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Adsorption mode of ethyl pyruvate on platinum:
an in situ XANES study
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The adsorption of ethyl pyruvate on Pt(111) has been studied by in situ XANES measurements in the presence and absence of
hydrogen. Depending on the hydrogen and ethyl pyruvate pressure, the C and O K-edge spectra exhibit distinctly different angular
dependence. Without hydrogen ethyl pyruvate is oriented preferentially perpendicular to the surface, indicating bonding via the O lone
pairs. In the presence of hydrogen the mean orientation is more tilted towards the surface. Likely, ethyl pyruvate also interacts with Pt
via its π system under these conditions. The observed angle-dependent shift of the energy of the π∗ and σ∗ resonances indicates the
coexistence of differently adsorbed ethyl pyruvate species. The experimental findings demonstrate the importance of the in situ approach
for unraveling the adsorption mode of ethyl pyruvate in the enantioselective hydrogenation over cinchona-alkaloid-modified Pt.
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1. Introduction

Enantioselective hydrogenation is an important field in
catalysis due to the constantly growing need to produce
optically pure chiral compounds, especially as pharmaceu-
ticals, agrochemicals, flavors and fragrances [1]. Among
the various methods applied in asymmetric synthesis, ca-
talysis provides the unique advantage of multiplying the
chiral information such that a minor amount of catalyst
can produce a large amount of optically pure product. For
industrial applications a heterogeneous catalyst would be
desirable due to advantages over homogeneous catalysts in
separation, handling and reuse.

A promising strategy for heterogeneous enantioselective
hydrogenation is to modify a metal catalyst with a chiral
adsorbate. Two such catalyst systems have been exten-
sively studied [2]: tartaric-acid-modified Ni for the enan-
tioselective hydrogenation of β-ketoesters and 2-alkanones
and cinchona-alkaloid-modified Pt for the enantioselective
hydrogenation of α-ketoesters. For both systems high enan-
tiomeric excess (ee) up to 90–95% can be achieved, how-
ever only for a limited number of substrates. The broaden-
ing of the scope of these reactions is highly desirable but
hampered by the lack of a thorough understanding of the
reaction mechanism and enantio-differentiation.

The enantioselective hydrogenation of ethyl pyruvate has
played a key role in the elucidation of the mechanism
of enantio-differentiation on cinchona-modified platinum.
Several mechanistic models have been proposed and dis-
cussed in recent reviews [2–6]. All these models suffer
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from the constraint that assumptions had to be made con-
cerning the adsorption mode of the modifier and reactant.
No in situ spectroscopic information is available to date.
H/D exchange experiments indicate that cinchonidine inter-
acts with Pt through its quinoline moiety [7]. The catalytic
behavior of cinchonidine, where the hydrogen nearest to the
quinoline N was substituted by a phenyl group (2-phenyl-
9-deoxy-10,11-dihydrocinchonidine), furthermore showed
that cinchonidine is not adsorbed through the quinoline N
lone pair, indicating flat adsorption via the quinoline π sys-
tem [8]. Recently an ultrahigh vacuum NEXAFS study
has been presented, which corroborates the flat adsorption
mode of cinchonidine [9]. Information about the adsorp-
tion mode of ethyl pyruvate on platinum is still a missing
piece of information in the puzzle, preventing us from hav-
ing a more complete view of the reaction mechanism and
enantio-differentiation. This prompted us to investigate the
interaction of ethyl pyruvate with a platinum surface.

XANES (X-ray absorption near edge structure) spec-
troscopy is ideal to tackle the adsorption mode of ethyl
pyruvate for mainly two reasons. Firstly, through angle-
dependent measurements direct and unambiguous informa-
tion about the orientation of a molecule can be obtained
without the need for extended data analysis. Secondly,
XANES measurements can be performed at relatively high
pressure thus enabling in situ measurements. This last point
is of special importance for our purpose, since it is not
a priori clear, whether the adsorption mode of ethyl pyru-
vate is affected by the presence of hydrogen on the Pt sur-
face. Here we present first results on the adsorption of ethyl
pyruvate on Pt studied by in situ XANES measurements.
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2. Experimental

