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Abstract

Adsorption of 1-phenyl-1,2-propanedione (A), a widely studied molecule in heterogeneously catalyzed enantioselective hydrogenation, and
2,3-hexanedione on a Pt(111) surface was studied using density functional theory. A cluster consisting of two slabs and 31 Pt atoms was used as
a model for the catalyst. The results revealed the origin of observed regioselectivity in the hydrogenation of carbonyl groups C1=01 and C2=02
of A and the lack of regioselectivity in the case of 2,3-hexanedione on Pt catalysts. The adsorption modes of A in which the C1=01 carbonyl
group next to the phenyl ring is activated toward hydrogenation (’7%1201 adsorptions) are more stable than the corresponding adsorption modes

where the C2=02 group is activated (;7%2202 adsorption). This indicates that the catalyst surface is covered mainly by reaction intermediates
leading to the hydrogenation of the carbonyl group C1=01 and eventually regioselectivity, presuming that the hydrogenation rates of C1=01
and C2=02 are of the same order of magnitude. The adsorption energy of 2,3-hexanedione does not depend on which of the carbonyl groups is
adsorbed as n%-mode, and thus the hydrogenation on Pt is not regioselective, as has been observed experimentally. Thus the regioselectivity in the
hydrogenation of A and 2,3-hexanedione can be explained by the interactions between the substrate and the metal surface.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction larly in the production of ephedrine derivatives [5]. This and
other (byproduct) hydroxyketones formed can be further hydro-
genated enantioselectively to diols [6]. The specific feature of
many complex organic molecules is that they have several func-
tional groups that adsorb differently on the catalyst surface and
give a wide variety of products. The mode of adsorption is in
some cases detrimental or beneficial for the selectivity toward
a particular product [7]. Due to the two carbonyl groups in A,
its hydrogenation has observed to be both regioselective and
enantioselective (see Fig. 1); 1-hydroxy products (from the hy-
drogenation of the C1=01 group adjacent to the phenyl ring)
are formed in excess to 2-hydroxy products (from the hydro-
genation of the C2=02 group next to the methyl group) [8].
Regioselectivity in this context is understood as the preferable
reduction of one of the two carbonyl groups; however, in the
hydrogenation of 2,3-hexanedione, equal amounts of both car-
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Cinchona alkaloid-modified Pt catalysts (active in the Orito
reaction [1]) are well known and yet actively investigated ex-
amples of heterogeneous enantioselective hydrogenation of the
carbonyl group. It has been widely studied, with the main re-
search focus on the mechanistic understanding of enantiodif-
ferentiation on chirally modified Pt (see, e.g., [2,3] and ref-
erences therein). Enantioselective hydrogenation of 1-phenyl-
1,2-propanedione (A) has been extensively investigated [4].
The molecule has two reactive carbonyl groups that can be
hydrogenated on a chirally modified Pt. The main hydrogena-
tion product of A, (R)-1-hydroxy-1-phenyl-2-propanone, is an
important intermediate in pharmaceutical synthesis, particu-

0021-9517/$ — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2006.10.013


http://www.elsevier.com/locate/jcat
mailto:ville.nieminen@abo.fi
http://dx.doi.org/10.1016/j.jcat.2006.10.013

V. Nieminen et al. / Journal of Catalysis 245 (2007) 228-236 229

OH

more
(o}

@/ \o‘

less

Fig. 1. Illustration of the regioselectivity in the hydrogenation of 1-phenyl-
1,2-propanedione on Pt catalyst. 1-OH products are formed in excess [8].

Keeping in mind the industrial applications of the products,
the maximization of the yield of the desired product includes
both the maximization of enantioselectivity and regioselectiv-
ity, and thus the regioselectivity should not be neglected even
if the main focus is often on enantioselectivity. It has been ob-
served that in the hydrogenation of A, in the absence of the
modifier (i.e., nonmodified hydrogenation), the regiomeric ra-
tio (rr, molar ratio of the products that have hydroxyl group
adjacent to the phenyl ring and the products that have hydroxyl
group adjacent to the methyl group, rr = [1-OH]/[2-OH], also
called regioselectivity [9]) is around 4 on Pt/Al,O3 catalyst,
but it is increased with increasing modifier concentration to
a maximum (rr of 10) around a 1:1 surface Pt-to-modifier ra-
tio, after which it gradually starts to decrease [8]. The most
interesting observation is the greater than twofold enhancement
of rr due to the introduction of small amounts of the modi-
fier. The regioselectivity has been speculated to originate from
a longer bond and weaker C=0 bond strength at the position 1
of isolated molecule [8], but this observation cannot explain
the increased regioselectivity in the presence of the modifier.
Although the substrate-modifier interactions are rather well un-
derstood [2,10-13] in enantioselective hydrogenation, further
understanding is needed with respect to the substrate—catalyst
interactions to reveal the regioselectivity.

