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Abstract

The substrate—modifier interaction involved in the enantioselective hydrogenation of «-keto esters over cinchonidine-
Pt/Al,O; catalyst was investigated by molecular modelling. The model is based on our earlier kinetic and nuclear magnetic
resonance (NMR) results as well as on analogies found in experimental organic chemistry. The model suggests the formation
of aweak complex between the modifier and the substrate in the liquid phase. In the above complex, the modifier provides a
specific shielding effect (SE). Due to the particular character of shielding, the a-keto ester can interact with the metal
surface only by its unshielded site. If the reactivity of the substrate in the shielded [substrate—modifier] complex is higher
than that of the free substrate, pronounced enantio-differentiation (ED) should be observed. In one of the shielded forms, the
proper directionality of the quinuclidine nitrogen towards the keto carbonyl group provides the increased reactivity of the
keto carbonyl group. The ‘shielding effect’ model can explain both the ED and the rate acceleration (RA) effect observed in
the hydrogenation of methyl and ethyl pyruvate, methyl benzoylformate, pantolactone and trifluoroacetophenone (TFAP)
over cinchonidine-Pt/Al,O; catalyst. The ‘shielding effect’” model is the first model which can elucidate the substrate
specificity of the above enantioselective hydrogenation reaction. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
1.1. General information
The enantiosel ective hydrogenation of o-keto

esters over Pt/Al,O, catalysts in the presence
of different chira modifiers, such as cinchona
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and other akaloids [1-4], Troger's base [5],
pyrrolidine [6] and N-ethyl-naphthylamine [7]
derivatives, is intensively studied by different
research groups. Despite these profound studies,
the key feature of the above reaction, i.e., the
rate acceleration (RA) phenomena and the ori-
gin of the enantio-differentiation (ED) steps is
not really understood. The existing models can-
not explain neither the substrate specificity nor
the influence of solvent on the enantioselectiv-

ity.

1381-1169,/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.

Pll: S1381-1169(98)00197-6



82 J.L. Margitfalvi, E. Tfirst / Journal of Molecular Catalysis A: Chemical 139 (1999) 81-95

With respect to the origin of RA and ED
steps, there are two possibilities: RA and ED
are controlled either by (i) modifier—active
phase (Pt) interaction [2,6—-8] or (ii) substrate—
modifier interactions [4,5,9] taking place in the
liquid phase. It should also be mentioned that
those who suggest modifier—Pt interaction in
the RA and ED steps ignore one very important
fact: cinchona alkaloids have been used by or-
ganic chemists to induce ED in a variety of
organic reactions [10-12]. Thisis a very impor-
tant issue indicating that in the reactions dis-
cussed, ED cannot exclusively be attributed to
surface phenomena. We believe that ED, even
in the presence of heterogeneous catalysts, is a
phenomenon which should be controlled by
genera rules of organic chemistry.

In this work, based on our earlier results,
such as catalytic experiments [3-5,13], kinetic
studies [9,14] and NMR results [14], a new
approach and concept are described by using
methods of computational chemistry. This work
can also be considered as a continuation of our
previous studies in the field of molecular mod-
elling [5,14]. We believe that this new approach
can help to understand at molecular level the
induction of ED in the presence of both chiral
modifiers and heterogeneous catalysts. In this
work, molecular modelling and methods of
computational chemistry are used as tools to
understand the nature of interactions involved in
the ED step. We should like to emphasize that
in none of the earlier studies the chemical na-
ture of the substrate—modifier interaction was
studied or discussed in such a detail. Probably,
the lack of such kind of investigation is the
reason that the substrate specificity of enantiose-
lective hydrogenation reactions taking place over
cinchona-Pt /Al,O; catalysts is still not really
well understood.

1.2. The principle of chemical shielding
The basis for this approach is the shielding

effect (SE) known in organic chemistry. If a
prochira moiety is preferentially shielded, its

further reaction can take place only from its
unshielded site, resulting in ED. A chiral tem-
plate molecule can induce SE in a similar way,
i.e., it preferentially interacts with one of the
prochiral sites of the substrate leaving the un-
shielded site free for the reaction.

