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Abstract

The origin of enantiodiscrimination in the hydrogenation of methyl pyruvate (MP) on cinchona alkaloid modified by Pt has been mainly
ascribed to interactions between the modifier and the substrate. In the present work, the role of these substrate—modifier interactions on the
stabilization of intermediate complexes is discussed on the basis of ab initio MP2/6-31G(d) and MP2/6-31G(d,p) calculations. The amines
ammonia, trimethylamine and quinuclidine are employed as model for the cinchona alkaloid. Our results show that MP interacts with the
amines via a donor—acceptor complex with a stabilization energy that increases from ammonia, to trimethylamine and to quinuclidine, being
in the last case on the order of 4.0 kcal mohfter correction for BSSE and inclusion of solvent effects. NBO analysis of the interacting
orbitals confirms the nitrogen lone pair of the amines as a donor and the antibongi@y (@bital of thea-keto carbonyl as the acceptor.

These results give support for experimental observations that interactions between the basic quinuclidine moiety of cinchonidine and the MP
molecule may control the stereoselectivity of the catalytic process.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (9-methyl lactate with an enantioselectivity of up to 97%
on alumina-supported platinum catalyst modified with (di-
The heterogeneous asymmetric catalysis plays an impor-hydro) cinchona alkaloids, has been widely used as a model
tant and crucial role in many chemical processes and hascompound3-5,10,11]No enantiodifferentiation is observed
therefore become a growing and interesting fi@@]. The in the absence of the alkaloid. In recent years this reaction
enantioselective hydrogenation @fketoesters is one of the  has been studied in considerable detail; its mechanism, how-
best-known examples of such procegged 3] The methyl ever, is far from being completely resolvéd,11,14—16]
pyruvate (MPFig. 1a), which can be converted t&%¢ and In special, there is a continuous discussion on the role of
the chiral modifier in the induction of enantioselectivity and,
* Corresponding author. Tel.: +55 21 26292174; fax: +55 21 26292129, therefore, on its interaction with the substrate and the metal
E-mail addresswalk@kabir.gqt.uff.br (J.W. de M. Carneiro). surface[6,7,17,18] Several models have been proposed for
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providing the chiral site where hydrogenation occurs has be-
come evidenfl0], the interactions between the modifier and
the substrate may also play arelevant role in the enantiodiffer-

lclj 2 entiation procesgl4]. Therefore, a simple model providing
BN 3Lt N the energetic origin of the interactions between substrate and
e ‘('j MIU modifier would decisively contribute to the elucidation of the
0 mechanism of this reaction.
& & In the several models proposed, the main force stabiliz-

