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Abstract

Hydrogen-bonding interactions betweenα-hydroxyketones (i.e., (R)- and (S)-1-hydroxy-1-phenyl-2-propanones and (R)- and (S)-2-hydroxy-
1-phenyl-1-propanones) and protonated cinchonidine in Open(3) conformation relevant to enantioselective hydrogenation over Pt w
computationally at the B3LYP/TZVP level. The density functional theory (DFT)-optimized structures were reoptimized on a flat Pt(111
with molecular mechanics using the condensed phase-optimized molecular potentials for atomistic simulation studies (COMPASS) f
Two possible interaction modes—the so-called bifurcated and cyclic hydrogen bonded complexes—were studied. In the former, both o
the reactant interact with the proton attached to the modifier’s quinuclidine nitrogen; in the latter, one modifier’s hydroxyl group also
with the substrate’s oxygen. Bifurcated complexes were found to be 3–8 kJ mol−1 more stable than the cyclic complexes by DFT calculatio
By the force field calculations, only three cyclic complexes relevant to the reaction were found to be stable on the Pt(111) surface
were less stable than the bifurcated complexes. Thus, the relevance of the cyclic complexes betweenα-hydroxyketones and cinchonidine
enantiodifferentiation can be considered negligible. Furthermore, no bifurcated but single hydrogen bonded complexes were found to b
the Pt(111) surface for 1-hydroxy-1-phenyl-2-propanones with an sp3-hybridized carbon next to the phenyl ring. DFT calculations indicated
complexes leading to (R)-stereoisomers were more thermodynamically stable than the complexes leading to (S)-stereoisomers. In general, orbit
analysis of the reacting C=O keto carbonyl orbitals indicated that formation of (R)-stereoisomers was kinetically preferred as well. Howe
DFT calculations of isolated complexes cannot qualitatively predict the enantiomeric excess, requiring that the steric restriction of thece
be taken into account. By combining the results of DFT and force field calculations, a reasonable explanation for experimentally observ
distribution was obtained.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Cinchona alkaloid-modified Pt catalysts (the Orito react
[1]) are well known and actively investigated examples
heterogeneous enantioselective hydrogenation of the carb
group. Researchers in catalysis, organic chemistry, surface
ence, and quantum chemistry are addressing different as
of this reaction, which gives up to 98% enantiomeric exc
(ee)[2], with the main research focus in this model reaction
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ing the mechanistic understanding of enantiodifferentiation
chirally modified Pt.

(R)-1-hydroxy-1-phenyl-2-propanone, the main hydroge
tion product of 1-phenylpropane-1,2-dione (A, Scheme 1), is
an important intermediate in pharmaceutical synthesis, pa
ularly in the production of ephedrine derivatives[3]. Chiral
α-hydroxyketones can be further hydrogenated to chiral 1,2
ols over cinchona-alkaloid modified Pt catalyst with up to 8
ee[4].

Hydrogenation of (R)- and (S)-1-hydroxy-1-phenyl-2-pro
panones ((R)-1 and (S)-1, respectively) and (R)- and (S)-
2-hydroxy-1-phenyl-1-propanones ((R)-2 and (S)-2, respec-
tively), which are hydrogenation products ofA, exhibits high

http://www.elsevier.com/locate/jcat
mailto:vniemine@abo.fi
http://dx.doi.org/10.1016/j.jcat.2005.10.011
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Scheme 1. Reaction scheme of 1-phenylpropane-1,2-dione (A) hydrogenation.
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diastereoselectivity and also enantioselectivity in the pres
of cinchona alkaloid modifier. Hydrogenation of(R)-1 and
(S)-1 (in Scheme 1), results in a high diastereoselectivity b
tween products (1R,2S)-1-phenyl-1,2-propanediol(1R,2S) ver-
sus (1R,2R)-1-phenyl-1,2-propanediol(1R,2R) and (1S,2S)-1-
phenyl-1,2-propanediol(1S,2S) versus (1S,2R)-1-phenyl-1,2-
propanediol(1S,2R), as well as enantioselectivity betwe
products(1R,2S) versus(1S,2R), up to 78%[4]. The complex-
ity of the reaction network allows simultaneous comparison
several reactions, thus forming a good basis for theoretical
siderations of kinetic and thermodynamic factors.

