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Abstract

The adsorption of several ketones interesting for the enantioselective hydrogenation on cinchona-modified platinum has been modeled
using relativistically corrected density functional theory. Two metal clusters, containing 19 and 31 Pt atoms, respectively, have been used to
model a Pt(111) surface. The two adsorption mogleandn? have been described, and their importance for the mechanism of hydrogenation
has been pointed out. The effect of an ester group psition and ofx-fluorination of a ketone on its adsorption has been studied, and an
explanation for the reactivity enhancement due to the ketone substitution has been proposed.
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1. Introduction rates in the racemic hydrogenation of a series of substituted
acetophenones [16,17]. Also the well-known phenomenon
The enantioselective hydrogenationmketo esters on  of the rate acceleration due to the surface madifier, the cin-
cinchona-modified platinum [1-6] is, together with the hy- chona alkaloid, in the case of the hydrogenation of ethyl
drogenation of3-keto esters on tartrate-modified nickel [7], pyruvate, could be rationalized within this model [16,17].
the most thoroughly studied enantioselective hydrogenationAll the substrates that gave good enantioselectivity when
in the field of heterogenous catalysis. The inherent tech- hydrogenated on a Pt/cinchona catalyst were activated; that
nical advantages of heterogeneous catalysis with regard tas, their hydrogenation on platinum was fast also in the ab-
separation, regeneration, reuse, and handling of the catasence of cinchona alkaloids. Furthermore, a slow racemic
lyst, together with the steadily growing demand for enan- hydrogenationincreases the probability of undesired side re-
tiopure compounds, explain the interest in this catalytic ap- actions such as surface decomposition or loss of regioselec-
proach and the attempt to extend its scope [8—13]. It hastivity. Racemic reaction rate thus becomes a critical point in
been noted that-keto esters are “activated” compounds, the search for substrates suitable for enantioselective hydro-
in the sense that the reactivity of the carbonyl group in genation. Despite the correlations established between the
various reactions, including the racemic hydrogenation, is hydrogenation rate of keto groups and properties of the free
greatly enhanced compared to that of other unsubstitutedreactant itself, the mechanism of activation is not well un-
ketones. Other activated compounds have been identified inderstood, due to the lack of information on the molecular
the class ofx-trifluoro-substituted ketones [14,15]. The ac- scale. Clearly for a heterogeneously catalyzed reaction “ac-
tivation was first associated with the electron-withdrawing tivation” can have a different origin, related on the one hand
capacity of the substituent on the keto carbonyl moiety [14], to the stability of the adsorbed precursor and on the other
but also the electronic structure at the HOMO-LUMO or- hand to the transition state.
bital level has been cited to explain the different reaction  In this work we will mainly address the adsorption of
ketones on a platinum surface, by modeling the Pt(111) sur-

— . face with a cluster of platinum atoms, and by studying the
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face intermediates versus spectator species, and on how this
may influence the reactivity of the substrates. As model sys-
tem agetone has been studied and comp.ared.to t_nﬂuproace— &-a_ .
tone, in order to understand the role wfrifluorination in X i i =

: U n o =/
enhancing reactivity. Methyl pyruvate has been studied in o i
order to understand the role of the ester group inttpesi-
tion for the hydrogenation reaction. Also the acetophenone—
trifluoroacetophenone couple has been compared concern- a) b)
ing the formation of activated intermediates on the surface.
Based on the findings two different mechanisms for the ori- Fig. 1. Pt 19 (a) and Pt 31 (b) clusters used for the adsorption of the ketones.
gin of activation in racemic hydrogenation are proposed.

cluster was used for the adsorption of the larger molecules
_ such as acetophenone, in order to avoid edge effects. Ad-
2. Computational methods sorption energies were calculated as follows:

All the cluster calculation have been performed using A Eads= Ecluster-adsorbate— Ecluster— Efree molecule
the Amsterdam Density Functional (ADF) program pack-
age [18]. A frozen core approximation was used for the
inner core of all the atoms. The 1s orbitals were kept frozen
for all second row elements, while orbitals up to 4f were
kept frozen for platinum. Decreasing the Pt frozen core to
4d, which implies the explicit calculation of 14 additional
electrons per platinum atom, has been shown to increase the ™ . .
adsorption energy of benzene by only about Kkdl [19]. while the most stable spin state for the Pt 31 cluster was

The importance of relativistic effects has been shown for cal- Lound to beagﬁ :| 8, wherea—p n:jd_lcathes::ge':dlffgrené: € h
culations of platinum [20,21]. The core was modeled using etweernx andp electrons, as used in the code. Bot

a relativistically corrected pseudopotential created with the CluSters were then used with their optimized spin state for the
DIRAC utility in the ADF program. The DIRAC calcula- adsorption studies. The semlhydrogenatgd species adsorbed
tions imply the local density functional in its simple X-alpha ©ON the Pt 19 clusters were calculated with spi#f = 5,
approximation without any gradient corrections, butthe fully therefore considering the adsorbed semihydrogenated mole-
relativistic Hamiltonian is used, including spin-orbit cou- CcUl€ as a radical species. The mixing coefficient was also
pling. It was shown that the scalar relativistic correction tested, for the Pt 19 and the Pt 31 clusters, by trying a series