Recently, intramolecular steric shielding of
an «a-keto ester moiety has been observed, re-
sulting in ED in the hydrogenation of the a-keto
group [15]. The ED was observed only in the
presence of large aromatic substituent, such as
naphthyl, and the ED was completely lost if the
naphthyl ring was substituted for a phenyl one.
Based on this finding, the ED was attributed to
the SE induced by the large aromatic moiety.
Similar phenomena were also described for the
hydrogenation of an «,3-unsaturated ester moi-
ety [16]. The above two reactions are shown in
Scheme 1.

Surprisingly, similar results were recently ob-
served in the enantiosel ective hydrogenation re-
actions in the presence of chiral modifiers and
supported metal catalyst. It has been shown that
cinchona akaloids can aso induce ED in the
hydrogenation of «,B3-unsaturated acids [17].
On the other hand, it was shown that in the
hydrogenation of ethyl pyruvate over Pt/Al,O,
catalyst in the presence of new modifiers [de-
rivatives of 2-(1-pyrrolidinyl)-1-(naphthyl)-
ethanol], the ED was completely lost if the
naphthyl ring was replaced by phenyl or pyridyl
one [6]. It should also be mentioned that in the
hydrogenation of «-keto esters over cinchoni-
dine-Pt/Al O, catalysts, the ED was partially
or fully lost if the quinoline ring of cinchonidine
(CD) was partialy or fully hydrogenated [18].

If results given in Scheme 1 are compared
with those obtained in the heterogeneous hydro-
genation experiments [6,18] described above,
the following very important elements of simi-
larity can be found: (i) ED can only be observed
in the presence of large aromatic shielding
groups; (ii) the reactive prochiral group (both
the keto carbonyl and the C=C double bond) is
activated by an electron-withdrawing carbonyl
group; (iii) both double bonds (the keto and the
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olefinic one) of the reactive prochira substrate
are in a conjugation with the adjacent carbonyl
group. The possible role of conjugation has
aready been mentioned in one of our earlier
studies [9]. As emerges from these results, the
presence of both a large aromatic substituent in
the modifier and a conjugated double bond sys-
tem in the substrate should play an important
role in the induction of ED in these asymmetric
hydrogenation reactions, i.e., these are the key
elements resulting in the substrate specificity.

1.3. The aim of this work

The structural similarities described above
inspired us to investigate further the role of
substrate—modifier interaction and the role of
SE in the enantiosel ective hydrogenation of dif-
ferent a-keto esters in the presence of cinchoni-
dine-Pt /Al ,O, catalysts.

It has earlier been suggested that in heteroge-
neous catalytic asymmetric hydrogenation reac-
tions, the surface of the metal is modified by the
chiral modifier and the induction of ED is ex-
clusively a surface phenomenon [1,2,6—8]. Con-
trary to that, we have proposed that * host—guest’
type interactions taking place between the sub-
strate and modifier in the liquid phase are in-
volved in the induction of ED [4,5,9]. The above
‘host—guest’ type interactions are considered as
a specific case of supramolecular interactions.

The application of the SE model to the enan-
tioselective hydrogenation of «-keto esters
means that a chiral template molecule interacts
with the prochiral substrate in such a way that
one of the prochira sites is preferentially
shielded. If the substrate is shielded, then its
adsorption onto the metal can only take place
with its unshielded site, resulting in ED.

An organic molecule can induce both shield-
ing and chiral induction if it has (i) an asymme-
try center (A), (ii) an appropriate bulky func-
tional group (B) for weak interaction with the
substrate, (iii) relatively large planar group (C)
to cause the steric shielding. If the above re-
quirements are fulfilled, the modifier can form a
weak complex with the substrate. In this com-
plex, at least two different parts of the chiral
modifier should interact with the substrate
molecule, i.e., in the [substrate—modifier] com-
plex, CD should behave like a bidentate ligand.
We consider that in addition to the quinuclidine
nitrogen, the aromatic ring can also be consid-
ered as a possible ligand site and a cooperative
action of these two ligand sites is required to
stabilize the o-keto ester molecule in its prefer-
ential orientation. The two-point stabilization of
the substrate prevents the free rotation of the
substrate either around the quinuclidine nitrogen
or the (C2)—(C4) axis (the numeration of atoms
in the substrate and modifier molecules is given
in Scheme 2). However, CD can provide the

Scheme 2. Numeration of cinchonidine and methyl pyruvate molecules.
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above-mentioned two-point stabilization effect
only in its closed conformation.