Despite several proposed mechanistic models[5], the source
of enantioselectivity is still ambiguous. It seems that
substrate–modifier interaction mechanism depends on th
action conditions and structural changes in substrate an
modifier, as well as the medium, such as acetic acid and tol
[6]. The experimentally observed structure-selectivity effect
the hydrogenation ofA using different modifiers indicate tha
several competing mechanistic pathways are present in a s
reaction system and that the rate and ee thus result from a
plex combination of various effects. The current mechan
models are by far too simple to account for all of the obser
structure–selectivity–activity effects in the enantioselective
drogenation over cinchona alkaloid-modified Pt. Apparentl
is dangerous to propose a general mechanism based on fe
lated observations, as pointed out by Exner et al.[7].

Contrary toA, the reactions ofα-hydroxyketones ((R)-1,
(S)-1, (R)-2 and(S)-2) to diols resemble reactions of ethyl pyr
vate[4]; the ee up to 78%(1S,2R) was obtained in acetic acid
whereas the reaction is much less enantioselective in tolu
Furthermore, the dependence of ee on the modifier stru
was similar to that of ethyl pyruvate hydrogenation, nam
the replacement of cinchonidine (CD) (seeFig. 1) and cincho-
e
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Fig. 1. Presentation of the modifier structure in Open(3) conformations

nine with C-9–OMe derivatives had only a slight effect on
ee of (1S,2R) and (1R,2S) diols, respectively[4]. This is in
contrast to the hydrogenation ofA, where the modifier’s hy
droxyl group at carbon C-9 is crucial for high ee[8]. Based
on these experimental observations, the following picture
enantioselective hydrogenation reaction over CD modified
catalyst was adopted mainly from well-studied ethyl pyruv
hydrogenation. The modifier, CD, is adsorbed strongly and
domly [9] via the quinoline moiety[10] on the Pt surface. Th
enantiodifferentiation is therefore due to one-to-one interac
between the adsorbed CD and substrate, which steers the
duction in excess of one enantiomer over the other. In this s
we consider a similar hydrogen bond model as propose
Baiker for ethyl pyruvate in which the modifier and the su
strate interact via a hydrogen bond[11]. The model postulate
that quinuclidine nitrogen of CD is protonated in acidic med
This is a well-accepted assumption because the proton af
(the molecule’s ability to bind a proton) of CD is high[12]. In
aprotic media CD can, at least in principle, get a proton fr
the Pt surface by a hydrogen transfer at the reaction condi
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similarly to the way in which pyridinium cations (C5H5NH+)
are formed during the coadsorption of pyridine and hydro
on Pt surface[13]. In the case of cinchonidine, such a possib
ity has recently been reported based on DFT calculations[14].
Only the Open(3) conformation of CD is considered. It h
been reported that cinchonidine’s conformation is solvent
pendent and that Open(3) is the most populated conformatio
CD. Furthermore, the population of Open(3) is even increa
(apparently with respect to Closed(1), Closed(2) and Ope
conformations) in acetic acid, that is, when CD is protona
[15,16]. Other conformations of CD as initial geometries (a
possibly relevant for enantiodifferentiation) are not conside
in this study.

In hydrogenation, hydrogen uptake from the Pt surface
low the substrate is assumed; that is, the addition of (di
ciated) hydrogen occurs from the surface. An inevitable c
sequence of this assumption is that no proton transfer e
between CD and the reactant. The role of proton affinity
the possible substrates and CD has recently been studied[17].
The possible reasons for the enantiodifferentiation and dias
odifferentiation can originate from thermodynamic or kine
factors. In thermodynamic control, the reactant–modifier
astereomeric complex leading to one stereoisomer is more
ble on the surface than that leading to the other stereoiso
Because of the different populations of the two diastereom
complexes that react with equal hydrogenation rates, the
stable diastereomeric complex provides an excess of the
responding stereoisomer. In the kinetic control, two diast
omeric complexes on the surface react with different hyd
genation rates, and, consequently, an excess of one stereoi
is produced. Obviously, the enantiodifferentiation and diast
odifferentiation can be a result of both thermodynamic and
netic factors.