could account for up to 70% of the total energy in the ad- Of values for all the spin states from-p = 0 to 10, but the
sorption of carbon monoxide on platinum, and that also the default value of 0.02 was found to be the most efficient for

calculated adsorption site was influenced by the use of a rela-cONvergence. The latter was nevertheless slow, as expected
tivistic correction [20]. The relativistic scalar approximation [OF these systems, requiring typically more than 100 SCF
(mass-velocity and Darwin corrections) was therefore used cycles. All calculapons were run unrestricted. The bond dis-
for the Hamiltonian, with the zero order regular approxi- tance for the platinum was fixed to the experimental value
mation (ZORA) method [22], where Spin-orbit Coupling is of 2775 A for bulk Pt metal [28] Molden [29] was used as
included already in zero order. The first-order Pauli formal- 9raphicalinterface.

ism [23] was shown to have theoretical deficiencies due to

the behavior of the Pauli Hamiltonian at the nucleus, which

lead to variational collapse [24] for increasing basis set size. 3 Resultsand discussion

The ZORA formalism requires a special basis set, includ-

ing much steeper core-like functions, that are implemented 3.1. The adsorption of acetone and trifluoroacetone on

in the code. Within this basis set the doulgl¢pZ), double-  platinum

¢ + polarization (DZP), and triple-+ polarization (TZP)

basis functions were used for elements of the second pe- The comparison between the adsorption of acetone (AC)
riod, while the double: basis set was always used for Pt. and trifluoroacetone (TFAC) should help to understand the
The local part of the exchange and correlation functional effect that the trifluoromethyl substitution has on the keto-
was modeled using a Vosko et al. [25] parametrization of the carbonyl group. AC is the simplest ketone and shows activa-
electron gas. The nonlocal part of the functional was mod- tion to hydrogenation by platinum when trifluorinated. Ex-
eled using the Becke correction [26] for the exchange and periments show that acetone is hydrogenated very slowly on
the Perdew correction [27] for the correlation. Two metal platinum, while TFAC reacts faster. Under standard reaction
clusters were used: a 19 platinum atoms cluster and a 31 plat<conditions [30] the conversion of acetone during racemic
inum atoms cluster, as shown in Fig. 1. The large 31 atoms hydrogenation was 59% after 2 h, while in the presence of

whereEuster-adsorbatdvas the energy of the cluster with the
molecule adsorbedtqyster Was the energy of the isolated
cluster, an&Efee molecuidvas the energy of the free molecule.

Both the Pt 19 and the Pt 31 clusters were spin-optimized,
in order to find the spin state with the lowest energy. The Pt
e19 cluster was found to have optimal spin state8 = 6,
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Table 2
Bond lengths (A) and angles (degrees) for the free acetone (AC), 2-propanol
(2PRO), trifluoroacetophenone (TFAC), and 1,1,1-trifluoro-2-propanol
(T2PRO), with the DZ and DZP basis sets
Dz DzP
AC 2PRO TFAC T2PRO AC 2PRO TFAC T2PRO

C(1-0 126 150 124 147 122 144 121 142
C(1)-C(2) 151 153 156 152 151 152 156 152

C(3)-C(1)- 128 125 126° 125
0-C(2)
aj b) C(2)-F(1) 141 142 1.34 1.36
C(2)-F(2) 143 143 1.37 1.36
Fig. 2.;72 adsorption of acetone (a) and trifluoroacetone (b) on Pt 19 cluster. o@)-H 1.00 1.00 0.98 0.98

Table 1

Adsorption energies (kcaol), bond lengths (A), and angles (degrees) for
the nz-adsorbed acetone (AC) and trifuoroacetone (TFAC), with the DZ and
DZP basis sets, and with the DZP basis set and selected free platinum atoms

DZ DZP DZP-free
AC TFAC AC TFAC AC TFAC e grprepanal

Ads. energy 6.8 13.1 -08 -0.1 7.1 8.0
C(1)-0 143 143 133 135 1.35 1.36
C(1)-C(2) 153 154 152 156 152 1.55
C(1)-C(3) 153 154 152 153 152 1.53
C(3-C(1)-0-C(2) 125 11® 132 121° 130 122
C(2)-F(1) 1.43 1.35 1.36
C(2)-F(2) 1.43 1.36 1.36 , .
C(2-F@) 1.44 1.37 1.37 T;éigg;o éiléi*;:;;iluorof
C(2)-H(1) 1.12 1.12 1.12 prop
C(2)-H(2) 1.10 1.10 1.10 . . _
C(2)-H(3) 111 111 111 Fig. 3. Free acetone, trifluoroacetone, and the derived alcohols.
Pt(1)-O 212 212 216 218 212 2.10
gigi‘ﬁ((ll)) égi 250 217 505 2.24 - the three central platinum atoms of the Pt 19 cluster (Pt(1),
PH(3)-C(1) 291 221 234 224 222 5 17 Pt(2), and Pt(3) in Fig. 2) were set free to optimize their

positions and relax. Entry DZP-free in Table 1 refers to such
calculations.