Recent progress in computational methods has led to a de-
tailed understanding of the substrate—catalyst interactions.
Using density functional theory (DFT) and spectroscopic meth-
ods the adsorption geometries and energies of benzene, acetone,
and acetophenone on Pt(111) have been explored in detail
(see, e.g., [14-20] and references therein). It is notable that
the DFT calculations can predict the adsorption energies very
close to the values obtained experimentally. The aforemen-
tioned molecules have functional groups similar to A (aromatic
and carbonyl moieties), thus a short survey of their adsorp-
tion on Pt(111) surface is helpful to understand the adsorption
of A on a platinum catalyst. Two minimum adsorption energy
geometries have been found for benzene on the Pt(111) sur-
face at low coverage: so-called bridge(30) and hollow(0) (see
Fig. 2) [14]. The DFT-calculated adsorption energies are in
reasonable agreement with the experimental heats of adsorp-
tion [14]. In both minimum energy structures, the benzene ring
lies parallel to the surface and is distorted with respect to the
gas-phase molecule. (For space considerations, we direct the

hollow(0)

Fig. 2. Illustration of the two most stable adsorption modes of benzene on a Pt31
cluster with a (111) surface.

interested reader to the work by Sayes et al. [14] for further
details.) Acetone has two main adsorption modes on Pt(111),
the so-called n'- (or end-on) and n*-adsorption modes [15,16].
In the former, acetone is adsorbed on a surface Pt atom via
the oxygen, and two methyl hydrogens also interact with the
surface. In the latter, acetone is adsorbed parallel to the sur-
face with some distortion in the structure; a rehybridization of
the carbonyl carbon from sp? to sp> and a considerably longer
C=O0 bond distance than in the gas-phase molecule are ob-
served. The n2-adsorption mode also has been referred to as an
activated species toward hydrogenation and thus, a reaction in-
termediate [15]. The adsorption of acetophenone is somewhat
a combination of the adsorptions of benzene and acetone; the
most stable adsorption mode is a combination of the bridge(30)
adsorption mode of benzene and the nZ-adsorption mode of
acetone [15]. However, adsorption of A on Pt(111) surface is
more complicated than that of acetophenone, because there is
another C=O0 group that can also interact with the surface.
Here we present a density functional study on the adsorption
of 1-phenyl-1,2-propanedione and 2,3-hexanedione on a plat-
inum cluster consisting of 31 atoms and (111) surface. The
results are compared with the experimentally observed regio-
selectivity in the hydrogenation of 1-phenyl-1,2-propanedione
and 2,3-hexanedione on nonmodified and modified Pt catalysts.

2. Computational methods

The adsorption complexes of 1-phenyl-1,2-propanedione
and 2,3-hexanedione with platinum were studied computa-
tionally using the cluster model approach. All calculations
were performed using the TURBOMOLE program package
[21-23] and DFT with the BP-86 exchange-correlation func-
tional [24-26] in combination with the resolution of the iden-
tity (RI) technique (i.e., the total density is approximated,
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which allows for a very efficient treatment of Coulomb in-
teractions) [27], as implemented in the TURBOMOLE pro-
gram package. Note that the BP-86 functional has previously
been successfully used to study the adsorption of benzene on
Pt(111) [14]. Relativistic effects were taken into account im-
plicitly by using relativistic effective core potential (ECP) from
the TURBOMOLE library (def-ecp) to represent the 60 core
electrons of Pt. The 18 valence electrons of platinum and all
electrons of the other elements were treated explicitly using the
SV(P) basis set [def-SV(P)].

