm3) by electron-beam
vapor deposition, as described in detail elsewhere.[4b] First, a 50-nm
film of Al2O3 was deposited, and then a 1-nm film of platinum.

ATR-IR spectroscopy: ATR-IR spectra were recorded on a
Bruker Optics IFS-66/S spectrometer equipped with a commercial
ATR accessory (Optispec) and a mercury cadmium telluride (MCT)
detector.[5c] Spectra were collected by co-adding 200 scans at a
resolution of 4 cm�1. All measurements were performed at 293 K. N2-
saturated CH2Cl2 was circulated over the thin film at 1.0 mLmin�1 for
approximately 45 min, using a peristaltic pump, until steady-state
conditions were achieved. Before adsorption, the platinum film was
treated with H2-saturated solvent for approximately 3 min. An H2-
saturated solution of the modifier was then admitted to the cell for
about 1 h. The film was subsequently rinsed with H2-saturated
CH2Cl2.

DFT calculations: Calculations were performed using the ADF
code[11] with a Becke–Perdew functional. The zero-order regular
approximation (ZORA) and core potentials corrected for relativistic
effects (Dirac) were used. A frozen-core approximation (4f for
platinum and 1s for the Period 2 elements) was applied, and valence
double-zeta (DZ) or double-zeta plus polarization (DZP) basis sets
were used for platinum and the Period 2 elements, respectively. The
geometry of the metal cluster was constrained; all other degrees of
freedom were optimized.[5]
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