As already reported by Saeys et al. [19] the surface relax-
cinchonidine (CD) the conversion was only 13%. The con- ation leads to an increase of the adsorption energy, that in
version of trifluoroacetone in racemic hydrogenation was this case amounts to 7-8 k¢elol. The free platinum atoms
complete after 90 min, while in the presence of CD it was increase their distance from the lower layer of the cluster.
complete after 25 min. The e.e. in this case was 19% [31]. DZP basis set without relaxation of the central platinum
The adsorption of acetone on transition metals has been studatoms shows slightly negative values of adsorption energy,
ied by EELS [32] and two different adsorption modes were that increase again after relaxing the cluster. The geometri-
identified: an® mode (or End-On), found on Pt, adsorbed cal parameters fog? adsorbed and free AC and TFAC are
via the oxygen, and 8* mode (or Side-On), found on Ru, listed in Tables 1 and 2, respectively. In thé adsorption
adsorbed via the keto carbonil system. The latter was mode the keto-carbonyl bond length is remarkably stretched
identified as a stable intermediate in the decomposition of to a bond length that is half way between that of the ke-
acetone. The?2-adsorbed AC was found to have undergone tones and that of the hydrogenation products, 2-propanol
a rehybridization to nearlyp®, and to possess a carbonyl (2PRO) and 1,1,1-trifluoro-2-propanol (T2PRO). The values
bond elongated by approximatelylOA. These two species  with a DZP basis set are 1.21-1.22 A for the free carbonyl
were considered by the authors to be fundamentally differ- (Table 2), 1.35-1.36 A for the? adsorbed molecule (Ta-
ent. Fig. 2 shows the calculated adsorptions of AC and  ble 1), and 1.42—1.44 A for the C—O of the alcohols (Fig. 3,
TFAC on Pt, and Table 1 gives the bond angles and ad- Table 2). The influence of the basis set is evidently rele-
sorption energies for this interaction mode. The adsorption vant for the adsorbed carbonyl bond length but, as will be
energies are slightly larger for the fluorinated molecule than shown for the adsorption of methyl pyruvate, tends to sta-
for the non fluorinated one. bilize at DZP values. The resulting elongation of & for

To partially account for the relaxation of the surface due C—O corresponds to the experimental value found,foad-
to chemisorption, a calculation was also performed where sorption of acetone [32]. Also the bond distances between

The adsorption geometry is as shown in Fig. 2.
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Table 3
Adsorption energies (kcamol) for n1 adsorption mode of acetone
Ads. mode AC TFAC
Dz DzP DZP-free Dz DzP DzZP-free

a 9.9 7.0 10.9 5.6 - -

b 101 7.2 114 6.0 35 7.1

c 10.1 7.6 11.7 6.3 4.1 7.6
The three geometries in Fig. 4 have three different cluster-edge effects. The a) b)
experimental heat of adsorption of AC is 11.5 keabl [32].

the metal and the molecule increased with the addition of
polarization functions. This effect may also be due to the — -
fact that it was possible to increase only the basis set of I‘W‘gf"\
the adsorbed molecule but not that of the platinum. A re- = iw;(:\"_y&-.
markable rehybridization at the carbonyl C took placejfor \"F[g‘,’[{l‘&\“"
adsorbates, removing the coplanarity of the carbonyl with .‘-‘.—.
the skeleton of the acetone by approximately.30similar \‘F"\SF'
rehybridization was found when the adsorption of ethylene o=
on palladium was calculated and transition-state calculations
showed that this rehybridized state is the active one for the
successive hydrogenation step [33,34]. For ketones, In arla‘I'Fig. 4.y adsorption of acetone on Pt 19 cluster. The figure shows the dif-
ogy with ethylene, the rehybridization can be viewed as a ferent interactions (@), (b), and (c) of acetone with the same cluster, and a
step toward the formation of hydrogenated species. In fact side view (d).
the value for the angle C(3)-C(1)-O-C(2) in the alcohols is
strikingly close to that of the)?-adsorbed AC and TFAC. The effect of the edging is to make the interaction less
This also corresponds to the experimental findings, accord-efficient, by a value ranging between 0.1 and 1.0 koall.
ing to which the rehybridization of the ketonic carbon from The adsorption in Fig. 4a, where two hydrogens are in con-
sp? to nearlysp? takes place. For trifluoroacetone the distor- tact with two edging platinum atoms, is not stable for triflu-
tion from planarity is larger due to the repulsion of the flu- oroacetone when a DZP basis set is used, and the molecule
orine atoms with the platinum surface. Hydrogen atoms on tends to adjust itself to the interaction shown in Fig. 4b. Evi-
the other hand have bonding interactions with the platinum dently the presence of the fluorine atoms makes the bonding
atoms. Referring to Fig. 2b and Table 1, it can be seen thatof the hydrogen atoms to the metal less efficient. In this inter-
the C(2)—F(1) bond length is slightly shortened compared to action mode trifluoroacetone always interacts with the plat-
C(2)-F(2) and C(2)-F(3), indicating that nonbonding inter- inum only via the carbonyl oxygen and the methyl hydro-
actions to the surface are present, while referring to Fig. 2a gens, while the interaction on the side of the trifluoromethyl
and Table 1 it can be seen that the hydrogen atoms in thegroup does not occur. In fact when the hydrogens in contact
same positions behave in the opposite way and C(2)—H(1)with the surface are replaced by fluorine atoms the molecule
is slightly elongated compared to C(2)-H(2) and C(2)—H(3), is pushed away from the metal, eventually finding either an
due to the bonding interacting with the surface. Also, the Pt— 2 adsorption mode or @' mode with hydrogen atoms in
H(1) distance is remarkably shorter than the Pt—F(1) distancecontact with the metal. Again the experimental value found
and therefore fluorine atoms occupy more space due to thefor 1 adsorption of AC is in good agreement with the cal-
larger C—F bond length (1.4 A) compared to the C—H bond culated one at the DZP-free level. It is remarkable that while
length (1.1 A) and cause more distortion to the carbonyl.  for acetone the® mode is about 3.0 kcanol more stable
Both acetone and trifluoroacetone also have adsorp- than then? mode, for trifluoroacetone the two modes are en-
tion mode, shown in Fig. 4. In this case the edge effects wereergetically almost equivalent, with a slight preference for the
analyzed by studying the energy and geometrical differencesn? adsorption. The calculations for AC are in full agreement
between the adsorptions in contact with edging platinum with experiments which reveal ajt adsorption for AC on
atoms in the cluster. Fig. 4a shows theadsorbed acetone  Pt. The geometries for the three cases in Fig. 4 are almost
with two of the methyl hydrogens in contact with edging identical.
platinum atoms, indicated by Pt(4) and Pt(5) in the figure.  Altogether it can be stated that the edges, at least in the
Fig. 4b shows the adsorption mode where the same contactase of the contact of a methyl group, do not cause a large
occurs only with one edging platinum atom, Pt(5). Fig. 4c bias neither to the structures nor to the adsorption energies.
shows the most symmetrig! mode, where the acetone is For acetone and trifluoroacetone the adsorption mode
not in contact with edging atoms. Fig. 4d shows a side view does not show an activation of the carbonyl moiety. The
of this latter mode. Table 3 gives the adsorption energies for C=0 bond lengths of thg® adsorbed acetone and trifluo-
all the cases, for both acetone and trifluoroacetone. roacetone are very similar to those of the corresponding free
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molecules (Table 2). Furthermore for temode of adsorp-
tion no rehybridization of the double bond is present. Also
this result is in agreement with experiments [32].