A cluster consisting of 31 Pt atoms and two layers with the
(111) surface was used to model the catalyst surface. The dis-
tances between the Pt atoms were fixed to the bulk value of
277.5 pm, and the seven middle atoms were allowed to fully
relax on the top layer. Some calculations were done also for
arigid cluster, that is, where all Pt atoms were fixed. All calcu-
lations were done spin unrestricted with the spin state 3 (min-
imum energy spin state for Pt31 between the states 0 and 10).
This choice is respected even if in some cases the minimum
electronic state of the bare cluster and/or cluster plus adsor-
bate is different than 3. A low-spin state should be chosen to
represent the electronic structure of a nonmagnetic metal sur-
face (as Pt); it is customary to use the lowest-energy low-spin
electronic state for the naked cluster, as well as for the clus-
ter plus its corresponding adsorbate [28]. Furthermore, the spin
states are energetically very close to each other, as indicated
in Table S1 in the supplementary information. For compari-
son, some adsorption geometries for a Pt31 cluster having all
Pt atoms frozen (rigid cluster) were calculated with a spin
state 4, the lowest-energy spin state with a spin below 5 (see
Table S1). Test calculations with benzene proved that the ad-
sorption energy changed very little when the spin state was
changed; the adsorption energies for the bridge(30) adsorption
mode were —124 kJmol~! for spin state 3 and —122 kJ mol~!
for spin states 4 and 5. For a rigid cluster, the correspond-
ing adsorption energies were —88 (S = 4) and —86 kJmol ™!
(S = 8). Similarly, the adsorption energy for the fcc-hollow(0)
site was —75 kJmol ™! (—48 kJ mol ™! for a rigid cluster). As
can be seen, the adsorption energies are in accordance with
the experimental TPD results for two different adsorption sites
with adsorption enthalpies of —117 to —129 for lower cover-
age [representing the bridge(30) adsorption mode] and —82 to
—86 kImol~! for higher coverage [representing the hollow(0)
adsorption mode] [29,30]. The calculations with the triple-¢ va-
lence plus polarization (TZVP) basis set gave similar results as
the calculations with the SV(P) basis set; changes in the adsorp-
tion geometry of benzene via the bridge(30) mode on Pt31 were
negligible, and the adsorption energy was —119 kJmol~! with
the basis set superposition error of 56 kJ mol .

2.1. BSSE

The SV(P) basis set together with the effective core po-
tentials is rather incomplete, giving rise to a basis set su-
perposition error (BSSE) of 60.0 kI mol~! for the bridge(30)
mode of benzene adsorbed on a Pt31 cluster. This BSSE is
comparable to 65.9 kJmol~! from the previous calculations

using a double-¢ basis set [14]. Note, however, that accord-
ing to our cluster model calculations, the energy difference
between the bridge(30) and hollow(0) adsorption modes of
benzene, 49 kJ mol™! 40 kI mol~! for a rigid cluster), is in
reasonable agreement with the experimental results; the dif-
ference between the adsorption enthalpies is 31-47 kJ mol~!.
This observation provided justification for using the SV(P) ba-
sis set throughout this study, because increasing the basis set
(to, e.g., TZVP) would have increased the computational ef-
fort considerably without any significant change in the geome-
try, adsorption energy, or decrease in the BSSE. Furthermore,
the calculated adsorption energies (both absolute values and
difference between the adsorption modes) are very close to
those obtained experimentally. This is in line with the obser-
vation of Masamura, who studied interaction energies of ion—
water cluster and observed that with the aug-cc-pVDZ basis
set, the counterpoise-uncorrected intermolecular interaction en-
ergies are more reliable than the corresponding counterpoise-
corrected energies [31]. In addition, we want to stress that the
counterpoise method always overestimates the BSSE, and there
is no clear way to correct for this overestimation [32]. The role
of the BSSE is rather negligible from a catalysis standpoint; we
are interested mainly in the energy differences, and the BSSE
tends to cancel for these differences rather equally.

3. Results

The numbering of the atoms and relevant torsion angles of
A and 2,3-hexanedione are shown in Fig. 3. The adsorption en-
ergies and geometrical details of the adsorption complexes are
given in Table 1, and the adsorption geometries are illustrated in
Figs. 4-7. Several adsorption geometries with different adsorp-
tion modes for the molecules were optimized. Note that there
exist several minima for each adsorption mode on the potential
energy surface (PES), and finding the geometry corresponding
to the global minimum can be tricky. Only the most stable struc-
ture of each adsorption mode found has been reported in this
paper; the following criteria were used to find them. First, two
possible conformations of the molecules were considered, that
is, s-cis and s-trans conformations, where the carbonyl oxygens
are on the same (Fig. 5) and opposite (Fig. 4) sides of the C1-C2

Oo1

001

Fig. 3. Numbering of atoms and definitions of torsion angles t; and 7o of
1-phenyl-1,2-propanedione and 2,3-hexanedione.
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223 pm for O1.