The experiments were carried out at the beamline HE-
TGM1 at the Berliner synchrotron radiation source BESSY-
I with an electron beam energy of 0.8 GeV [10]. A toroidal
grating monochromator with a resolution of 0.7 eV at the
carbon K-edge and a resolution of 2.0 eV at the oxygen
K-edge was used. The measurements were performed on a
Pt(111) single crystal. The Pt(111) surface was cleaned by
Ar+ bombardment at 3.5 kV with simultaneously heating
at 900 K and subsequent annealing at 650 K in 1 mbar
H2 for 10 min. Ethyl pyruvate (Aldrich, 98%) was puri-
fied by repeated freeze–pump–thaw cycles. Dosings of H2

and ethyl pyruvate were done successively by separate leak
valves. All measurements were performed in situ at room
temperature in the batch mode. Angular dependence was
investigated by performing measurements at 90◦ (normal
incidence), 45◦ and 20◦ (grazing incidence).

The XANES experimental setup is described in full de-
tail elsewhere [11]. Briefly, the apparatus is built up of two
UHV chambers separated by a polyimide X-ray window.
One chamber serves as a reactor and the second as an in-
terface between the reactor and the beamline of the BESSY
storage ring. The polyimide X-ray window allows filling
of the reactor with gases up to pressures of 1000 mbar
without breaking the vacuum in the second chamber (pres-
sure below 5 × 10−9 mbar). The “interface chamber” is
equipped with a conventional monitor for the X-ray inten-
sity, I0, emitted by the storage ring and the reactor with
three detectors, which can be operated simultaneously and
independently. They allow to monitor the signals coming
from the gas phase (signal I1), the sample surface related
and gas phase (I2), and the specimen stage (I3). All XAS
data were collected in the total-electron yield (TEY) modus.
The treatment of raw XAS data is explained with full de-
tails in [11]. The energy scale was calibrated using the
π∗ resonance of gas-phase CO at 287.4 eV (C-edge) and
534.0 eV (O-edge) as standard.

3. Results and discussion

Ethyl pyruvate (scheme 1) has two π∗ orbitals arising
from the two C=O double bonds. Due to their proximity
one can expect the two π∗ orbitals to be delocalized over
both C=O double bonds, analogous to the π∗ orbitals in bu-
tadiene [12]. This delocalization is also shown in scheme 1
where the π∗1 and π∗2 molecular orbitals are depicted as
derived from semi-empirical PM3 calculations. As a con-
sequence we expect strong transitions from the C2, C3, O1

and O2 (scheme 1) 1s orbitals to both π∗1 and π∗2 giving rise
to four π∗ transitions for each the C K- and the O K-edge.
The PM3 calculations give an energy separation of 1.8 eV
between π∗1 and π∗2 . The π∗1 wave function has a larger
amplitude at the keto group whereas π∗2 is stronger at the
carboxyl group. As concerns the electron binding energies,
the 1s of the carboxyl C3 is expected to be stronger bound

Scheme 1. Ethyl pyruvate atom numbering. The lower part depicts the
π∗1 and π∗2 molecular orbitals (PM3 calculation).

than the 1s of the keto C2 by 0.5–1.5 eV [13]. On the other
hand, the 1s of O1 and O2 are expected to have very similar
binding energies [14]. With this information in mind we
assign the gas-phase C K-edge XANES spectrum of ethyl
pyruvate shown in figure 1(D) as follows: the lowest en-
ergy band at 286.3 eV is assigned to the C2 → π∗1 transition.
Due to the larger binding energy of the 1s electron at C3 the
corresponding C3 → π∗1 transition contributes to the band
at 288.4 eV overlapping with C2 → π∗2 . The tail towards
higher photon energies of the band at 288.4 eV contains
several transitions among which is C3 → π∗2 . Alternatively
we could assign the band at 286.3 eV to C2, C3 → π∗1
and the band at 288.4 eV to C2, C3 → π∗2 . This uncer-
tainty in assignment does not affect the conclusions drawn
in the following from the angle-dependent band intensities
of adsorbed ethyl pyruvate. The bands at 290.0, 291.3 and
298.0 eV arise from σ∗(C–O) and σ∗(C=O) resonances.
The assignment of the O K-edge spectrum (figure 2(D)) is
less ambiguous. The broad band at 530.7 eV arises from
the four transitions O1, O2 → π∗1 ,π∗2 , whereas the band at
542 eV is due to σ∗ resonances.

