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Coadsorption of methyl pyruvate and (% )-1-(1-naphthyl)ethylamine on
Pt(111): insights on the mechanism for asymmetric hydrogenation
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The results of a series of adsorption and coadsorption measurements using (+)-1-(1-naphthyl)ethylamine (NEA), methyl
pyruvate, ester-deuterated methyl pyruvate, methyl naphthalene and 2,3-butanedione on Pt(111) are presented. Coadsorption of
NEA stabilizes a molecularly adsorbed state of methyl pyruvate. The latter state undergoes thermal decomposition to yield a
methane desorption peak centred at 320 K. Experiments performed using ester-deuterated methyl pyruvate show that the methane
desorption results from the decomposition of the acetyl moiety of the o-ketoester. A stabilizing interaction is not observed for
coadsorbed methyl naphthalene and methyl pyruvate, presumably due to the absence of an amine group. The study provides
further evidence for the existence of a 1:1 methyl pyruvate—1-(1-naphthyl)ethylamine docking complex on Pt(111) under ultrahigh

vacuum conditions.
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1. Introduction

The Orito reaction describes the enantioselective
hydrogenation of a-ketoesters on chiral-modified sup-
ported platinum catalysts at temperatures close to 320 K
[1-3]. The most widely accepted mechanism for the
reaction involves the formation of an adsorbed 1:1
modifier—substrate complex. Three recent publications
provide insight on inter-adsorbate interaction between
chiral modifiers and a-ketoesters [4-6]. First, a scanning
tunneling microscopy (STM) study by Bonello et al. [4]
revealed images consistent with a 1:1 docking complex
between 1-(1-naphthyl)ethylamine (NEA) and methyl
pyruvate (MP) on Pt(111). Second, independent infrared
spectroscopy studies have provided evidence for a H-
bonding interaction between cinchonidine and ketopan-
tolactone on Pt/Al,O3 [5] and between coadsorbed NEA
and MP on Pt(111) [6]. The latter studies also showed
evidence that the interaction is accompanied by a
change in the adsorption geometry of the modifier. It
is worth noting that both studies yielded similar
information, despite the fact that they probed surfaces
in solution and in ultrahigh vacuum, respectively. This
observation is consistent with the report by von Arx
et al. [7] that solution-phase is not required to carry out
the enantioselective reaction. In this Letter, we describe
a series of temperature programmed desorption (TPD)
studies aimed at probing interactions between coad-
sorbed MP and NEA on Pt(111).
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2. Experimental

The experiments were performed using a standard
ultrahigh vacuum system equipped for thermal deso-
rption, reflectance infrared spectroscopy and Auger
spectroscopy measurements. The Pt(111) crystal was
cleaned by oxygen treatment, argon sputtering and flash
anneal cycles to 1100 K. The sample was spot-welded to
Ta wires spanning two electrical feedthroughs at the base
of a liquid nitrogen dewar. This permitted temperature
control over the 96-1200 K range. Methyl pyruvate,
(£)-1-(1-naphthyl)ethylamine, methyl naphthalene, 2,3-
butanedione (Sigma—Aldrich) and ester-deuterated
(CH3COCOOCD3;) methyl pyruvate (CDN Isotopes)
were further purified by freeze—thaw cycles. Thermal
desorption measurements were made at a heating rate of
0.5 K/s. Reflectance FTIR spectroscopy (RAIRS) were
performed using a Bruker VECTOR 22 spectrometer.
Spectra were obtained by coadding 1050 scans.

3. Results and discussion

The TPD data shown in figure 1 are for adsorption and
coadsorption experiments performed on Pt(111) using
MP, ester-deuterated methyl pyruvate (MPD), 1-methyl-
naphthalene (MN), NEA and 2,3-butanedione (BD). The
mje = 15 peaks at 230-280 K for coadsorbed MN and
MP (a), MP (c) and coadsorbed NEA and MP (d) are due
to molecular desorption of MP. The m/e = 15 peaks at
~320 K observed for coadsorbed NEA and MP (d), and
BD (e), are due to CH4 desorption resulting from thermal
decomposition of MP and BD, respectively. Adsorption
of NEA alone (b) does not yield an m/e = 15 peak.
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Methane Desorption (m/e=15 a.m.u.)
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Figure 1. TPD spectra (m/e = 15) for various substrate and modifier—substrate adsorption systems on Pt(111). Exposures were performed at

105 K and the heating rate was 0.5 K/s. (a) coadsorbed methyl naphthalene (MN) and methyl pyruvate (MP); (b) 1-(I-naphthyl)ethylamine
(NEA); (c) methyl pyruvate (MP); (d) coadsorbed NEA and ester-deuterated methyl pyruvate (MPD). Coadsorption of MP and NEA yields a an
identical desorption spectrum; () 2,3-butanedione (BD). The exposures in Langmuir (1 L = 1 x 107® Torr.sec) were (a) 0.2 L MN and 0.3 L
MP; (b) 0.3 L NEA; (c) 0.3 L MP; (d) 0.2 L NEA and 0.3 L MP; (e) 0.3 L BD. The illustrations accompanying each spectrum refer only to the
underlined species. The surface polymer, a thermal decomposition product of MP is described in papers by Bonello ez al. [10,11].