Table 1
Adsorption energies, bond distances and relevant angles for different adsorption modes of 1-phenyl-1,2-propanedione. For the numbering of the atoms, see Fig. 3
Adsorption mode® AEyqP C1=01 C2=02 C-Pt¢ 0-P( 7] rz @19 »° c1’-C1
(kimol~1) (pm) (pm) (pm) (pm) ) ) ) ) (pm)

s-trans ”%1:01 —169 (—109) 133 123 223 216 45 156 143 177 152
s-trans bridge(30) —129 (-93) 124 126 289 225 22 164 167 170 153
s-trans ”%2:02 —111 (=72) 123 135 221 211 20 152 178 137 153
s-trans hollow(0) —104 (-53) 122 135 221 213 20 145 178 136 153
s-cis '7(2:1:01 —135 133 122 223 213 7 22 145 179 153
s-cis bridge(30) —89 (—50) 124 123 275t 3248 15 56 165 168 153
s-cis hollow(0) —44 (—-18) 128 122 264 281 17 4 162 176 152
$-CiS NEy_ 0 —38 (=30) 126 135 224 208M -39 30 172 132 149
s-trans 1y, -19 124 122 - 271 19 135 180 176 149
s-cis ’7%)1,02 -3 126 125 - 220 40 —15 172 177 149
A (isolated) - 123 122 - - 2 155 179 177 150

4 Subscript indicates the atom(s) in contact with the Pt surface.

b AE ads on a rigid cluster are given in the parentheses.

¢ The closest C and O atoms to the surface Pt, typically the ones that are n? adsorbed.

d Indicates distortion from planarity, ¢; = £(C1’, C1,C2, Ol).

€ Indicates distortion from planarity, ¢y = /(C1,C2,C3,02).

f ForC1.

i For O1, 326 pm for O2.

i

For O1, 219 pm for O2.

bond, respectively. Second, the two most stable adsorption
modes found for benzene [14], the bridge(30) and hollow(0)
modes, were studied; these should give the most stable adsorp-
tion modes for the aromatic moiety of A. Third, adsorption of
the C=0 moiety at positions 1 (C1=01) or 2 (C2=02) in a so-
called n2-mode (see the n% 1= and n%z:oz structures in Figs. 4
and 5) was studied, because this mode is considered the rele-
vant one for hydrogenation [15]. For comparison, two purely
spectator species—end-on or n'-adsorption modes for the s-cis
and s-trans conformations—were optimized (Fig. 6). As in the
case of acetone and acetophenone, the n2-adsorption mode is
essential for hydrogenation, because it is considered the acti-
vated one toward hydrogenation due to rehybridization of the
carbonyl carbon and increased C=0 bond distance [15]. The re-
action (hydrogenation) rate depends on the proportion between
activated and spectator species on the catalyst surface [15]. In
the present study, we concentrate on the comparison between
the modes where the C1=01 and C2=02 carbonyl groups are
activated (i.e., the ”%1:0 ,-and r;%2:()2-ads0rption modes). Al-
together, 10 different adsorption modes were studied. For 2,3-
hexanedione, only the n?-adsorption modes for both carbonyl
groups were considered.

3.1. s-trans conformation of A

In all s-trans structures, the aromatic moiety was chemi-
sorbed on the surface (Fig. 4). The bond distance from phenyl
carbon C1’ to C1 was increased by 2-3 pm compared with the
isolated molecule, and the C—C distances in the phenyl ring
varied from 144 to 149 pm, whereas in the isolated molecule,
the C—C bond distances were 140—142 pm. The Pt—C bond dis-
tances from Pt surface atoms to the phenyl ring carbons varied
mainly between 214 and 235 pm. Note that the torsion angle 1>
(Fig. 3) in all s-trans structures was close to the optimized value