ing the potential diastereomeric intermediates involves some
kind of donor—acceptor interactions between the electron rich
Fig. 1. (a) Methyl pyruvate (MP) and (b) cinchonidine. nitrogen atom of the quinuclidine moiety of cinchonidine and
the carbonyl carbons of the MP molecule. Therefore, calcu-
the enantio-differentiating diastereomeric intermediate com- lations with model compounds that mimic the behaviour of
plexes, which, upon hydrogenation, lead to tR- (or the this system should give relevant information on the nature of
(9-methyl lactatg10], depending on the alkaloid present. the donor—acceptorinteractions supposed to be presentin this
Two basic proposals may be clearly identified. First, it has case. In order to gain additional insight into the interactions
been suggested that the enantiodifferentiation occurs on abetween the substrate and the modifier, we present high level
modified catalyst sit¢3,5,9]. On the other hand, it has also ab initio calculations to quantify the interactions between the
been suggested that the modifier and the substrate may fornmethyl pyruvate molecule and the model systems ammonia,
an initial complex which would than be hydrogenated on trimethylamine and quinuclidine. We intend to give quantita-
the metal surfacé4,19,20] Experimental evidence, how- tiveindications of the role played by the cinchonidine-methyl
ever, more strongly supports the modified catalyst mddg! pyruvate interactions to the stabilization of the intermediate
In this model it is assumed that cinchonidiriéd. 1b), the complex. The NBO population analysis proced@® is em-
alkaloid inducing R)-hydrogenation of MP, adsorbs on the ployed to quantify the donor—acceptor interactions between
platinum surface, forming active chiral sites. MP adsorbs re- methyl pyruvate and the model compounds. Previous calcula-
versibly on these modified sites, in two enantiomeric ways, tions for the interaction between ammonia and formaldehyde
leading to diastereomeric intermediates, which after hydro- [30] revealed that orbital superposition and dipole interac-
genation afford preferentially théR]-a-hydroxyester prod-  tions may play some role in the stabilization of the inter-
uct. mediate complex, although at short intermolecular distances
In the modified catalyst mechanism, assuming that enan-(below 3.4,&) orbital superpositions clearly predominate.
tiodifferentiation takes place exclusively on the catalyst sur-
face, significant interactions between modifier, substrate and
the active metal surface are requifdd,21] There is clear 2. Methods
evidence that cinchonidine adsorbs on the metal surface via
the aromatic quinoliner system[16,18,22,23Jforming the The geometries reported in the present work were fully
chiral site. MP adsorbs on these modified chiral sites either optimized at the MP2/6-31G(d,p) lev@1]. Due to the size
by the oxygen lone pairf24,25] or the w-bonding of the of the systems, for quinuclidine the 6-31G(d) basis set was
C=0 groupg26]. Hydrogen bond and donor—acceptor inter- used. The complexes were designed in order to favour the in-
actions between the modifier and selected functional groupsteraction between the basic nitrogen atom of the amines and
of the substrate molecule control the adsorption mode of MP the carbonyl carbons of MP. Methyl pyruvate was designed in
and facilitate the addition of hydrogen, thereby increasing the both the seisand the gransconformations, which has been
reactivity [8,9]. Formation of a complex between the mod- shown to be the two main conformers of methyl pyruvate
ifier and the substrate in a 1:1 stoichiometry is a feature in [8,32]. The energy of interaction between the model systems
this mechanism. This complex may be stabilized in different and MP was determined as the difference between the en-
ways. Nucleophilic attraction of the electron rich nitrogen ergy of the complex and that of the individual molecules at
atom of the quinuclidine moiety to the carbonyl carbon of infinite separation and was corrected for basis set superposi-
the keto group of pyruvate is one possibility. Similar attrac- tion error (BSSE) using the method of counterpoise correc-
tion can also involve the £oxygen of cinchonidine and the  tion [33]. Population analysis for the interaction between the
ester group of MH21,27] This would form a six-member  two subunities was done with the NBO methi@9] at the
ring arrangement that may control the stereochemistry. Inter- MP2/6-31G(d,p) geometries (or MP2/6-31G(d) in the case
actions involving a half-hydrogenated substrate stabilized by of quinuclidine). In the NBO analysis we were specifically
hydrogen bonds have also been propd4€i28]. interested in the interaction between the nitrogen lone pair of
In these and in other modd]$0], the description of the  the amines and the antibonding<Q)" orbital of either the
interactions which could provide face shielding (and accel- carbonyl or the carboxyl carbon—oxygen double bond. This
eration effects) is well described, although in many cases interaction is given in terms of the second order perturbation
qualitatively. Although participation of the metal surface in interaction energyH®) between a donor (the nitrogen lone
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Table 1

223

Stabilization energies (kcal mol) for the interaction between MP and ammonia, trimethylamine (MP2/6-31G(d,p)) and quinuclidine (MP2/6-31G(d))

sdrans

s<Cis

Without correction

After correction

Without correction After correction

for BSSE? for BSSE for BSSE for BSSE
NH3 6.70 3.29 728 (0.53% 3.99
N(CHz)3 10.28 4.42 1070 (0.69) 4.85
Quinuclidine 1128 4.81 1163 (0.78) 5.10

a Basis set superposition error corrected using the counterpoise njd8jod

b In parenthesis are given the relative energies betweentta@sand the szis complexes.

pair) and an acceptor (the antibonding<@)" orbital) [29].