The most striking difference between fluorinated and
nonfluorinated substrates is the different proportion to which
we expect the activated intermediate to be present on the
surface. Most of the acetone on Pt will be adsorbed’as
which is confirmed by the experimental results [32], and act
as spectator or precursor species. On the other hand, trifluo-
roacetone on Pt should have a larger proportion of activated
adsorbed intermediatg with respect top®. This could be
one of the main reasons for its faster catalytic hydrogenation
compared to acetone. The difference in adsorption modes
found for AC on Pt and Ru has been attributed [32] to the
different extent of back-donation of the metal to th€ or-
bital of the keto carbonyl moiety. An electron-rich metal
with a higher Fermi level is more effective in the interaction
with the antibonding states of the moleculg’'system, thus
enhancing back-donation and favoring fffenode. This ex-
planation fits well to the present findings, as it has already
been shown in previous studies [16,17] that the effeci-of c) d)
fluorination of a ketone is stabilizing both the bonding and
the antibonding keto carbonyl orbitals. Therefore TFAC,
with its 7* orbitals stabilized compared to AC, is able to pro-
moten? adsorption versug!, given the same metal surface.

The cited work by Anton et al. observes that coadsorbed [38—41]. While the preferred adsorption of molecular methyl
oxygen induces a variation in the relative proportions be- pyruvate (MP) on Niwas found to be a bifurcated version of
tweenn! and? species in favor of the!, when acetone then® discussed for AC, the studies on Pt point to a mixture
is adsorbed on Ru(100), and this effect is attributed to the of adsorption modes of the ethyl pyruvate. For our studies
increase in the work function of the metal due to coadsorp- the use of MP was preferred, because it is lighter than EP,
tion of an electronegative atom. In general it is observed by while retaining the same functional groups. Methyl pyru-
Anton et al. in the cited study that back-bonded species arevate has been adsorbed on the Pt 19 cluster both igishe
favored by coadsorbed species, such as the potassium iongnd in thetrans conformations resulting in the geometries
that cause a decrease in work function, whieadsorbed ~ shown in Fig. 5. Theis 2 adsorption (Fig. 2a) resulted the
species are favored by the coadsorption of electronegativemost stable at all levels of theory taken into consideration
atoms that increase the work function of the metal. The ad- (Table 4). Only thetrans conformation showed an energy
sorption of hydrogen on Pt(111) has been shown to decreaseninimum also in the;! adsorption mode shown in Fig. 5c,
the work function of the metal [35], which means that hydro- Whereas theis conformer was not stable when adsorbed.
gen coadsorption in a system such as that described in thig=urthermore the;! adsorption mode for th&rans methyl
work would increase thg?/n? ratio. It is therefore inferred ~ pyruvate was stable only when the polarization functions
that the results presented here are also valid in the presencwere added to the basis set while with the smaller DZ ba-
of coadsorbed hydrogen, only with a further increase in the sis set also theans methyl pyruvate tended to lay down on
proportion ofy2-adsorbed species. the surface and interact via the keto-carbonyl moiety. The