We also suppose that in the [substrate—mod-
ifier] complex responsible for ED, the modifier
should have an umbrella-like conformation with
high extent of ‘concavity’ [5,9]. The role of
‘concavity’ in chemical shielding and chira in-
duction has been discussed earlier [19,20].

The “shielding effect’ model requires the re-
tainment of the integrity of the above [sub-
strate—modifier] complex even in the presence
of heterogeneous catalysts. The maintenance re-
quires the following prerequisites: (i) the sup-
ported metal catalyst should not hinder either
the formation or the adsorption of the [sub-
strate—modifier] complex; (ii) the modifier
should not adsorb irreversible onto the catalyst;
(iii) the metal should be inactive in the transfor-
mation of the modifier into a new derivative;
(iv) the catalyst should be resistant towards
poisoning by modifier, substrate, product or
by-products.

2. Experimental
2.1. Molecular modelling

For the conformational analysis of the modi-
fier, we used the Hypercube: HyperChem 3.1
program [21] with the MM + forcefield. The
equilibrium conformations were calculated us-
ing the Polak—Ribiere (conjugate gradient) min-
imization algorithm. Also, the MM + forcefield
was used when examining the ‘reaction win-
dow’ for the [CD,.,—methyl pyruvate] com-
plex and the free rotation of the substrate in the
[CD,pen—methyl pyruvate] complex. The molec-
ular docking calculations were performed with
the Insightll program package of the MSI. We
used the Discover module with the cvff force-
field (for details about the functional form of
the bonding and non-bonding interactions, see
Ref. [22]) and the Ampac,/Mopac module with
AM1 semiempirical method for optimizing the
geometry of the complexes formed by the CD

and one of the a-keto ester molecules. These
caculations were performed for the whole sys-
tems from different initial positions of the ex-
amined complexes with the transoid conforma-
tions of the substrates.

The adsorption of the substrate—modifier
complexes onto Pt (111) surface was investi-
gated using the Solids—Docking module of the
Insightll package, which performs a Monte-
Carlo docking approach. The docking procedure
is based on the random selection of positions
and molecular orientations of the [substrate—
modifier] complexes above the surface followed
by the minimization of the flexible guest com-
plex to optimize its interaction with the fixed
host surface (for more details, see Ref. [23]).

The lowest unoccupied molecular orbitals
(LUMOs) of the methyl pyruvate and trifluo-
roacetophenone (TFAP) molecules were ob-
tained with the Turbomole module of the In-
sightll program. First, a full geometry optimiza-
tion was made at ab initio Hartree—Fock level
using the 3-21G basis set, then the contours of
the LUMO were constructed.

3. Results and discussion
3.1. Conformational analysis of cinchonidine

The molecular modelling of the [substrate—
modifier] interaction required detailed confor-
mational analysis of CD. No similar detailed
studies are available in the literature. The en-
ergy map of CD was calculated by changing the
torsion angles (C3)—(C4')—(C9)—(C8) (phi) and
(C4)—~C9—(C8)—C7) (ps) using the MM +
forcefield. (The numeration of substrate and CD
molecules is given in Scheme 2).

In our previous study [5], the above analysis
was done by using rigid quinoline and quinucli-
dine parts. As a result of earlier investigations,
four stable conformations have been found. In
the present study, all of these calculations were
repeated in such a way that only the phi and ps
torsion angles were forced to be constant for all
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gridpoints of the map, and al the other degrees
of freedom of the molecule were left to relax.
The results are shown in Fig. 1.

The conformational analysis and full geome-
try optimization calculations (using other force-
fields, too) indicate that CD can exist at least in
nine different forms: A1, A2, A3, B1, B2, B3,
C1, C2, and C3. (The notation of the conforma-
tions is the following: phi is near —90°, 90°,
and 20° for forms numbered 1, 2, and 3, respec-
tively, and psi is near —80°, 60°, and 180° for
A, B, and C forms, respectively.) The calculated
CD conformers are shown in Fig. 2. As emerges
from Fig. 2, the main difference between the
conformers of the CD molecule is in the direc-
tion of the lone pair orbital of the quinuclidine
nitrogen. For the C1, C2, and C3 conformers,
this orbital is directed towards the quinoline
ring, while in other conformers, the nitrogen
atom of the quinuclidine moiety and the quino-
line ring are far away from each other. Hence,

we will denote the C1, C2, and C3 forms as
closed, while all the other forms as open confor-
mations. The A2 conformer corresponds to the
crystallographic form of CD.