Ab initio studies of the reactant–modifier interactions p
vide valuable information about enantiodifferentiation me
anisms on chirally modified Pt catalysts. A difference in
stabilization of the keto carbonyl (C=O) bonding and anti
bondingπ -molecular orbitals (i.e.,π andπ∗) of acetophenone
derivatives in two different one-to-one reactant–modifier co
plexes has been recently proposed as a possible reason f
obtained enantioselectivity[18]. Based on the frontier mole
cular orbital theory, the energy of the transition state can
extrapolated from the initial stage of the reaction to the a
vated complex. Activation (and, consequently, hydrogenat
would be correlated with stabilization of the keto carbonyl
bitals. This stabilization would result in lowering of the tra
sition state energy, hence decreasing the activation energ
eventually leading to an intrinsically higher hydrogenation ra
If there is a difference in the stabilization of the keto c
bonyl orbitals between the two complexes leading to differ
stereoisomers, then an enantiodifferentiation is observed
deed, a good correlation between experiments and a theor
approach similar to that described above has also been obt
for A [12].

This encouraged us to study whether such a correlation
plies for α-hydroxyketones(R)-1, (S)-1, (R)-2, and (S)-2 as
well. The reactant–modifier one-to-one complexes were s
n
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ied by reliable DFT, and conclusions were drawn based on
kinetic (i.e., stabilization of the keto carbonyl orbitals in t
substrate–modifier complex) and thermodynamic aspects.
effect of the Pt surface on the complexation geometries
taken into account by means of molecular mechanics. The D
optimized geometries were reoptimized on the Pt surface u
classical force field calculations. We show that the results
tained only from the DFT calculations of isolated comple
cannot always explain the observed enantiodifferentiation,
cause the steric constraints induced by the surface play a m
role in enantioselective hydrogenation. In addition, because
involvement of the modifier’s hydroxyl group in the enant
differentiation has been discussed in the literature[8,19–22],
we address a possibility of such an interaction on the Pt sur
in the case of chiralα-hydroxyketones.

2. Computational methods

2.1. Conformation analysis of the substrates

It has been discussed in the literature that conformatio
the substrate, especially that ofα-hydroxyketones, has impo
tant consequences for the interaction with the modifier[23].
Thus, we address this issue in detail. The structures of(R)-1
and(R)-2 are shown schematically in Fig. 7 in the support
information. Ignoring the bonds to the methyl and hydro
groups, there are two freely rotating bonds in both isom
namely C2–C3 and C3–C4. Rotation around these bonds can
described in terms of torsion angles,α = D(C1,C2,C3,C4) and
β = D(C2,C3,C4,O2), when dealing with the(R)-1. The corre-
sponding torsion angles in the (R)-2-hydroxy isomer are chose
to beα′ = D(C1,C2,C3,O1) andβ ′ = D(C2,C3,C4,C5).

To find the most stable structures of(R)-1 and (R)-2 (and
their enantiomers(S)-1 and (S)-2), a potential energy surfac
(PES) scan was performed as a function of two torsion ang
The torsion angleβ(β ′) was changed from 0◦ to 300◦ with a
60◦ step size, whereasα(α′) was changed from 0◦ to 150◦ with
a 30◦ step size. Because the latter torsion is equivalent to
change ofα(α′) from 180◦ to 330◦ (the C2–C3 bond coincides
with the twofold axis of symmetry (C2) of the phenyl group)
it was not necessary to consider full-circle rotation around
C2–C3 bond. In each conformation defined by the torsion
gles α and β (or α′ and β ′), they were kept fixed while th
rest of the molecular structure (i.e., other torsion angles as
as bond angles and bond lengths) was optimized with res
to total energy of the molecule. Optimizations were perform
with DFT as implemented in the GAUSSIAN98 program pa
age[24] using the B3LYP hybrid functional[25–27] and the
standard 6-31G(d) basis set.