for the isolated molecule (155°) varying from 145° to 164°.
The adsorption mode s-trans ’7%:1=01 resembled that of ace-
tone; the C=0 moiety was also adsorbed on the Pt surface
via oxygen and carbon, and the phenyl group was adsorbed
in the bridge(30) mode. The C=0 bond distance was elon-
gated to 133 pm, and the carbon was rehybridized from sp?
to close to sp>. The C—Pt and O-Pt distances were 223 and
216 pm. This structure was the most stable one on the Pt31
cluster, with an adsorption energy of —169 kJmol~!. The sec-
ond most stable structure was that in which the aromatic moiety
was adsorbed in the bridge(30) mode but the carbonyl moi-
eties did not interact with the surface to a significant extent;
the C=0 bond distances were just slightly longer (by 2 and
4 pm) than those in the isolated molecule. The adsorption en-
ergy of —129 kImol~! was close to the corresponding A Eqs
of bridge(30) adsorbed benzene. In both structures in which the
phenyl ring was bridge(30) adsorbed, A had a nonapical substi-
tution. In the s-frans hollow(0) and s-trans né2=oz-adsorption
modes of A, the carbonyl moiety C2=02 next to the methyl
group was also adsorbed on the surface via the n*-mode, as
demonstrated by the increased C2=02 bond distances and re-
hybridization of the carbon C2. Note that the structure of A
restricted proper adsorption of both C2=02 and the phenyl ring
at the same time. In the n%zzoz—adsorption mode, the aromatic
moiety was adsorbed almost at the bridge(0) site but was some-
what distorted; the C-Pt distances were slightly longer in the
side where the C2=02 moiety was adsorbed. The adsorption
energies were greater for both 77(2:2202 and hollow(0) modes
(AEuqs = —111 and —104 kJ mol ™!, respectively) compared
with the corresponding benzene adsorption energies (—78 and
—75 kImol ™!, respectively) due to adsorption of both C2=02
and the aromatic moieties. The adsorption energy of the s-frans
17101 -adsorption mode (Fig. 6) was only —19 kJmol ™', indicat-
ing that the presence of this mode was negligible, at least at low
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s-trans hollow(0)

Fig. 4. Illustration of the adsorption modes of 1-phenyl-1,2-propanedione
adopting the s-trans conformation on the Pt31 cluster from top (left) and side
(right).

coverage. The geometry was close to that of the isolated A, and
Ol interacted with the surface (end-on adsorption), with a Pt-O
distance of 271 pm.

3.2. s-cis conformation of A

It is notable that no stable s-cis conformation was found
on the PES of the isolated A molecule. However, the Pt(111)
surface imposed a steric restriction, leading to a stable s-cis
conformation on the surface. The close contact and interac-
tion between the two oxygens of A led to destabilization of
the adsorption modes of s-cis conformation, as marked by
lower adsorption energies than in the case of s-frans confor-
mation. In the adsorption modes of s-cis conformation, both
C=0 groups were on the same side of the C1-C2 bond, with
the torsion angle 7, varying between 20° and 45° (Fig. 5).
In the adsorption mode where the C1=01 moiety was acti-
vated (i.e., s-cis ’7(2:1=01)’ the C=0 moiety was adsorbed on
the Pt surface via oxygen and carbon, and the phenyl group

s-cis hollow(0)

Fig. 5. Illustration of the adsorption modes of 1-phenyl-1,2-propanedione
adopting the s-cis conformation on the Pt31 cluster from top (left) and side
(right).

was adsorbed in the bridge(30) mode. This was the most sta-
ble s-cis-conformation (A E,gs = —135 kJ mol ™! ), followed by
bridge(30) (AEags = —89 kJ mol™!), in which only the phenyl
group was chemisorbed on the surface, but the C=0 groups did
not interact with the Pt to a large extent. In the adsorption mode
where the C2=02 moiety was activated (i.e., s-cis n%2=02),
the phenyl ring was not chemisorbed on the surface, leading
to a rather low adsorption energy of —38 kJmol~!. Simultane-
ous chemisorption of the C2=02 and phenyl moieties in s-cis
né2=02 was practically impossible due to the sp? hybridiza-
tion of the C1 carbon next to the phenyl ring. Attempts to find
such a geometry always led to another adsorption mode, for in-
stance, to s-cis ’7%1=01' In the case of the s-cis hollow(0) mode,
neither of the C=0 groups could adsorb on the surface via the
n?-mode, but the carbonyl moiety next to the phenyl group in-
teracted slightly with the surface, and the C1=01 bond distance
was somewhat increased (Table 1). The adsorption energy was
less than that for hollow(0) of benzene due to the destabilizing
interaction between the oxygens in A. The adsorption energy of
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s-cis n(l)l’oz—adsorption mode was only —3 kJmol~!, indicating
that it was not present on the surface, at least at low coverage.
The geometry differed from that of the isolated A by the torsion
angle 1o, because the s-cis conformation was stable due to the
interaction of both oxygens with the surface.