The rotational barriers between the optimized
structures are shown in Fig. 3a and b. These
calculations were performed in such a way that
only one torsion angle was restrained to keep a
certain value and al the other degrees of free-
dom were left to relax. This way, the other
torsion angle sets the value which minimizes the
total energy with the other relaxed degrees of
freedom. Fig. 3a shows the molecular mechan-
ics energy as a function of psi aong the path
C1-A1-B1-C1 (solid line) and C2—-A2-B2—
C2 (dotted line). Along these paths, while psi
changes its vaue from —180° to + 180°, the
value of phi changes from —120° to —70° for
C1-A1-B1-C1 path, and from 50° to 110° for
C2-A2-B2—-C2 path (see Fig. 1). Similar func-
tions are shown in Fig. 3b, however, in this
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Fig. 1. Conformational analysis of cinchonidine. The calculated energy map obtained by changing the torsion angles (C3')—(C4')—(C9)—(C8)
and (C4')—(C9)—(C8)—(C7). The contours are given in steps 0.5 kcal /mol.
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case, the total energy is the function of phi, and
psi can change in order to minimize the total
energy. Solid line shows the function along the
A1-A3-A2 path, while dotted line demon-
strates the C1-C3—C2 path. In these calcula
tions, psi changes from —90° to —50° (for the
A1-A3-A2 path) and from 170° to 200° (for
the C1-C3—C2 path). It has to be added that
there are no ‘natural’ C3-A3-B3-C3 and B1-
B3-B2 paths aong which the molecule can
stably rotate (see Fig. 1), hence, these paths do
not appear in Fig. 3a and b.

The conformational analysis indicates that
there are only three stable conformers of CD,
such as A2, C1 and C2. All of the other con-
formers are very unstable, hence around 1
kcal /mol energy is sufficient to transform A1,
A3, B1, B2, and C3 conformers into another
most stable conformer. The solid line in Fig. 1
gives the contour of the possible forms of CD
within 8 kcal /mol energy. These results indi-
cate how easy it is to rotate both the quinoline
and quinuclidine moiety around the (C4')—(C9)
and (C9)—(C8) axes, respectively. The probabil-
ity of free rotation increases with temperature,
thus at high temperature, no preferential stabi-
lization of CD can be expected. Probably, this
fact is responsible for the loss of ED upon
increasing reaction temperature above 35-40°C
[2]. Please note that none of the earlier models
can explain the loss of enantioselectivity ob-
served at high temperature.

Due to the above discussion in this study, we
shall use only the open A2 and the closed C1
and C2 forms for modelling. As it has already
been mentioned, the A2 conformer corresponds
to the crystallographic form of CD. The confor-
mational change of CD from open A2 form to
closed C2 one requires the rotation of the quinu-
clidine ring around the (C9)—(C8) axis, the en-
ergy needed for this change is less than 4
kcal /mol (see Fig. 3a). Similarly, the rotation
of the molecule around the (C4)—(C9) axis
from the closed C2 conformation to the C1 is
about 6 kcal /mol (see Fig. 3b). Thus, the con-
formational analysis strongly indicates that CD

can exist both in open and closed forms and
both forms of CD can be involved in the forma-
tion of [substrate—modifier] complex. It should
be mentioned that in al of the previous mod-
elling made by other research groups [24], only
the open conformer of CD was used.

3.2. Moddling the methyl pyruvate—modifier
complex with the involvement of the closed form
of cinchonidine

The involvement of the closed C2 form of
the modifier (CD ) in the formation of [sub-
strate—modifier] complex was proposed in our
recent studies [5,9]. In the closed conformer, the
lone pair of electrons of the quinuclidine nitro-
gen is directed towards the quinoline ring and
the geometries obtained from conformational
analysis showed that CD in this conformation
can provide the concave, umbrella-like form
required for steric shielding [5,9]. The
umbrella-like closed C2 form was used to model
substrate—modifier interactions. The calculated
[methyl pyruvate—CD 4] cOomplexes are
shown in Fig. 4a and b.