2.2. Calculations of substrate–modifier complexes

Different substrate–modifier one-to-one complexes w
evaluated by optimizing the geometries by DFT with TURB
MOLE program package[28–31]. The B3LYP functional and
the triple-zeta valence plus polarization (TZVP) basis set f
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Fig. 2. Illustration of the two studied interaction models between subs
and the modifier cinchonidine, a bifurcated (left) and a cyclic (right) hyd
gen bonded complexes.

the TURBOMOLE library[32,33] were used for the DFT ca
culations. The modifier, cinchonidine, was assumed to h
an Open(3) conformation (seeFig. 1), in analogy with previ-
ous calculations forA [12,34] and methyl pyruvate[35]. The
quinuclidine nitrogen of the modifier is considered to be pro
nated and thus is able to form two different hydrogen-bond
complexes with the substrate: (a) Both reactant oxygens
a bifurcated hydrogen bond with the proton attached to q
uclidine nitrogen of cinchonidine (i.e., bifurcated hydrog
bonded complex) and (b) one reactant oxygen forms a hydr
bond with the proton attached to quinuclidine nitrogen wh
the other oxygen interacts with the hydroxyl group of the c
chonidine (i.e., cyclic hydrogen-bonded complex); seeFig. 2.
For brevity, only bifurcated and cyclic complexes are discus
when referring to interaction models (a) and (b), respectiv
Two different possibilities for the substrate’s orientation tow
the catalyst surface, on which modifier adsorption is assu
to occur via the aromatic quinoline moiety, are considered.
hydrogen is assumed to attack the C=O bond from the surface
and thus the formed enantio/diastereomer (R or S) depends on
which side points toward the surface. The complexes hypo
ically leading to (R)- and (S)-stereoisomers are called Pro-(R)
and Pro-(S), respectively.

As the keto carbonyl orbitals are analyzed, using the Ko
Sham orbitals (KS-orbitals) by DFT instead of molecular
bitals may be questionable. Therefore, bifurcated and cy
complexes for(S)-2 were also optimized with the Hartree–Fo
(HF) approximation using the TZVP basis set for comp
son. The complexes optimized at the HF/TZVP level are v
similar to those optimized at the B3LYP/TZVP level. In pra
tice, KS orbitals tend to be remarkably similar to canonical
molecular orbitals; they are useful in the qualitative analy
of chemical properties[36] as the method used in this study.
has been shown that results obtained using KS orbitals are
similar to those from the standard molecular orbital-linear co
bination of atomic orbitals method[37,38]. We also performed
calculations at the HF/6-31(d) level and, in contrast to optim
tions at the B3LYP/TZVP level, found no minima on the P
for all cyclic complexes. This indicates that cyclic complex
are not very stable and, furthermore, that the 6-31G(d) b
set is too small for this kind of calculation. It is noted that t
inclusion of the electron correlation effects by Møller–Ples
e
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second-order perturbation theory has only an insignificant in
ence (<1 kJ mol−1) on the relative stabilities of the complex
for methyl pyruvate and ketopantolactone with protonated
(CDH+) [34]. The complexation energies are calculated as
difference between the energy of the complex and the sum
energy of the reactant and CDH+. With the TZVP basis set, th
basis set superposition error (BSSE) is 4.0 kJ mol−1 for the bi-
furcated(R)-1 Pro-(R) complex.

2.3. Calculations of substrate–modifier complexes on Pt(1
surface

The catalyst surface certainly imposes some steric
straints on the complex formation. Thus, the effect of the m
surface has been studied with force field calculations. M
cular mechanics has been applied to the study of subst
modifier interactions[11,39–43], complex formation on Pt[44],
reaction mechanism on Pt[45], and modifier adsorption on P
by molecular dynamics[46]. The DFT-optimized geometrie
were placed on the Pt(111) surface and reoptimized using M
rials Studio software (Accelrys). A condensed phase-optim
molecular potentials for atomistic simulation studies (CO
PASS) force field[47], parameterized for systems including i
terfaces of organic and inorganic materials, was applied. A
bic spline truncation of the nonbond energy terms from th
full value to zero was carried out. The cubic spline method h
fixed spline width of 1 Å and a fixed nonbond list buffer of 0.5
with the cutoff distance (at which to exclude interaction fro
the nonbond list) of being 20 Å. The Pt(111) surface was re
sented by a three-layer slab, each layer containing 81 Pt at
Pt atomic positions were kept fixed during the optimization w
the Pt–Pt distance of 277.5 pm. Atomic charges were obta
using the Qeq charge equilibration method for all comple
as implemented in Materials Studio software[48,49]. Graphi-
cal displays were generated with the Materials Visualizer
minimize the possible errors due to the adsorption cause
the interactions between the surface and the complex, a si
adsorption, the so-called “atop-adsorption” for both arom
rings in the quinoline moiety, was chosen for the substra
modifier complexes. A force field cannot distinguish betw
the adsorption modes of quinoline on platinum. Test ca
lations indicated that the difference in energy for the wh
complex between adsorption modes of quinoline is typic
5 kJ mol−1. It should be noted that by DFT, atop-adsorpt
for benzene on Pt with high coverage is not probable[50].