The hydrogenation step that follows th adsorptionis ~ adsorption energies showed a strong bias;foadsorption
believed to occur following a Horiuti-Polanyi mechanism (Table 4), whereas thg! adsorption, avoiding the interac-
[36] analogous to that described for the hydrogenation of tion of the keto-carbonyl carbon with the surface, gave a
ethylene [33,34]. The detailed description of this step is in much weaker interaction. When adsorbgdhe main inter-

Fig. 5. Adsorption modes of ethyl pyruvate on Pt: ﬁé}cis, (b) nz-trans
(c) nl-trans and (d) semihydrogenated-cis.

course of investigation. action with the metal was given by the keto-carbonyl moiety,
which corresponds to the reacting part of the molecule in
3.2. The adsorption of methyl pyruvate presence of adsorbed hydrogen. The ester group on the other

hand did not interact strongly with the Pt surface once the

The enantioselective hydrogenation of ethyl pyruvate preferred keto-carbonyl adsorption had taken place. The es-
(EP) on cinchona-modified platinum [37] has been used aster group could not get in contact with the free valence of
model system for the understanding of the mechanism of the platinum atoms, its geometry remaining practically un-
enantiodifferentiation. The adsorption of EP has been ex- altered. The plane identified by the ester group (atoms O(3),
perimentally studied with different techniques on Ni and Pt C(3), and O(2) in Fig. 5) is not parallel to the metal surface
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Table 4
Adsorption energies (kcamol), bond lengths (&), and angles (degrees) fora@dsorbed methyl pyruvate (MP) with the DZ, DZP, and TZP basis sets, and
with the DZP and TZP basis sets and relaxation of the three central platinum atoms in the cluster

Dz DzP DZP-free TZP-free

MPC MPT(1) MPC MPT(1) MPT(2) MPC MPT(1) MPT(2) SEMI MPC MPT(1)
Ads. Energy 23.4 21.3 10.6 6.2 1.2 175 14.2 3.0 16.4 10.5
BSSE MP 5.6 6.2 0.9
BSSE PT 4.4 4.7 6.1
BSSE TOT 10.0 10.9 7.0
C(2)-0(1) 1.43 1.43 1.35 1.34 1.22 1.36 1.35 1.22 1.45 1.36 1.35
C(3)-0(2) 1.28 1.24 1.24 1.21 1.22 1.25 121 1.22 1.23 1.25 121
C(3)-0(3) 1.36 1.43 1.33 1.38 1.34 1.33 1.39 1.33 1.33 1.33 1.39
C(1)-C(2)-0(1)-C(3) 124 123 128 128 18¢° 127 13r° 179 122 13¢ 128
C(2)-C(3)-0(3)-C(2) 17 174 174 174 18¢° 173 174 18¢° 177 174 173
Pt(1)-0O(1) 211 211 2.12 2.13 291 2.10 2.12 2.60 2.32 2.08 2.08
Pt(2)-0(2) 2.22 2.24 2.22 3.00 2.19
Pt(2)-0O(3) 2.29 2.48 3.72 2.45 3.36 2.40
Pt(3)-C(2) 2.20 2.20 2.25 2.26 2.18 2.21 2.12 2.20 2.21
Ester group
Tilting 55° 40° 51° 28 52° 2r 51° 3r

Reference is to Fig. 5.

(Fig. 5), but tilted. The values for this tilting angle are given Table 5

in the last entry of Table 4. Bond lengths (A) and angles (degrees) for the free methyl pyruvate in the
; cis (MPC) and in thetrans (MPT) conformations, and for the free methyl

h In Srl?orti the mf.thyl pyruvat% Intlera(.:teld Veﬁl Strorllgly lactate in theeis (MLC) and in thetrans (MLT) conformations, as shown in

j[ rough only two of its atoms, an SQ ectively with two plat- Fig. 6, calculated with the DZ and the DZP basis sets

inum atoms of the cluster. Computationally, the effect of the

addition of the polarization functions to the DZ basis set (en- bz bzP

try DZP in Table 4) was to cause a stronger binding within e 'V'lP; Mlpsz ’V"l-i? M:; MszzML1C42MLI .

the carbonyl group of the molecule and a weaker binding of cgsg—o&; Lon 195 105 191 199 135 191

the molecule to the metal cluster atoms. C(3)-0(3) 139 138 138 135 134 127 136
In order to test the reliability of the Pt 19 cluster, methyl o(1)-H 1.01 0.99 0.98

pyruvate was also adsorbed on a Pt 31 cluster (Fig. 1b).H-0(2) 2.01

The basis set used for carbon, oxygen, and hydrogen was?0@©) 2.00

C(1)-C(2)-O(1)-C(3) 180 18C° 123 18C° 180° 122 124

DZ. Adsorption energies for theis and for thetransmethyl C(2)-C(3)-0(3)-C(2) 180 18¢° 18C 18C° 18C° 180 179°

pyruvate resulted in 23.2 and 21.3 k@alol, respectively,
compared to 23.4 and 21.3 k¢adol for the Pt 19 cluster