The complex (R) (see Fig. 4a), after subse-
quent hydrogenation over Pt, should result in
(R)-lactate ester, while complex (S) (see Fig.
4b) should result in (S)-lactate. The major dif-
ference between complexes (R) and (9) is the
mode of interaction between the lone pair of
eectrons of the quinuclidine nitrogen and the
keto carbonyl group. In complex (R), the ‘direc-
tionality’ [25] of the nucleophilic attack by
quinuclidine nitrogen towards the keto carbonyl
group is very favourable to increase the reactiv-
ity of the keto carbonyl group because the elec-
tron-rich quinuclidine nitrogen and the O3 oxy-
gen of the substrate are on the opposite sides of
the C2 carbon atom (see Fig. 4a). According to
the orbital steering theory [26], a proper ‘ reac-
tion window’ or ‘reaction cone can result in
perturbation of the reacting group. In our case
the proper ‘reaction window’ is determined by
the relative position of the quinuclidine N1,
pyruvate C2 and O3 atoms, i.e., by direct N1-C2
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a b

. 9

Fig. 4. [Methyl pyruvate—CD,.q] COmplexes; (a) complex leading to the formation of (R)-lactate, (b) complex leading to the formation of
(S)-lactate.

keto-carbonyl group

interaction. The proper ‘reaction window’ aso both in the hydrogenation reaction and the for-
means that the overal reactivity of the keto mation of by-products, such as semi-ketal,
group should increase. We suggest that the above transesterification and deuterium exchange
perturbation leads to a pronounced rate increase products [3,4,14]. Thus, in complex (R), the

a
9H A asymmetry center
Y
P I‘-l ROW ) ¢ mmmm—ee quinoline ring
Y
O
N, /041056
03—(‘&2 quinuclidine ring
H,C,
b
N improper angle
of atoms N; C,03

improper torsion angle
of atoms N;C,03Cy

Fig. 5. (@ Simplified scheme for the [methyl pyruvate—CDy,,sq] complex; (b) the ‘reaction window’ for the substrate—modifier interaction
in [methyl pyruvate—CD,qeeq] COMPplex.
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favourable directionality promotes the perturba-
tion of the keto carbonyl group, resulting in the
observed RA. Contrary to that in complex (S),
due to the misalignment of the interacting
groups, i.e., due to the lack of direct N1-C2
interaction, no RA can be expected, conse-
quently, the hydrogenation of (S) complex is
not accelerated.

The above discussed reaction window can
also be determined by molecular mechanics cal-
culations. The basis of these calculations is
given in Fig. 5a and b. Fig. 5a shows the
simplified arrangement of the substrate in the
[methyl pyruvate—CD,,.q] complex resulting in
(R)-lactate. Fig. 5b shows the potential ‘reac-
tion cone or ‘reaction window’ between the
quinuclidine nitrogen (N1) and the (C2) carbon
atom in the substrate. In order to perturbate the
(C2) carbon atom in the substrate, the (N1)
atom of the quinuclidine moiety should be within
the ‘reaction window'. The ‘reaction window’
can be characterized by three values: (i) the
length between (N1) and (C2) (r); (ii) the angle
of atoms (N1)—(C2)—(03) (1), and torsion an-
gle of atoms (N1)—(C2)—(03)—(C4) (¢). The
key parameter is the angle ¥ which measures
the position of the nucleophilic N1 and O3
atoms relative to the electrophilic C2 atom.

110

A
% 1))
: //

QJJ/
" —

phi [°]

e —
I — S — S|
%&
60
130 140 150 160

theta [°]

Fig. 6. Energy map for the ‘reaction window' in the closed
cinchonidine—-methyl pyruvate complex. (The contours are given
from E=26.1 kcal /mol, in steps 0.1 kcal /mol.)

keto-carbonyl group

.
i

Fig. 7. Monte-Carlo simulation of the adsorption of the [methyl
pyruvate—CD eq] cCOMplex onto Pt (111) surface.

From the above, it is obvious that 3 ~ 180° is
optimal for the proper directionality.