At this point we would like to emphasize that the resu
of the force field calculations below should be considered
a qualitative sense only; to study whether the DFT-optimi
geometries can also exist on the flat catalyst surface. It is wi
known that force fields describe the weak dispersion forces
der Waals interactions) (see, e.g.[51] and references therein
which are important for the formation of hydrogen-bond
complexes in the present study. In this force field study,
adsorption of the CDH+ (and substrate) on the metal surfa
by force field calculations is described only by nonbonding
teractions between the quinoline moiety of CDH+ (aromatic
moiety for substrate) and the Pt surface. Experimentally it
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been shown that a flat adsorption mode on Pt via the qu
line moiety of CD predominantly prevails at low concentratio
(10−6 M) [52]. The DFT studies[53] indicate that cinchonidine
as well as acetophenone-like substrates are chemisorbed o
Pt surface, imposing some distortion on the molecular st
tures of the aromatic ring not taken into consideration here
particular, it should be noted that force field calculations do
take into account electronic effects of the Pt surface that m
it practical as a catalyst. Note that all of the discussion be
is related only to the Open(3) conformation of CDH+ on a flat
Pt(111) surface and that CDH+ is adsorbed parallel to the su
face via the quinoline moiety.

3. Results

3.1. Conformational analysis of the substrates

The PES of(R)-1 (Fig. 8 in supporting information) predict
that in the most stable conformer, the torsion anglesα andβ

are ca. 80◦ and 240◦, respectively. Another stable conform
tion is located at coordinates(α,β) ≈ (90◦,60◦) but its energy
is about 15 kJ mol−1 higher than the energy of the most s
ble conformer. Similarly, the PES of(R)-2 (Fig. 8 in supporting
information) reveals two clear energy minima, the global o
located at coordinates (α′, β ′) ≈ (10◦,70◦) and the other one
with ca. 10 kJ mol−1 higher energy at (α′, β ′) ≈ (0◦,160◦). The
exact structures of the conformers corresponding to the gl
minima (Fig. 9 in supporting information) were found by ful
optimizing the approximate starting structures at the B3LYP
31G(d) level of theory. In addition, the minimum energy str
tures of (S)-1 and (S)-2 are shown in Fig. 9 (supporting in
formation). These molecules are (nonsuperimposable) m
images of(R)-1 and (R)-2. Therefore, potential energy sca
of the (S)-enantiomers would reveal similar surfaces as th
shown in Fig. 8 (supporting information). In particular, the m
imum energy structures of the (S)-enantiomers are exact mirro
images of the minimum energy structures of the correspo
ing (R)-enantiomers with exactly the same total energies.
molecular structures of all species in Fig. 9 (supporting in
mation) were confirmed to represent true energy minima,
saddlepoints, by IR frequency calculations, because no im
nary frequencies were observed. It is notable that in the m
stable conformers of both 1- and 2-hydroxy isomers, the wh
O=C–C–OH system is planar with the O–H hydrogen at a
tance of ca. 195 pm from the carbonyl oxygen. This re
indicates that the conformers are stabilized by an intramo
ular hydrogen bond. Furthermore, the HO–C–C=O system of
all isolated substrates has adopted s-cis-like conformation con-
trary to the O=C–C=O system of the parent compoundA.