The O K-edge spectra of adsorbed ethyl pyruvate meas-
ured at different hydrogen and ethyl pyruvate partial pres-
sures and at normal (90◦) and grazing (20◦) incidence are
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Figure 1. C K-edge XANES spectra of ethyl pyruvate on Pt(111) measured
at room temperature at normal (90◦) and grazing incidence (20◦). The
spectra are given as the signal of the actual measurement (Icoll) divided
by a reference spectrum recorded in Ar atmosphere (Iref), thus accounting
for the transmission function of all optical elements. (A) in 0.5 mbar ethyl
pyruvate + 0.5 mbar H2, (B) in 0.11 mbar ethyl pyruvate + 0.5 mbar H2,

(C) in 0.065 mbar ethyl pyruvate and (D) gas phase.

shown in figure 2. A XANES signal arising from the Pt
N-edge was observed at around 520 eV. The strength of this
signal was used to estimate the thickness of the adsorbed
ethyl pyruvate layer. For low ethyl pyruvate pressure the
O K-edge signals show distinct angular dependence aris-
ing from a preferred orientation of ethyl pyruvate on the
Pt(111) surface. From the relative intensity of the π∗ tran-
sitions in the O K-edge spectra a mean orientation of the
C=O groups can be deduced. The mean tilt angle was
determined according to [15]. In the absence of hydrogen
(spectrum (C) in figure 2, 0.065 mbar ethyl pyruvate) this
angle is determined as 72 ± 7◦ (18 ± 7◦ with respect to
the surface normal). In the presence of 0.5 mbar hydrogen
(spectrum (B) in figure 2) this angle decreases to 58 ± 6◦

(32 ± 6◦ with respect to the surface normal). Thus in the
presence of hydrogen the mean orientation of ethyl pyruvate
is more tilted towards the surface. Although the determina-
tion of the mean tilt angle could not be made with highest
accuracy, the calculated values unequivocally demonstrate
that the orientation of adsorbed ethyl pyruvate is affected
by coadsorbed hydrogen. This conclusion already emerges
from a comparison of spectra (B) and (C) in figure 2.

At 0.5 mbar ethyl pyruvate partial pressure and 0.5 mbar
H2 (figure 2(A)), on the other hand, no angular dependence
can be observed. At the same time the Pt N-edge signal
decreases to about 30% of its intensity at low ethyl pyruvate

Figure 2. O K-edge XANES spectra of ethyl pyruvate on Pt(111). Exper-
imental conditions identical as for figure 1. The mean tilt angle between
the Pt(111) surface and the plane perpendicular to the π∗ orbitals (ethyl
pyruvate molecular plane) as determined from the intensity of the π∗

resonances is (A) 56 ± 5◦ in 0.5 mbar ethyl pyruvate + 0.5 mbar H2,
(B) 58± 6◦ in 0.11 mbar ethyl pyruvate + 0.5 mbar H2 and (C) 72± 7◦

in 0.065 mbar ethyl pyruvate.

pressure (0.11 and 0.065 mbar ethyl pyruvate: figure 2 (B)
and (C)). Under these conditions ethyl pyruvate forms a
condensed liquid layer (more than 1 nm thick) in which the
individual molecules are randomly oriented.