Starting with the relaxed structure of the
[methyl pyruvate-CD, 4] complex, the geome-
try optimization was done in such away that the
(N1) atom of the CD molecule and the (C2),
(03), and (C4) atoms of the methyl pyruvate
molecule were fixed and al other atoms of the
complex were left to relax. This way, for fixed
(N1)—(C2) distance, the molecular mechanics
energy can be expressed as a function of the
(N1)—(C2)—(03) angle and (N1)—(C2)—(03)-
(C4) dihedral (see Fig. 5b). This energy map for
the calculated equilibrium value of r (r =4.24
A) is presented in Fig. 6. The energy minimum
a 9= 145°, ¢ =80° shows that the (C2) car-
bon atom in the keto group of the methyl pyru-
vate molecule is in a proper reaction window,
so the (N1) atom can result in a perturbation of
the reacting prochiral keto group. In order to
generate a ¥ = 145°, the methyl-pyruvate
molecule has to be dightly twisted around the
(C2)—(C4) bond, resulting in an increase in the
torsion angle between the two carbonyl groups
from 0° to 11°. On the other hand, the ¢ vaue
is related to the rotation of the methyl-pyruvate
molecule around its (C2)—(0O3) bond (see Fig.
5b) which is prevented by the quinoline ring of
CD. Thus, the minimum in the energy-¢ func-
tion at fixed & values (see Fig. 6) is caused by
the steric shielding of the quinoline moiety of
the CD molecule.
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Monte-Carlo simulation method was used to
investigate the interaction of the [methyl pyru-
vate—CD,q] cOmplex with Pt (111) surface.
The result shown in Fig. 7 indicates that the
shielded complex retains its entity even after
adsorption. The above figure gives a good pre-
sentation of the SE provided by the large aro-
matic moiety.

3.3. Modelling the methyl pyruvate—modifier
complex with the involvement of the open form
of cinchonidine. Analysis of existing models

Recently, the interaction between CD and
ethyl and methyl pyruvate has been reviewed
and results obtained by using molecular mod-
elling are presented [24]. In the above mod-
eling, the open A2 form of protonated CD
(CDOpen) was used and in the [substrate—CD]
complex, (N1)—(H")—(O3) interaction was pro-
posed. It has also been suggested that the [sub-
strate—CD] complex is formed at the Pt surface.

We have previously mentioned that in the
open conformations, CD cannot provide the re-
quired steric SE [5,9]. In the open forms, only
the quinuclidine moiety of CD can interact with
the a-keto ester. It has aready been shown that
the quinuclidine moiety has a crucia role both
in the RA and the induction of ED [2]. Experi-
mental data indicate that the interaction of the
keto group with the quinuclidine moiety is not
sufficient to obtain high RA. In kinetic experi-
ments, the quinuclidine provided 3—4-fold, while
CD 10-15-fold rate increase [13]. Based on
these results, we suggest that a cooperative ef-
fect, with the involvement both of the quinucli-
dine nitrogen and the quinoline ring, is needed
for the RA and induction of ED.

In our modelling, we shall not use the proto-
nated form of CD. We consider that a compre-
hensive model should reflect the general experi-
mental observation, i.e., the high ee values ob-
tained in aprotonic media, such as toluene or
methyl-cyclohexane [5,8]. We consider that the
exclusive use of protonated forms of CD in the
modelling is one of the most serious disadvan-

tages of the model presented by Baiker [24].
The investigation of the protonated forms of CD
will be the subject of one of our forthcoming
publications [27].

The results of modelling of the [methyl pyru-
vate—CD,,.,,] complex are shown in Fig. 8a-c.
In this complex, the quinuclidine nitrogen at-
tacks the substrate in the similar way as in the
[methyl pyruvate-CD,eq] complex. To main-
tain the right directionality between the (N1)
nitrogen in the CD and the (C2) carbon in the
substrate, similar theta (9 = 145°) and phi (¢ =
80°) values were used as obtained for the [methyl
pyruvate—CD,q] complex. In the complex
shown in Fig. 8a, the substrate molecule upon
subsequent hydrogenation will result in (R)-
lactate. As emerges from Fig. 8a, in the [methyl
pyruvate—CD,,,,] complex, there is no signifi-
cant steric hindrance to prevent the free rotation
of the substrate around the axis quinuclidine
nitrogen (N1) and C(x), where C(x) is either
the middle point between (C2) and (C4) carbon
atoms or the center of mass in the substrate
molecule. Similar free rotation of the substrate
around the (C2)—(C4) axis cannot excluded ei-
ther. Thus, in complex shown in Fig. 8a there
is no preferential stabilization of the substrate.
The lack of stabilization is due to the fact that in
this complex, CD acts as a monodentate ligand.
The absence of preferential stabilization of the
substrate indicates that the [methyl pyruvate—
CDgpen] cOmplex cannot be responsible either
for the ED or the RA.