calculation with the same basis set (Table 4), indicating that decreased dramatically for MP while it remained large for
the enlargement of the cluster does not lead to substantiakhe platinum cluster. DZP was nevertheless the limit size for
alterations in terms of adsorption energy. Also geometrical the basis set used throughout this study because of the size of
parameters remained practically unchanged upon cluster enthe system and because the BSSE tends to cancel for energy
largement, thus edge effects can be excluded in this casedifferences.
The basis set for second row elements was expanded up to  The bond lengths for selected bonds are listed in Tab-
TZP (Table 4) and a decrease of adsorption energies wassles 4 and 5, for both the adsorbed methyl pyruvate, in the
noted, although greater for tiiansthan for thecis methyl three geometries shown in Fig. 5, as well as for the free
pyruvate. The overall result was that at the higher level of methyl pyruvate, and for methyl lactate. In theadsorption
theory used, the difference in energy between adsotised  mode the keto-carbonyl bond length is stretched as already
andtrans methyl pyruvate increased in favor of thes ad- shown for AC. When expanding the basis set for second
sorption. Almost 6 kcgimol of difference should imply a  row elements to TZP (Table 4) the adsorbed keto-carbonyl
high fractional coverage of theis conformation at equilib-  bond length, and also most other geometrical parameters, re-
rium. main unaltered, showing that good convergence of the basis
Calculation of the basis set superposition error using the set is reached for DZP. The two most visible effects of the
counterpoise method [42] indicated that for the DZP basis basis set increase for second row elements on the geome-
set it contributed greatly to the total calculated adsorption try are the tighter binding of the oxygens to the metal and
energy, as shown in Table 4, but also showed that the BSSEthe weaker binding through the carbon. Platinum to oxygen
for cis- andtrans-adsorbed species have similar values. Fur- bond lengths are slightly shortened and platinum to carbon
thermore, when the basis set was expanded to TZP the BSSHbonds slightly elongated.
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hydrogen. The presence of the ester group oxygen in other
words lowers the energy needed for the hydrogen uptake
through hydrogen bonding in the transition state. This may
well explain the critical role that an ester groupidmposition
plays in making the hydrogenation of ketones on platinum
so efficient. This effect of stabilization of the transition state
Cis Methyl Pyruvate Cis Methyl Lactate and the half-hydrogenated species is possible also for other
molecules that contain an oxygen atom in the same position.
Indeed it has been experimentally observed that molecules
such as diketones andketo alcohols [43—-46] can be cat-
alytically hydrogenated on platinum, as well aseto ac-
etals [47,48]. This is further supported by the observation
that the hydrogenation af-keto ethers occurs more effi-
ciently when the conformation of the molecule is fixedis
position in a cyclic molecule rather than when the ether is
Trans Methyl Pyruvate Trans Methyl Lactate free to rotate, in which case the activating effect of the oxy-
gen may occur to a lesser extent [49]. The semihydrogenated
Fig. 6. Freecis andtrans methyl pyruvate andis andtransmethyl lactate. TEAC was also calculated but in this case no interaction of
the added hydrogen with fluorine was observed. It is then
Fig. 6 shows that also the methyl lactate (ML) can existin strongly suggested that the mechanisms for the activation of
both acis and atrans conformation, according to where the  «-keto esters just described should not be the same as the one
internal hydrogen bond takes place. The energy differenceoperating forx-trifluorinated species. The effect of fluorine
between the two conformers, using a DZP basis set, was ofseems to be that of increasing the proportionsadsorbed
3.0 kca)mol, in favor of thecis conformer. This difference  ketone, which is the activated species, by destabilizing the
in energy originates from the more stable intramolecular hy- ;! adsorption with respect to thg mode, while an ester in
drogen bond between the hydroxylic hydrogen and oxygen « position is also able to stabilize the transition state and a
2 rather than oxygen 3. As will be discussed later this may semihydrogenated intermediate.
be relevant for the interpretation of the reaction rate of hy-  Concerning the enantioselectivity of the hydrogenation

Q ‘ P

drogenation. reaction in the presence of cinchona alkaloids, it is worth
The rehybridization of the carbonyl carbon that was al- noting that the selectivity critically depends on the interac-
ready observed fon2-adsorbed AC, is found also for?- tion between the chiral modifier and the adsorbate, resulting

adsorbed MP. From a stereochemical point of view, the re-in a larger reaction rate to one of the enantiomers either
hybridization leads to a tridimensionality of the adsorbate due to thermodynamic or due to kinetic reasons. Intuitively
and as a consequence the latter becomes chiral, bearing anantiodiscrimination is expected to be larger for a chiral ad-
stereogenic carbon. On the other hand, free methyl pyruvatesorbate as shown in Fig. 5a than for a prochiral molecule.

is only prochiral. This remarkable change in the structure of

the adsorbate is due to the direct interaction of the carbon3.3. The adsorption of acetophenone and

and oxygen of the keto-carbonyl moiety with two atoms of trifluoroacetophenone on platinum

the metal cluster.