.
§-CIS I1 01,02

Fig. 6. Illustration of the nl-adsorption modes of 1-phenyl-1,2-propanedione
adopting the s-cis and s-frans conformations on the Pt31 cluster.

3.3. 2,3-Hexanedione

The nz-adsorption modes of 2,3-hexanedione via C=0 moi-
eties at positions 1 and 2 (see the numbering in Fig. 3) are
shown in Fig. 7. The adsorption energies for the s-trans n’-
modes were almost equal (—36 kJmol™! for n%2=02 and
—33kJmol~! for né |=01) even if there were minor differences
in the conformations between the adsorption modes. The differ-
ence in A E,qs, 3 kJmol~!, was below the level of accuracy that
can be obtained by these DFT calculations. The bond distances
(in pm: adsorbed C=0 133/134; nonadsorbed C=0 122; C-Pt
225/224; O-Pt 213/212) were comparable to those obtained for
n?-adsorption of A. The adsorption energies of s-cis 7> were
also equal (—39 kJmol~! for né2=02 and —38 kJmol™! for
’7%1=01)’ and the bond distances were comparable to those
mentioned above. The slightly higher adsorption energies of
the s-cis n>-adsorption modes were due to the interaction be-
tween the C=0 group that was not activated and the Pt surface
not present in the s-frans n*-adsorption modes. This interac-
tion energy apparently overcame the destabilizing effect of two
adjacent oxygens repelling each other. Spectator species (i.e.,
nl—adsorption modes of 2,3-hexanedione) were not considered
in this study, because they are not relevant for hydrogenation.

4. Discussion
4.1. Active species toward hydrogenation

Two proposals on the nature of activated species in acetone
hydrogenation have been addressed in the literature. Vargas et
al. suggested that n-adsorbed acetone is a reaction intermedi-
ate preceding the hydrogenation step [15]. This is understand-
able, because in the n’-adsorption geometry of acetone, the
carbonyl C is significantly rehybridized similar to the carbons

2
S-trans 1 c2=02

2
S-trans 1 ci-oi1

Fig. 7. lllustration of the n2-adsorption modes of 2,3-hexanedione in s-cis and s-frans conformations on the Pt31 cluster.
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in the di-o adsorption of ethylene on Pd. Transition-state calcu-
lations have shown that this rehybridized di-o adsorption state
of ethylene is the active one for the successive hydrogenation
step [33]. Note that the di-o adsorption of ethene on Pt is essen-
tially the same as that on Pd [34]. For ketones, in analogy with
ethylene, the rehybridization can be viewed as a step toward the
formation of hydrogenated species [15]. Jeffery et al. proposed
that in the case of acetone, another species observed in the sur-
face science experiments besides the ;! -adsorbed acetone is the
so-called 2 (C1, O) enolate [16]; moreover, the second species
is not likely to be a ketone adsorbed parallel to the surface (i.e.,
n? acetone). This would suggest that enol and enolate species
are present on the Pt surface during hydrogenation of ketones
for which keto enol isomerization is possible. In fact, it has been
shown that the hydrogenation of methyl pyruvate (an alpha-keto
ester) occurs via the enol isomer of the reactant on the Pd sur-
face [35]. It is notable that a similar mechanism has not been
observed in the corresponding reactions over Pt [16]; however,
in the case of A, the role of the enol forms is negligible. It has
been shown that hydrogenation of A over Pd (and Pt) does not
proceed via an enol form [36]. Furthermore, an enol form only
of a carbonyl group C2=02 can be formed (compare the struc-
ture of A in Fig. 1 to that of acetone); this will lead to the
formation of a 2-OH product that is actually formed to a mi-
nor extent, contradicting the possibility that the enol forms play
a significant role in the hydrogenation of A. Summarizing, in
the current study, the structures in which C=0 is 772 adsorbed
on the Pt surface are considered to be the only active species.
In general, Diezi et al. have proposed that in the case of 1,1,1-
trifluoro-2,4-diketones, the n2-adsorbed enol forms can be the
reactive species in the hydrogenation of the activated ketone on
chirally modified Pt [37].