The barrier for the rotation of the substrate in
the [methyl pyruvate-CD,,,] complex around
the axis quinuclidine (N1) and C(x) was calcu-
lated and is shown in Fig. 9aand b for r =4 A
and for r=3.5 A. In these calculations, the
(C4) atom of the substrate was chosen as C( x),
as (C4) is near the center of mass of the methyl
pyruvate molecule. For al caculations, 3-3
atoms of the substrate and modifier molecules
were fixed to define the rough relative position
of both molecules and the position of the other
atoms were |eft to change. The 0° for the rota-
tion angle was defined as the initia structure.
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a b C

keto-carbonyl group

Fig. 8. [Methyl pyruvate-CD,,e,] complexes; (a) complex leading to the formation of (R)-lactate, (b) complex obtained by rotation of
methyl pyruvate around the (N1)—(C4) axis, (c) complex obtained by rotation of methyl pyruvate around the (C2)—(C4) axis.

As far as in these calculations, the target of the gies are not necessarily located at zero rota

geometry optimizations was not the total com- tional angle. As emerges from Fig. 9aand b, the
plex (six atoms were fixed), the minimum ener- energy barrier required of free rotation around
r — r 40
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Fig. 9. Rotational barrier for the free rotation of methyl pyruvate in [methyl pyruvate—CDOpen] complex, (&) Rotation around (N1)—(C4)
axis, r = 4 A. () Rotation around (N1)—(C4) axis, r = 3.5 A. () Rotation around (C2)—(C4) axis, r = 4 A. (d) Rotation around (C2)~(C4)
axis, r =35 A.
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the quinuclidine nitrogen is 3 kcal /mol (when
r=4A) and 7 kcal /mol (when r =3.5 A). In
the latter case, the energy difference is only 5
kcal /mol for a 180° rotation. The resulted
[methyl pyruvate—CD,,,,] complex is shown in
Fig. 8b. However, the rotation of the substrate
around (N1)—(C4) axis resulted in a complex,
which upon hydrogenation should result in (S)-
lactate.

The barrier for the free rotation around the
(C2)—(C4) axisis shown in Fig. 9c and d. The
above energy barriers are in the range of 5
kcal /mol for r=4 A and 13 kcal /mol for
r=35 A, but the energy needed for a 180°
rotation isonly 7 kcal /mol. The resulted [methyl
pyruvate—CD,,.,] complex is shown in Fig. 8c.
In this complex, the orientation of the substrate
is favourable for the formation of (S)-lactate.
As emerges from the above calculations, the
free rotation of the substrate either around the

(N1)—(C4) or the (C2)—(C4) axis leads to the
loss of ED.

Preliminary calculation shows if the proto-
nated form of CD,,, is used for calculation [27]
due to the increased rotation axis, resulted in by
addition of H* between (N1) and the (O3)
carbonyl oxygen, the free rotation of the sub-
strate will be sterically even more favourable.
Based on these facts, we consider that the
[methyl pyruvate-CD,,,] complex cannot in-
duce ED even in its protonated form. It is worth
mentioning that the possibility of rotation of the
substrate in the [methyl pyruvate-CD,,,,] com-
plex was completely neglected in Ref. [24].

However, based on these results, we cannot
exclude that the [methyl pyruvate—CD,,,,] com-
plex is involved in the hydrogenation reaction,
but it produces only racemate. The rate of this
racemic hydrogenation is probably dlightly
higher than the rate of racemic hydrogenation in

Fig. 10. [Substrate—CDyqsq] complexes with different substrates; (a) ethyl pyruvate, (b) ethyl benzoylformate, (c) pantolactone, (d)

trifluoroacetophenone.
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Table 1

Measured r, 9 and ¢ values for the calculated complexes of
some substrates with the C1 and C2 conformations of the cin-
chonidine molecule

Methyl Ethyl Ethyl Panto-  TFAP
pyruvate pyruvate mandalate lactone
C1
r 451 4.25 4.95 5.16 5.24
¢ 149.10 130.63 158.65 12592 15419
@ 84.78 76.72 48.99 156.74 91.22
c2
r 4.06 4.12 5.01 5.63 5.55
¢ 14650 147.81 157.47 158.70  160.47
@ 92.33 94.85 81.30 10321  105.81

the absence of modifier. This racemic hydro-
genation reaction has also been included into
our overall kinetic model [5].