Experiments using MPD coadsorbed with NEA also
yield desorption spectrum (d) thereby showing that CHy4
desorption arises from the decomposition of the acetyl
moiety of methyl pyruvate. This is consistent with the
reported decomposition chemistry of acetaldehyde on
Pt(111)[8] and stepped Pt(111)[9] surfaces. Acetyl groups
on Pt(111), formed through acetaldehyde decomposition,

decompose above 300 K leading to CH4 desorption at
357 K with a shoulder at 320 K [8]. McCabe et al. [9]
observed a methane desorption peak at 317 K for
acetaldehyde on stepped Pt(111). The desorption of
methane in the NEA/MP coadsorption experiments is
consistent with the presence of MP on the surface to
~320 K, at which temperature dissociation occurs to
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yield methane desorption via a transient surface acetyl
species. Alternatively, dissociation of MP to form a stable
acetyl intermediate occurs first, followed by decomposi-
tion of acetyl at ~320 K to yield CHy. In either case, it is
clear that NEA increases the thermal stability of
adsorbed MP relative to what is observed for the non-
modified surface. The weak intensity of the CHy4 peak for
coadsorbed NEA/MP, spectrum (d), compared to the
intense peak observed for BD, spectrum (e), is consistent
with a low coverage of docking complexes in agreement
with the STM images reported by Bonello et al. [4]

Data for the chemisorption of MP on Pt(111) were
reported previously [6]. Briefly, adsorption at 110 K
yields a majority enediolate state followed by the
formation of #'-MP close to full-monolayer coverage.
Molecular desorption from the #'-state occurs at 170 K.
In contrast, a fraction of the enediolate desorbs as MP at
230-280 K (figure 1(c)) in competition with a surface
polymerization reaction first reported and interpreted by
Bonello ef al. [10,11]. The latter authors showed that the
polymerization process is inhibited by the presence of
coadsorbed hydrogen. The present study shows that
NEA also inhibits polymerization, to the extent that a
fraction of adsorbed MP is available to undergo the
decomposition process leading to methane desorption at
320 K. The inhibition of the polymerization reaction by
NEA is a consequence of the stabilization of #'-MP.
Significantly, methane desorption is not observed in
experiments performed by coadsorbing MN and MP
(figure 1(a)); rather molecular desorption of MP is
observed at 230-280 K. NEA and MN are expected to
display the same site-blocking effects due to the footprint
of the naphthalene ring. Hence, the difference is
attributed to the presence of the amine function in
NEA. This is consistent with the results of the RAIRS
study showing a H-bonding interaction between the
amine group of NEA and a carbonyl group of
coadsorbed 5'-MP [6], and similar data by Bonalumi
et al. [5] for the cinchonidine/ketopantolactone coad-
sorption system. The NEA/MP interaction was found to
stabilize #'-MP on Pt(111) to 320 K [6]. In contrast, MN
does not possess an amine function and, as a result, MP
desorbs (spectrum 1(a)) at 230-280 K.

CH3

Half-Rotated 1:1 Docking Complex
NEA : Methyl Pyruvate / Pt(111)

The observation of reaction-limited desorption of
CH4 due to the decomposition of an NEA-MP complex
may be examined in the context of a previously
proposed structure for the docking complex. In the
proposed complex [6], MP is #'-bonded to the platinum
surface via the keto-carbonyl group. H-bonding to NEA
then occurs via the ester carbonyl. The present study
shows that thermal decomposition of the complex does
not lead to the desorption of MP but rather scission of
the central CC bond occurs to yield surface acetyl
followed by reaction-limited desorption of methane. By
reference to data for MP on Ni(111) [12,13], scission of
the central CC bond while keeping the ester and acetyl
moieties of MP intact could also result in the formation
of surface methoxycarbonyl. Methoxycarbonyl forma-
tion on Pt(111) at ~300 K in the presence of coadsorbed
NEA, is confirmed by the comparison of RAIRS data,
taken with the sample at 300 K, for Ni(111) [12,13] and
Pt(111) [6]. The methoxycarbonyl is characterized by
v(C-0) bands at 1270 and 1268 cm~! and w(C=0)
bands at 1680 and 1677 cm™! for Pt(111) and Ni(111),
respectively. Interestingly, methoxycarbonyl formation
is observed for MP decomposition on clean Ni(111) and
NEA modified Pt(111), but not for clean Pt(111). Ferri
et al. [14] have reported ATR-IR evidence for the
formation of similar carbonyl containing fragments
through the dissociation of ethyl pyruvate on clean
Pt/Al,O3 in CH,Cl,.

By analogy to concepts from organometallic chemis-
try [15] selective activation of the central CC bond of
MP requires proximity of the CC bond to the surface.
As illustrated in scheme 1, we propose that proximity
can be achieved through half-rotation of MP while the
entire molecule is attached to the modified surface via
H-bonding of the ester carbonyl to NEA. This proposal
is made on the basis of the observation of H-bonding
between MP, either condensed or chemisorbed, and
adsorbed NEA [6]. Rotation of the CO function toward
the ring avoids a repulsive interaction between the
methyl group and the ring, and may also lead to a weak
H-bonding interaction [16]. By extension, we propose
that in the presence of a sufficient coverage of atomic
hydrogen, hydrogenation rather than CC scission of the
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Scheme 1. Proposed structure leading to the formation of methane from coadsorbed 1-(1-naphthyl)ethylamine and methyl pyruvate on Pt(111).
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half-rotated state occurs to yield the corresponding
lactate.
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