4.2. Active and spectator species

We now consider the adsorption geometries and energies in
their relation to the hydrogenation of A. The most stable struc-
ture found on the PES is that in which the phenyl ring was
adsorbed via the bridge(30) mode and the C1=01 carbonyl
group was also adsorbed via the n>-mode. This structure was
34 kJmol~! more stable than the second most stable struc-
ture, s-cis n%le]. In both structures, the C1=01 carbonyl
group next to the phenyl ring was activated toward hydrogena-
tion; the carbon was rehybridized, and the C1=01 bond was
considerably elongated. The adsorption energies of these two
structures were considerably larger than those of the struc-
tures, where the carbonyl moiety C2=02 next to the methyl
group was activated. The s-trans and s-cis n%2=02 structures
had adsorption energies of —111 and —38 kJmol~!, compared
with the s-frans and s-cis 77%1:01 structures’ adsorption en-
ergies of —169 and —135 kImol~!. It is noteworthy that the
carbonyl group C2=02 was also activated in the s-trans hol-
low(0) adsorption mode, resulting in a higher adsorption energy
than that for benzene’s hollow(0) adsorption. Therefore, this
species is not considered a spectator species. In the other ad-
sorption modes, neither carbonyl group was significantly acti-
vated, because the C=0 bond was not elongated or just slightly

elongated to 124—-128 pm. When the C=0 was completely ac-
tivated, the bond distance was as long as 133 pm. Thus, we
consider the adsorption modes in which neither of the carbonyl
groups was not completely activated as spectator species in the
hydrogenation reaction or as intermediates leading to activated
species, when the C=0 double bond was partly activated. The
amount of the spectator species on the surface did not seem to
be high at low coverage, as can be seen from the adsorption en-
ergies; the most stable spectator species s-trans bridge(30) had
AEugs = —129 kImol ™!, being less stable than that of both the
s-trans and s-cis n%] —o; modes. The s-trans bridge(30) adsorp-
tion mode could switch to s-trans n%] —o; by turning 30° on the
surface having a bridge(0) adsorption mode for the phenyl ring
as an intermediate step.

We have considered three spectator species with aromatic
moiety chemisorbed on the surface: s-frans bridge(30), s-cis
bridge(30), and s-cis hollow(0). The adsorption modes with
one C=0 group activated (n2-adsorbed) are considered acti-
vated toward hydrogenation and reaction intermediates. The
real spectator species, s-cis and s-trans 771 adsorbed A, in which
aromatic moiety was not chemisorbed on the surface, did not
play a major role in the hydrogenation reaction; their concentra-
tion on the Pt(111) surface was rather low (at least at low cover-
age) as can be seen in the adsorption energies — 19 (s-trans né)])
and —3 kI mol ™" (s-cis nf; op)-

4.3. Hydrogenation of A and 2,3-hexanedione on Pt

We now consider the racemic hydrogenation of A on Pt cat-
alyst without any modifier, such as cinchonidine preadsorbed
on the Pt surface by comparing our results with those of the
adsorption and reactivity of acetone. In the case of acetone
hydrogenation, Vargas et al. reported that the nonactivated spec-
tator species with the n'-adsorption mode was more stable on
the Pt(111) surface than the n2-adsorption mode, leading to
greater coverage of the nonactivated species; thus, the reaction
was slow (59% for acetone after 2 h over Pt catalyst) [15]. How-
ever, on substituting one methyl group’s hydrogen atoms with
fluorine atoms, the two adsorption modes become almost equal
in stability. This is the probable reason for the higher hydro-
genation rate of trifluoroacetone compared with acetone [15].
In other words, larger proportion of the activated adsorbed in-
termediates would lead to a higher hydrogenation rate. If we
apply a similar analysis to the adsorption of A, we find that
the hydrogenation rates of the two carbonyl groups (i.e., the re-
gioselectivity) depend on the ratio (that is proportional to the
adsorption energy) of the adsorption mode(s), in which the re-
acting carbonyl group is activated (5?-adsorbed C1=01 and
C2=02). Now the regioselectivity in the hydrogenation of A
is understandable. The adsorption energy and thus the cover-
age are higher for the n*-adsorption modes of C1=01 than
for C2=02 (Table 1), leading to a higher hydrogenation rate
of C1=01. In the foregoing analysis, we assumed that the hy-
drogenation rates for both carbonyl groups were of the same
order of magnitude and thus the reaction was under thermody-
namic control. In the case of kinetic control, the hydrogenation
rate of C2=02 could be higher than C1=01 (or vice versa),
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also leading to regioselectivity. However, the chemical environ-
ment of both the carbonyl moieties was rather similar; only one
substituent was different (methyl vs phenyl). The phenyl group
next to the hydrogenated carbonyl group likely had only a mi-
nor effect on the reaction rate compared with the methyl group
by decreasing the activation barrier, because the C1=01 bond
was just slightly weaker than the C2=02 bond [8]. Compar-
ing the adsorption energies of 2,3-hexanedione clearly shows
why no regioselectivity occurs in its hydrogenation [9]; the ad-
sorption energies for the s-cis and s-trans conformations of the
77%1:01' and r/%ZZOZ-adsorption modes were equal, and thus
equal amounts of activated C1=01 and C2=02 species existed
on the Pt surface. Thus, neither of the hydrogenation products
2-hydroxy-3-hexanone or 3-hydroxy-2-hexanone was formed
in excess. This is also in accordance with the experimental find-
ings and supports the conclusions reached for A. Note that the
adsorption of hydrogen is not taken into account in these cal-
culations. However, it is reasonable to assume that the effect
of the co-adsorbed hydrogen on the adsorption energies would
be almost the same for both 77%1:01' and né2:oz-adsorption
modes, and thus the difference in the stabilities would also be
at the same order of magnitude as discussed above.