3.4. Moddling different substrate—modifier
complexes with the involvement of the closed
form of cinchonidine

Variety of other a-keto esters, such as ethyl
pyruvate, methyl benzoylformate, dihydro-4,4-
dimethyl-2,3-furanedione (pantolactone) were
also used to calculate the shielded forms of
[a-keto ester—CD, .y ] cOmplexes leading to the
formation of (R) or (S) product, using the C1
and C2 conformations of the CD molecule. Fig.
10 shows the calculated [substrate—modifier]
complexes of ethyl pyruvate (Fig. 10a), methyl
benzoylformate (Fig. 10b) and dihydro-4,4-di-
methyl-2,3-furanedione (pantolactone) (Fig.

10c), leading to the formation of corresponding
(R)-lactate for the C2 form of CD. As emerges
from these calculations, the favourable ‘direc-
tionality’ is maintained in the above complexes,
even for dihydro-4,4-dimethyl-2,3-furanedione.
The above defined r, 9 and ¢ values of these
complexes (see Fig. 5b) for both the C1 and C2
conformers of the CD molecule are presented in
Table 1, which shows the proper directionality
for the interaction between the (N1) nitrogen
and the carbon atom of the corresponding keto
compound.

The steric shielding provided by the quino-
line ring can be seen for al substrates. Results
given in Table 1 aso indicate that the C2
conformation of CD provided better ‘direc-
tionality’ than the C1 conformation. As emerges
from Table 1, the calculated r values are fairly
long. This can bein relation with the point—point
nature of the intermolecular interactions for the
forcefield methods, which cannot take into con-
sideration accurately the lone pair orbital of the
quinuclidine nitrogen, the conjugated double
bond system of the substrate and the aromatic
nature of the quinaline ring.

The ‘shielding’ effect model can aso be
applied to model the substrate—modifier interac-
tions involved between CD and other types of
substrate. In this case, TFAP was used to
demongtrate the validity of our model. TFAP
was the first prochiral ketone, which could be
hydrogenated in the presence of CD with high
ee [28]. The [TFAP—CD, 4] complex is shown
in Fig. 10d for the C2 form of CD.

keto-carbonyl group

Fig. 11. The LUMOs of methyl pyruvate and trifluoroacetophenone.
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Fig. 11 shows the LUMO for methyl pyru-
vate and TFAP. Fig. 11 clearly indicates the
similarity between these two different sub-
strates. In both substrates, the reacting prochiral
keto carbonyl group forms a conjugated double
bond system either with the ester carbonyl or
the phenyl ring. Due to the above conjugation,
both molecules are planar. In both substrates,
the reacting prochiral keto group is activated by
a strong electron-withdrawing group, i.e., either
by an ester carbonyl or an CF;-moiety. This
activation can be responsible for the high activ-
ity of these ketones in the hydrogenation reac-
tion.

4. Conclusions

A new model is proposed to understand the
origin of ED in the hydrogenation of «-keto
esters in the presence of a chira modifier and
heterogeneous catalysts. The shielding effect
model was applied to explain both the RA and
ED for the enantioselective hydrogenation of
different a-keto esters. The model is based on
the steric shielding provided by alarge aromatic
ring and the increased reactivity of the keto
carbonyl. The latter was due to the nucleophilic
attack of the quinuclidine nitrogen and the pres-
ence of an electron-withdrawing group near the
keto group. The new model can explain the
substrate specificity. The applicability of the
model was shown for other types of substrate,
such as TFAP. Our results demonstrate that
molecular modelling with quantum chemical
molecular mechanics calculations is a powerful
tool to give qualitative explanations for the
‘host—guest’ type substrate—modifier interac-
tions taking place in the liquid phase. In the
next step, quantitative data should be presented
for the above interactions. These calculations
are in progress in our laboratories.
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