with MP in an orientation almost perpendicular to the molec-

Solvent effects were simulated using the isodensity surfaceular plane of MP, nearly equidistant from both carbonyl car-

polarized continuum model (IPCM34]. This method ana-
Iytically calculates the electric field and defines a cavity in

bons Fig. 2). As shown before, this interaction is mainly due
to orbital superposition between the lone pair of the amine

the solvent based on the isosurface of the total electron den-and the antibonding (€0)" orbital, which is mainly centered

sity of the solute. The solvent effects are thus derived from
the interaction of the potential isosurface with the dielectric

on the carbon atonj80]. This interaction is quantified below
on the basis of the NBO population analysis. The trimethy-

continuum. Water was simulated using a dielectric constant lamine and quinuclidine molecules behave in a similar way,

£=78.39. For toluene a dielectric constant2.38 was used
[35]. All calculations were done with the Gaussian 98W suite
of molecular orbital prograrf86].

3. Results and discussion

The MP molecule may exist in two main conformations,
the seisand the gransconformers, both of them having pla-
nar skeleton. In the gas phase, thieasis conformer is more
stable than the sis by 1.6 kcal mot? [32]. Both conform-
ers were employed to study their interactions with the model
amines.

Table 1gives the stabilization energy for the interaction
between the $rans and the sis conformers of MP with
ammonia, trimethylamine and quinuclidine. For all the three
amines, the interaction with thecésconformer is stronger
than with the stransconformer by about 0.3-0.7 kcal mdl
This preferential stabilization is, however, not high enough
to make the complex with the @s conformer more sta-
ble. In general, the complex with thetrsns conformer is
more stable by at least 0.5 kcal mél The stabilization en-
ergy steadily increases from ammonia, to trimethylamine and

to quinuclidine, as a consequence of the increasing nucle-

ophilicity of the amine$37]. For the stronger base quinucli-
dine, the interaction energy is on the order of 11.3 kcalthol
for the stranscomplex and 11.6 kcal mot for the seisone.

although with a small reduction in theC distances, as a
consequence of the stronger interactions in the larger amines,
as seen above.

The selected geometrical parameters giverainle 2 par-
ticularly the dihedral angle NC3—Cs—Og near to 90, indi-
cate that the amines are disposed almost perpendicularly to
the molecular plane of MP, similarly to the results found else-
where for the case of the interaction between ammonia and
MP [30]. As indicated inTable 2 the nitrogen atom is al-
most equidistant from both the carbonyl and the carboxyl
carbons, although always nearer to the carbonyl carbon. The
N—C distances are about 2.6-A0There is a small, al-
though steady, reduction in thed€ distances from ammonia,

s-trans MP

Fig. 2. Complexes between methyl pyruvate (MP) and ammonia.

Table 2

However, after correctlng for BSSE these interaction energleSSelected geometrical parameters for the complexes between MP and the

are drastically reduced to about 5.0 kcal molAlthough this
interaction energy seems not to be the main origin of the
forces responsible for the enantiodifferentiation process, it is
high enough to bind the MP molecule in a specific orienta-
tion, therefore blocking up one side of MP, what may result
in enantioselective hydrogenatiofas,39]

In a previous work, we discussed the interaction between
MP and ammonia in some detg80]. Ammonia interacts

amines (distances-NCz and N—Cs in A dihedral angle N-C3—Cs—0Og
in°)

strans sCis
N—C3 N—Cs N—C3— N—-Cz3 N—Cs; N—C3—
C5—Os CS_OG
NH3 2.98 2.82 85.5 2.96 2.84 86.0
N(CHz)3 2.81 2.64 93.6 2.79 2.66 92.5
Quinuclidine 2.77 2.62 93.7 2.77 2.63 93.0
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Table 3

Second-order perturbation interaction energ{?) kcal mol1), for the in-
teraction between the donor nitrogen lone pair and the acceptor antibonding
(C=0Y" orbitals

strans s<Cis

C3=O4 C5=05 C3=O4 C5=Oe
NH3 1.61 3.33 1.41 3.06
N(CHz)3 3.23 9.07 4.04 8.12
Quinuclidine 3.73 9.62 4.30 8.91