The observations described above support the hypothe- Acetophenones have successfully been hydrogenated on
sis that the)?>-adsorbed rehybridized ketone on the platinum cinchona alkaloid-modified platinum. In particular triflu-
surface is an activated species and a reaction intermediateoroacetophenone (TFACPH) has been hydrogenated with
In the case of MP this stable intermediate is present also onhigh e.e. [14], and many substituted acetophenones have
Pt, justifying its high reactivity. This intermediate strongly been studied in order to understand the key factors for the ac-
resembles the alcohol, that is the product of hydrogenation,tivation of the otherwise rather inert acetophenone (ACPH)
and therefore, if it is admitted that the adsorption step is not [17]. ACPH reacts slowly, and the slow formation of the cor-
rate determining, is consistent with the hypothesis of a late responding alcohol makes the hydrogenation of the aromatic

transition state. ring a competitive reaction. On the other hand, TFACPH re-
As we have noted above, tt@s ML, due to the in- acts almost 10 times faster and shows rate acceleration in the
tramolecular hydrogen bond, is more stable thantthes presence of cinchonidine.

conformer. This leads to the further hypothesis that an in-  For the study of the adsorption of acetophenones, ben-
tramolecular hydrogen bond leads to a lowering of the tran- zene can serve as a reference molecule. Its adsorption on Pt
sition state, and also that this stabilization should be larger has been calculated before [19,50]. So-called bridge and hol-
for thecisthan for theransconformer. A semihydrogenated low sites were found to be the most stable (Fig. 7) in good
species was therefore calculated, as shown in Fig. 5d, andagreement with TPD experiments which revealed two fa-
indeed thex neighboring group strongly interacts with the vorite adsorption sites on Pt [51,52]. At high coverage the
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Pt 19 benzene Pt 31 benzene
bridge bridge

Pt 19 benzene Pt 31 benzene
hollow hollow

Fig. 7. Adsorption of benzene on Pt 19 and Pt 31 clusters, in both bridge
and hollow sites.

Table 6
Adsorption energies (kcainol) and bond distances (A) for the two calcu- '
lated modes of adsorbed benzene, with the DZ and DZP basis sets, in the '
hollow and bridge adsorption modes Q. v\.
.—£I| -:l:}' \-'9 —_
Pt 19 Pt31 O Y Y
- - \' 74V, 'w“"
Bridge Hollow Bridge Hollow

Dz DzP Dz DzP DZ DzZP DZ DZP
Ads.energy 16.1 19.2 138 127 278 26.1 153 14.2

Pt(1)-C(1) 271 246 297 292 227 227 292 294 ]_) 2)
Pt(2-C(2) 253 233 237 235 228 228 235 236

Py(2)-C(3) 242 228 281 282 226 225 282 281 Fig. 8. Adsorption of acetophenone on Pt 31 cluster. 1 and 2 refer to the
PI(3-C(4) 239 224 237 236 228 229 236 236 top and side view, respectively. (a) Adsorption through the carbonyl, (b)

C(1-C(2) 142 144 143 144 147 146 144 142 ,4q0060n through benzene (hollow), and (c) adsorption through benzene
C(2)-C(3) 143 143 143 143 144 143 143 142 (bridge).

C(3)-C(4) 145 147 143 143 147 146 143 142

The experimental values for adsorption are 28.0-30.1/kwall for the
bridge site and 19.6—20.5 kgahol for the hollow site [51,52].

,g - ?FO
NAZAY

ter size. The adsorption on Pt 31 is more stable, and the
bond distances from platinum are more uniform compared
less stable hollow site is more favorable while at low cov- to those obtained for Pt 19. The bridge site shows values of
erage the more stable bridge site takes over. These resultbond distances from platinum that range from 2.25 to 2.29
were reproduced using our cluster calculations, corroborat-A on Pt 31, evidence of a clearly different behavior from the
ing that the most stable adsorption site for benzene is thePt 19 cluster.
bridge followed by the hollow site. The bridge site also reproduces the experimental values
Table 6 summarizes adsorption geometry parameters andetter than the hollow site, for which the calculated adsorp-
adsorption energy values, with reference to Fig. 7. It should tion energy is underestimated. Based on the benzene calcu-
be noted that unlike for methyl pyruvate, where the enlarge- lation, the DZP basis set with the Pt 31 cluster was judged
ment of the cluster from Pt 19 to Pt 31 did not induce large the best for studying ACPH and TFACPH adsorption, be-
variations to both geometry and energy, in the case of ben-cause the edge effects are avoided and the basis set is fairly
zene the values change remarkably when increasing clusdarge. For acetophenones a Pt 19 cluster would have implied
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Table 7
Adsorption energies (kcamol), bond distances (A), and angles (degrees) for the three calculated modes of adsorption of acetophenone and trifluoroacetophe-
none (Fig. 8), respectively, (a) carbonyl adsorption (al%p (b) hollow adsorption, and (c) bridge adsorption, with the DZ and DZP basis sets