Apart from the orientation-dependent intensities also the
position of the broad band associated with σ∗ resonances at
542 eV changes with the experimental conditions. At high
ethyl pyruvate pressures (spectra (A) in figure 2) the center
of this band is close to the 542 eV observed for gas-phase
ethyl pyruvate, as expected for a condensed liquid layer.
At lower ethyl pyruvate pressure and in the presence of hy-
drogen (spectra (B) in figure 2), the center of this band is
shifted to lower energy, indicating an increase of the mean
C=O bond length, as one would expect for a chemisorbed
species. Upon chemisorption some charge is transferred
to the antibonding π∗ orbitals (back-donation) [16], thus
elongating the C–O bond distance. Furthermore, changes
in band position can also be observed when changing the
angle of incidence. This is most evident for the spectra
measured in the absence of hydrogen (spectra (C) in fig-
ure 2) but can also be observed in the presence of hydro-
gen. This last observation is a strong indication for the
coexistence of ethyl pyruvate species in different adsorp-
tion modes, possibly one oriented preferentially parallel and
one preferentially perpendicular to the surface. At normal
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and grazing incidence the contribution from the different
species to the π∗ and σ∗ spectrum changes due to their
different orientation. Specifically, in the spectra (C) (fig-
ure 2) the π∗ band center shifts to higher photon energy
when going from normal to grazing incidence. At normal
incidence the species oriented in a more upright position
are preferentially observed, whereas at grazing incidence
the more flat lying species dominate the π∗ spectrum. The
observed energy shift therefore shows that the π∗ orbitals
of the more flat lying species are stabilized with respect to
the upright species. This is consistent with an enhanced
π∗ back-donation for the former species, as expected for a
π-bonding mechanism.

Similar behavior can be observed for the C K-edge as de-
scribed above for the O K-edge. However, at the C K-edge
the observed orientation dependence is less pronounced due
to some carbon signals from the Pt surface, which are not
associated with ethyl pyruvate. These signals were also ob-
served without admitting ethyl pyruvate. The most promi-
nent of these signals is observed at 285.6 eV (partially
overlapping with the π∗ transitions of ethyl pyruvate at
286.3 eV) and is strongest at grazing incidence (20◦). Both
energy and angular dependence of this signal indicate a
small amount of graphitic carbon present under in situ con-
ditions [17]. On the other hand, the band at 288.4 eV
associated with π∗ transitions in the C-edge spectra is less
affected by the signals from graphitic C. This band shows
no angular dependence at high ethyl pyruvate partial pres-
sure (figure 1(A)), whereas for low partial pressure (figure 1
(B) and (C)) the band is more intense at 90◦ than at 20◦,
similar as observed for the π∗ transitions in the O-edge
spectra. We note that the observed angular dependence and
energy shifts were reproducibly observed for a variety of
different ethyl pyruvate and hydrogen partial pressures.

The present in situ XANES study qualitatively shows,
that the adsorption mode of ethyl pyruvate is influenced
by coadsorbed hydrogen. In the presence of hydrogen
the mean angle between the molecular plane and the sur-
face is decreasing relative to the situation without hydro-
gen. This underlines the importance of the in situ spec-
troscopic approach. The data furthermore strongly indicate
the coexistence of two differently adsorbed species, possi-
bly lone-pair- and π-bonded ethyl pyruvate, analogously as
was found for acetone adsorption on Ru surfaces [16]. In
the π-bonded mode the π∗ orbitals of the keto group point
towards the surface. From a molecular orbital point of view
it is therefore reasonable that the hydrogen atoms approach-
ing ethyl pyruvate from below have the highest probability
to react with the π-bonded ethyl pyruvate. Such a direc-
tionality of approach of the H atom to the π∗ orbitals is
a prerequisite for enantioselective hydrogenation and has
recently also been proposed to be a critical element in the
catalytic hydrogenation activity of ethylene and acetylene
on Ni(111) [18].

In conclusion, we can state that ethyl pyruvate adsorp-
tion is affected by the presence of hydrogen and that lone-

pair- and π-bonded ethyl pyruvate possibly coexist on the
platinum surface. The present findings indicate that the
previously suggested flat π-bonded ethyl pyruvate [5,19]
in the relevant enantio-differentiating diastereomeric tran-
sition state is feasible, particularly because the hydrogen
bonding between the oxygen atom of the α-carbonyl moi-
ety and the quinuclidine N of the coadsorbed cinchonidine
should further favor the π-bonded species. In this sense the
lone-pair-bonded ethyl pyruvate could be considered as a
precursor state of the final π-bonded species, suggested to
be relevant in the transition state complex.
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[11] A. Knop-Gericke, M. Hävecker, T. Neisius and T. Schedel-Niedrig,
Nucl. Instrum. Methods A 406 (1998) 311.

[12] D. Coulman, J.L. Solomon, R.J. Madix and J. Stöhr, Surf. Sci. 257
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