Fam
s-trans MP L/

donor species, and the LUMO of MP, the acceptor species.
According to NBO, the HOMO of the amines is formed by
the lone pair of the nitrogen atom, which occupies dnhtsp

to trimethylamine and to quinuclidine, probably due to the pyrid orbital with high p-character (3.25x < 5.22), mainly
increased nucleophilicity of the larger amines (see also centered on the nitrogen atom. By its turn, the LUMO of MP
Figs. 3and % There is not any significant difference between s a delocalized antibonding orbital involving both carbonyls
the N-C distances for the sansand the ssis conformers. with higher density on the keto carbonyl bond.

In order to gain additional insight into the nature of the The E® interaction energy given ifable 3indicates
interaction between MP and the amines, we undertook athat the donor—acceptor interaction in the case of ammo-
population analysis using the NBO methi@®]. The NBO  nja is rather small, increasing significantly in the case of
theory generates a basis set of orthogonalized and localizedrimethylamine and quinuclidine, where the donor—acceptor
one- and two-center core, lone pair and bond orbitals, plusinteraction is on the order of 10 kcal mdl The difference
antibonding and Rydberg orbitals. The advantages of this ap-in the interaction energy for the two carbonyl carbons is
proach is that it concentrates almost all the molecular energyworth to note Table 3. While the interaction with the keto
and molecular charge within structures that mimic the tradi- group involves an energy about 9—10 kcal mglthe cor-
tional Lewis molecular piCtUreS of StriCtly localized bonds. responding interaction with the ester Carbony| is 0n|y on
These Lewis structures are exclusively built up from core, the order of 3—4 kcal mol. This clearly reflects the higher
lone pair and bond orbitals. The very small residual energetic glectrophilicity of the carbonyl carbon, as compared to the
and charge contributions in saturated systems are largely duearboxyl one. Note that, although the total interaction energy
to delocalized, non-covalent interactions between bonding is higher for the sis conformers, this does not reflect in
and antibonding orbitals of the NBO approach. This non- stronger donor—acceptor interactions, which is essentially of
covalent bonding—antibonding interaction gives the quanti- the same magnitude for the both conformers. Therefore, this
tative description of hyperconjugati¢d0]. In terms of the  should be dependent mainly on the distances and orientations
NBO approach this is expressed by means of the second-f the two species. The intermolecular interaction calculated
order perturbation interaction enerds(®) involving neigh-  in the present case is on the same magnitude of intramolecu-
boring orbitals. This energy represents the estimate of the|ar interactions associated to hyperconjugation that we have
off-diagonal NBO Fock matrix elements. TE&) interaction  calculated elsewhefd0].
involving the lone pair on the nitrogen atom as donor and the  Additional information comes from the analysis of the oc-
antibonding (&O) orbital as acceptor is of relevance inthe  cupancy of the orbitals involved in the interactions. The NBO
present study. analysis indicates that the occupancy of the lone pair at the

In the context of the present work, we are especially inter- complexed aminesTable 4 is significantly depleted when
ested in the interaction between the HOMO of the amines, the compared to the corresponding values in the isolated amines.
There is also a correspondingly increase in the occupancy of
the antibonding (E0)" orbital of the keto carbonyl bond.
The data inTable 4show that while the occupancy of the

Fig. 3. Complexes between methyl pyruvate (MP) and trimethylamine.