ACPH TFACPH
a b c a c

Dz DzZP Dz DZP Dz DzZP Dz DzP DZP
Ads. Energy 38.4 27.7 14.9 11.4 25.4 21.6 45.7 30.0 17.5
C(7)-0O 1.40 1.33 1.26 1.23 1.27 1.23 1.42 1.34 1.22
C(7)-C(6) 1.52 1.52 1.51 1.51 1.52 1.52 1.53 1.53 1.50
C(8)-C(7)-0-C(6) 135 140 177 176 170 176 128 128 164
Pt(2)-O 2.16 2.19 3.01 3.13 3.35 3.27 2.15 2.15 3.18
Pt(2)-C(7) 3.04 3.09 3.04
Pt(3)-C(7) 2.23 2.30 3.54 3.55 2.19 2.21
Pt(3)-C(8) 3.12 3.10 3.50 3.40 3.33 3.36 3.14 3.17 3.75
Pt(4)-C(1) 2.20 2.20 2.93 2.92 2.23 2.21
Pt(1)-C(1) 2.30 2.38 2.27
Pt(4)-C(6) 2.20 2.18 2.45 2.43 2.37 2.42 2.21 2.19 2.37
Pt(4)-C(5) 2.24 2.24 2.92 2.93 2.28 2.32 2.25 2.24 2.27
Pt(7)-C(5) 2.21 2.21 3.11 3.11 2.21 2.21
Pt(6)-C(4) 2.35 2.32 2.35 2.35 2.28 2.28 2.34 2.32 2.29
C(6)-(5) 1.49 1.48 1.44 1.43 1.45 1.43 1.49 1.48 1.44
C(5)-(4) 1.47 1.46 1.43 1.42 1.47 1.46 1.47 1.46 1.46
C(4)-(3) 1.44 1.42 1.44 1.42 1.47 1.45 1.44 1.43 1.46
C(3)-(2) 1.47 1.46 1.43 1.42 1.44 1.43 1.47 1.46 1.43
Cc(2)-(1) 1.48 1.46 1.44 1.42 1.47 1.46 1.47 1.46 1.46
C(1)—(6) 1.46 1.45 1.44 1.43 1.47 1.45 1.46 1.45 1.47

Adsorption modes (a), (b), and (c) refer to Fig. 8.

either the keto-carbonyl moiety or the aromatic moiety to be shown in Fig. 8b. Both the bridge and the hollow adsorptions
adsorbed on the edges of the cluster. of acetophenone are less stable than the carbonyl adsorption.
Fig. 8 shows three adsorption modes of acetophenone: theThe greater effectiveness of thé adsorption of acetophe-
first one (Fig. 8a) is an adsorption through the keto-carbonyl none is also reflected in the longer bond lengths observed
moiety that shows the features of activation for the keto- for the adsorbed benzene moiety compared to the other two
carbonyl already observed for calculated AC, TFAC, and adsorption modes. The bridge adsorption mode shows ring
MP adsorbed in @2 mode. We can therefore due to anal- activation through bond elongation to a greater extent than
ogy denote this adsorption mogé. The benzene moiety is  the hollow mode. It is experimentally observed that a part
adsorbed on the surface, but not in one of the optimal modesof the acetophenone undergoes ring saturation during enan-
observed for benzene, i.e., the bridge and hollow adsorptionstioselective hydrogenation, and also computationally it is
noted above. The adsorption geometry of the benzene moi-observed that the same adsorption mode that activates the
ety is a hybrid between bridge and hollow, forced by the tight carbonyl also activates the aromatic part of the molecule.
interaction of the carbonyl moiety with the surface. Table 7  Comparing Tables 6 and 7 we note that benzene is more
gives the values for the adsorption geometry and for the ad-strongly adsorbed than ACPH, in both bridge and hollow
sorption energy, and it is evident that this interaction mode modes. The benzene bond lengths are in the two cases very
shows the same features as the interaction modes that weimilar, but the distance from the platinum atoms is larger
have described above as activated, that is, elongation of thefor ACPH than for benzene. Table 7 also contains the corre-
carbonyl G=0 bond, rehybridization, and generation of a sponding values obtained for the trifluoroacetophenone. The
stereogenic center. n? adsorption mode is more stable than for acetophenone,
The adsorption mode in Fig. 8b has been obtained by and also shows the expected activation parameters, while the
the addition of the keto-carbonyl moiety to the benzene ad- hollow adsorption mode is not stable. The simulation shows
sorbed in a hollow site as a starting geometry for optimiza- that the TFACPH moves rather freely on the surface when
tion. This adsorption hinders the direct interaction of the the geometry optimization starts from a hollow site, with-
carbonyl with the surface atoms and, as can be clearly seerout finding an energy minimum. No relevant rehybridization
in Fig. 8b2, favors nonbonding interactions that push away or bond elongation occurs, showing a quasi-physisorbed be-
the C=0 from the surface. The characteristics that we have havior. The bridge adsorption mode has a smaller adsorption
identified as activating for the carbonyl are not present in energy tham? adsorption, and shows a greater contribution
this case. The adsorption in Fig. 8c has been obtained fromof nonbonding interactions than acetophenone. As noted for
benzene adsorbed at a bridge site as starting geometry, andFAC, the fluorine atoms do not have bonding interactions
analogous considerations can be made as for the adsorptiomwith the surface and have the effect of pushing part of the
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molecule away from the surface. This can be seen for exam-modifier in a more efficient way than a prochiral intermedi-
ple by the bond length Pt(3)-C(8) in Table 7 for the bridge ate would do.

adsorption mode. Also for TFACPH as for TFAC the triflu-

orination shifts the equilibrium between different adsorption

modes toward the?. While for ACPH the bridge (nonac-  Acknowledgments
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