The reason for the increased regioselectivity in the presence
of a modifier is not clear. It is tempting to speculate that the
increase is related to the energy difference of the s-cis con-
formations on the surface. According to the enantioselective
hydrogenation model of A, it adopts only the s-cis confor-
mation while interacting with the modifier [11], and thus the
s-trans conformations can be neglected. Comparing the adsorp-
tion energy values in Table 1 shows that the energy difference
(and thus the ratio of their amounts) actually increased between
the ’7(2:1=01‘ and n%zZOZ—adsorption modes if only the s-cis
conformations were considered, indicating higher proportional
coverage of the ’7%1=01 adsorption mode. However, the calcu-
lations in [11] were carried out without the presence of the Pt
surface. Diezi et al. [37] pointed out that the fundamental dif-
ferences in the structures of the substrate—modifier ion pair in
solution and on the Pt surface mean that the reaction mechanism
cannot be understood without considering the adsorption on
the metal surface. Therefore, the reason for the increase in the
enantioselectivity remains a topic for future study, in which the
metal surface will be explicitly accounted for. Nevertheless, the
regioselectivity in the hydrogenation of A and 2,3-hexanedione
can be correlated with the interactions between the substrate
and the nonmodified metal surface by comparing the stabilities
of the '7%1:01' and nézzm-adsorption modes.

5. Conclusion

Adsorption of two diketones, 1-phenyl-1,2-propanedione
(A) and 2,3-hexanedione, on a flat Pt(111) surface was stud-
ied using density functional theory. A cluster consisting of
31 Pt atoms in two slabs was used as a model for the cat-
alyst. The results revealed the origin of observed regioselec-
tivity in the hydrogenation of A (i.e., hydrogenation of C=0
group next to the phenyl ring in excess), as well as the rea-
son why no regioselectivity was observed for 2,3-hexanedione

on Pt catalysts. The most stable adsorption modes of A were
those in which both the aromatic moiety and the adjacent car-
bonyl group were chemisorbed on the surface, namely s-trans
17%1201 and s-cis ’7%:1:01’ with adsorption energies of —169
and —135 kImol™!. In these adsorption modes, the carbonyl
group next to the phenyl ring (C1=01) was activated and can
be considered a reaction intermediate toward hydrogenation.
The adsorption energy of the competing group C2=02 next
to the methyl group (i.e., s-trans ’7(2:2=02) was much lower,
—111 kImol~!. This indicates that the nonmodified catalyst
surface was covered mainly by reaction intermediates, leading
to the hydrogenation of the carbonyl group C1=01 and even-
tually regioselectivity, presuming that the hydrogenation rates
of C1=01 and C2=02 were of the same order of magnitude.
In the case of 2,3-hexanedione hydrogenation, 1> adsorption of
both carbonyl groups resulted in equal adsorption energy and
thus lack of regioselectivity, as observed experimentally. Thus,
the regioselectivity in the hydrogenation of A and 2,3-hexa-
nedione can be correlated with the interactions between the
substrate and metal surface.
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