Table 4
Occupancies of relevant orbitals and charge densities in the amines—MP
(strans) complexes as derived from the NBO analysis

NH3 N(CH3)3 Quinuclidine
Occupancy ofiy 1.982(1.999) 1.882(1.911) 1.894(1.927)
Occupancy of (g=04)" 0.152 (0.161) 0.163 0.164
Occupancy of (§=0g)" 0.056 (0.047) 0.073 0.073
s-trans MP Charge density inthe  0.016 0.041 0.042

amines

Fig. 4. Complexes between methyl pyruvate (MP) and quinuclidine. 2 |n parenthesis are given the occupancies in the isolated molecules.
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Table 5 tal evidence indicates that the reaction mechanism may be

Stabilization energies (kcal mol) for the interaction between MP and am- dependent on the solve[ﬁ6 41_44] Work on protonated
monia, trimethylamine (MP2/6-31G(d,p)) and quinuclidine (MP2/6-31G(d)) . . . "
in toluene and water intermediates is in progress in our group.

Toluene Water

strans sCis strans sCis 4. Conclusions
NH3 525 562 351 390
N(CHz)s 9.54 986 a78 942 The main goal of the present work was to quantify the
Quinuclidine 1075 1072 1037 1101

energy of interaction between model amines and the MP
molecule. We could show that in the intermediate complexes
the amines act as a nucleophilic species to the keto carbonyl
antibonding (G0)" orbital of the ester carbonyl bond is es- group of MP, with the nitrogen lone pair as the donor and the
sentially the same in the complexes and in the isolated MP, antibonding (G-O)" orbital of the keto carbonyl group acting
the occupancy of the antibonding£0)" orbital of the keto as acceptor, according to the NBO analysis. In the complexes
carbonyl bond is somewhat bigger in the complexes than in the nitrogen atom of the amines is almost equidistant from
isolated MP, mainly for the larger amines, trimethylamine and both carbonyl carbons, the interaction energy, however, is at
quinuclidine. This also reflects in the charge density of the least twice higher for the interaction with the keto carbonyl
MP moiety in the complexes, which is significantly negative, carbon than for the interaction with the carboxyl carbon, re-
indicating a charge transfer from the amines to MP. flecting the higher electrophilicity of the first one. The total
The results above indicate a clear stabilizing interaction interaction energy between the amines and the MP molecule
between the amines and MP as result of orbital superposi-increases from ammonia, to methylamine to quinuclidine, as
tion between the HOMO of the amines and an antibonding expected. After correction for basis set superposition error
(C=0)" orbital of MP. The strength of this interaction slightly  this energy is on the order of 4-5 kcal mél Solvent ef-
increases on going from ammonia, to trimethylamine and to fects, as calculated with the IPCM methodology, tends to re-
quinuclidine, being on the order of 5.0 kcal mdlin the last duce this interaction energy, the reduction being larger for the
case (after correction from BSSE). The NBO decomposi- smaller amines in the polar solvent. As a consequence, while
tion procedure reveals that the main interactions involve the for ammonia the interaction energy is reduced to less than
nitrogen lone pair as the donor orbital and (preferentially) 1 kcal mol2, for quinuclidine it still remains at least on the
the keto carbonyl antibonding ¢©)" orbital of MP, what order of 4 kcal mott. This low interaction energy is clearly
results in high second-order perturbative interaction energy, much lower than the expected adsorption binding energies of
lower occupancy of the nitrogen lone pair orbital upon com- either the modifier or the MP molecule on the metallic sur-
plex formation and charge transfer from the amines to the face. Therefore, one should not expect previous formation of
MP. a complex between these species in the bulk medium before
Solvents have only negligible effects on the interaction en- adsorption, mainly considering the low concentration of the
ergies discussed above, although with a clear general trend oimodifier under experimental conditions. On the other hand,
destabilization of the intermediate complexes by the solvent the interaction energies calculated in the present work may be
in both the apolar (toluene) and the polar (water) solvent large enough to stereoselectively bind the MP to the modifier,
(Table 5. For the complex with ammonia, the destabiliza- thereby blocking one face of MP and forming preferentially
tion is on the order of 1.5kcalmot in toluene, increas-  the intermediate complex which upon hydrogenation affords
ing to about 3.0 kcal mof* in water. For the complexes with  the (R)-a-hydrogenated product.
trimethylamine and quinuclidine the destabilization is some-
what lower, on the order of 1.0 kcal mdlin both toluene and
water. As expected, the effect of the solvent on the relative Acknowledgements
stability of these neutral species, as calculated using the con-
tinuum dielectric mediunj34], is rather small, not enough We are grateful to FAPERJ, CNPq and CAPES for provid-

to change in any significant way the relative stability of the ing research fellowships and financial support to this work.

complexes. It should be observed, however, that the reaction

field model does not take into account the specific chemical

interactions, resulting for example from the presence of a pro- References

tic solvent. Only those non-specific interactions arising from

polarization of the solvent due to the electrostatic potential [1] R.A. Sheldon, Chirotechnology: Industrial Synthesis of Optically Ac-

of the solute and the back polarization of the solute due tothe tive Compounds, Marcel Dekker, New York, 1993.

polarization of the solvent are considered in this methodol- [2] A Carey, R.J. Sundberg, Advanced Organic Chemistry: Part B,
. . Plenum Press, New York, 1990.

ogy [34]. I_n a protic solvent, where the ba3|c_n_|tr_ogen at_om [3] P.B. Wells, A.G. Wilkinson, Top. Catal. 5 (1998) 39.

of the amines may be protonated, more specific interactions, (4] j.L. Margitfalvi, E. Talas, M. Hegedus, J. Chem. Soc., Chem. Com-

such as hydrogen bonding, may operate, since experimen-  mun. (1999) 645.




226

[5] H.U. Blaser, H.P. Jalett, M. Mller, M. Studer, Catal. Today 37
(1997) 441.

[6] G. Vayner, K.N. Houk, Y.K. Sun, J. Am. Chem. Soc. 126 (2004)
199.

[7] J.W.M. Carneiro, C.S.B. Oliveira, F.B. Passos, P.R.N. Souza, D.A.G.

J.W. de M. Carneiro et al. / Journal of Molecular Catalysis A: Chemical 226 (2005) 221-226

[28] G. Bond, P.A. Meheux, A. Ibbotson, P.B. Wells, Catal. Today 10
(1991) 371.

[29] A.E. Reed, F. Weinhold, Isr. J. Chem. 31 (1991) 277.

[30] J.W.M. Carneiro, C.S.B. Oliveira, F.B. Passos, P.R.N. Souza, D.A.G.
Aranda, O.A.C. Antunes, J. Mol. Catal. A: Chem. 170 (2001) 235.

Aranda, R. Hernandez-Valdez, M. Gomes Jr., L. Puzer, S.J. Sabino, [31] W.J. Hehre, L. Radom, P.R. Schleyer, J.A. Pople, Ab Initio Molecular

O.A.C. Antunes, Curr. Top. Catal. 3 (2002) 139.

[8] T. Birgi, A. Baiker, J. Catal. 194 (2000) 445.

[9] A. Baiker, J. Mol. Catal. A: Chem. 163 (2000) 205.

[10] M. Studer, H.-U. Blaser, C. Exner, Adv. Synth. Catal. 345 (2003)
45.

[11] W.M. Huck, T. Mallat, A. Baiker, Adv. Synth. Catal. 345 (2003)
255.

[12] M. Bartok, K. Balazsik, G. Sallosi, T. Barbk, J. Catal. 205 (2002)
168.

[13] M. Bartok, K. Balazsik, T. Barbk, Z. Kele, Catal. Lett. 87 (2003)
235.

[14] X. Li, R.P.K. Wells, P.B. Wells, G.J. Hutchings, J. Catal. 221 (2004)
653.

[15] K. Balazsik, M. Barbk, J. Catal. 224 (2004) 463.

[16] Z. Ma, I. Lee, J. Kubota, F. Zaera, J. Mol. Catal. A: Chem. 216
(2004) 199.

[17] M. Bartdk, M. Sutyinski, K. Feldldi, J. Catal. 220 (2003) 207.

[18] R.J. LeBlanc, W. Chu, C.T. Williams, J. Mol. Catal. A: Chem. 212
(2004) 277.

[19] J.L. Margitfalvi, E. Tfirst, J. Mol. Catal. A: Chem. 139 (1999)
81.

[20] J.L. Margitfalvi, E. Talas, E. Tfirst, C.V. Kumar, A. Gergely, Appl.
Catal. A: Gen. 19 (2000) 177.

[21] R.L. Augustine, S.K. Tanielyan, L.K. Doyle, Tetrahedron Asymm. 4
(1993) 1803.

[22] D. Ferri, T. Bargi, J. Am. Chem. Soc. 123 (2001) 12074.

[23] A.F. Carley, M.K. Rajumon, M.W. Roberts, P.B. Wells, J. Chem.
Soc., Faraday Trans. 91 (1995) 2167.

[24] J.M. Bonello, E.C.H. Sykes, R. Lindsay, F.J. Williams, A.K. Santra,
R.M. Lambert, Surf. Sci. 482—-485 (2001) 207.

[25] T. Burgi, F. Atamny, R. Scligl, A. Baiker, J. Phys. Chem. B 104
(2000) 5953.

[26] T. Burgi, F. Atamny, A. Knop-Gericke, M. Bvecker, T. Schedel-
Niedrig, R. Schbgl, A. Baiker, Catal. Lett. 66 (2000) 109.

[27] R.L. Augustine, S.K. Tanielyan, J. Mol. Catal. A: Chem. 112 (1996)
93.

Orbital Theory, Wiley—Interscience, New York, 1986.
[32] D. Ferri, T. Birgi, A. Baiker, J. Chem. Soc., Perkin Trans. 2 (2000)
221.
[33] D.W. Schwenke, D.G. Truhlar, J. Chem. Phys. 82 (1985) 2418.
[34] J.B. Foresman, T.A. Keith, K.B. Wiberg, J. Snoonian, M.J. Frisch,
J. Phys. Chem. 100 (1996) 16098.
[35] J.B. Foresman, A.E. Frisch, Exploring Chemistry with Electronic
Structure Methods: A Guide to Using Gaussian, Gaussian Inc.,
United States of America, 1996.
M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery Jr., R.E. Strat-
mann, J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels, K.N.
Kudin, M.C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochter-
ski, G.A. Petersson, P.Y. Ayala, Q. Cui, K. Morokuma, D.K. Malick,
A.D. Rabuck, K. Raghavachari, J.B. Foresman, J. Cioslowski, J.V.
Ortiz, A.G. Baboul, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. Gomperts, R.L. Martin, D.J. Fox, T. Keith, M.A.
Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challa-
combe, P.M.W. Gill, B. Johnson, W. Chen, N.W. Wong, J.L. Andres,
M. Head-Gordon, E.S. Replogle, J.A. Pople, Gaussian 98, Revision
A.7, Gaussian, Inc., Pittsburgh, PA, 1998.
[37] B. Safi, K. Choho, D. Proft, P. Geerlings, Chem. Phys. Lett. 300
(1999) 85.
[38] A. Vargas, T. Rirgi, A. Baiker, J. Catal. 222 (2004) 439.
[39] M.S. Schneider, A. Urakawa, J.-D. Grunwaldt, TurBi, A. Baiker,
J. Chem. Soc., Chem. Commun. (2004) 744.
[40] J.W.M. Carneiro, J.F. Dias, J.G.R. Tostes, P.R. Seidl, C.A. Taft, Int.
J. Quant. Chem. 95 (2003) 322.
[41] A. Gamez, J. Khler, J. Bradley, Catal. Lett. 55 (1998) 73.
[42] M. Bartok, K. Balazsik, G. Sullosi, T. Barbk, Catal. Commun. 2
(2001) 269.
[43] M. Bartok, M. Sutyinski, K. Felbldi, G. SDllosi, J. Chem. Soc.,
Chem. Commun. (2002) 1130.
[44] C. Exner, A. Pfalz, M. Studer, H.-U. Blaser, Adv. Synth. Catal. 345
(2003) 1253.

(36]



	Donor-acceptor interactions in the enantioselective hydrogenation of alpha-ketoesters
	Introduction
	Methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