3.2. DFT calculations on isolated substrate–modifier
complexes

Two types of protonated modifier–substrate interac
complexes—namely bifurcated and cyclic complexes—w
optimized with two different orientations of the substrate
ward the surface, Pro-(R) and Pro-(S), indicating hypothet-
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Fig. 3. B3LYP/TZVP optimized geometries of the bifurcated complexes

ically the stereochemistry of the product as a result of
hydrogen uptake from the surface. The optimized geome
of the substrate–modifier complexes are shown inFigs. 3 and
4. The distances between the oxygen atoms of the subs
and the modifier’s proton attached to quinuclidine nitrogen
hydroxyl group hydrogen are given inTables 1 and 2, and the
analysis of the keto carbonyl orbital energies is given inTable 3.

3.2.1. Geometries
In the optimized complex geometries, the substrates’ tor

anglesα andβ are both close to those obtained for minimu
energy conformations of the isolated substrates. Howeve
every complex the substrate’s hydroxyl group hydrogen po
away from the C=O oxygen (Figs. 3 and 4). This is in con-
trast to the isolated molecules, in which an intramolecular
drogen bond is formed between OH hydrogen and C=O oxy-
gen.
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Fig. 4. B3LYP/TZVP optimized geometries of the cyclic complexes.

In the bifurcated complexes, the substrate’s carbonyl oxy
is always closer to the proton attached to quinuclidine N t
the substrate’s hydroxyl oxygen. Corresponding C=O· · ·H–N
distances vary between 183 and 199 pm, whereas the H· · ·
H–N distances vary between 219 and 245 pm; in general
shorter the C=O· · ·H–N distances, the longer the HO· · ·H–N
distances.

In the cyclic complexes, the substrates have two inte
tions, one between proton attached to quinuclidine nitro
and the other with the modifier’s hydroxyl group. The su
strates’s oxygen that forms a hydrogen bond to the modifi
hydroxyl group at the C-9 position is always hydroxyl (O
oxygen for Pro-(R) and keto carbonyl (C=O) oxygen for Pro-
(S). The O· · ·HO distance between modifier’s hydroxyl gro
and the substrate’s oxygen varies between 187 and 217
The distance is always<200 pm for the Pro-(R) complexes
and >200 pm for the Pro-(S) complexes (Table 2). For the
Pro-(R) complexes, the C=O· · ·H–N distances vary betwee
180 and 193 pm, and for Pro-(S) complexes, the correspon
ing HO· · ·H–N distances vary between 197 and 203 pm. I
noteworthy that the hydrogen bond distances in the ProS)
complexes are longer than the corresponding distances i
Pro-(R) complexes. It seems that in the Pro-(S) complexes, the
C=O oxygen interacts with both NH proton and OH hydrog
at the same time, lengthening the O· · ·HO distance.

3.2.2. Complexation energies
The complexation energies, given inTable 3, vary between

−68 and−79 kJ mol−1. Comparing the complexation ene
gies of one substrate reveals that for any substrate, the
stable bifurcated complex is 3–8 kJ mol−1 more stable than
the most stable cyclic complex. Furthermore, the bifurca
and cyclic Pro-(R) complexes are always more stable than
corresponding Pro-(S) complexes, by 2–4 and 1–5 kJ mol−1,
respectively. The bifurcated Pro-(R) complexes are thermody
namically preferable.

3.2.3. Stabilization of the C=O keto carbonyl orbitals
The results of an orbital analysis of each complex are

sented inTable 3. Only the differences of the stabilization
between different complexes are given. Note that the keto
(MM on
Table 1
Distances of the hydrogen bonds (in pm) between substrate oxygens and proton attached to quinuclidine nitrogen of cinchonidine in isolated bifurcated complexes
optimized by B3LYP/TZVP (DFT) and COMPASS force field (MM) and bifurcated complexes optimized on the Pt(111) surface by COMPASS force field
Pt). The names indicate the DFT optimized structures

Oxygen type Distance (in pm)

O1 O2 O1· · ·+HN O2· · ·+HN

DFT MM MM on Pt DFT MM MM on Pt

Bifurcated(R)-1 Pro-(R) OH C=O 244 207 442a 188 196 172
Bifurcated(R)-1 Pro-(S) OH C=O 232 187 415a 192 219 176
Bifurcated(S)-1 Pro-(R) OH C=O 219 181 379a 199 227 177
Bifurcated(S)-1 Pro-(S) OH C=O 236 185 425a 189 222 175
Bifurcated(R)-2 Pro-(R) C=O OH 184 182 185 245 228 290
Bifurcated(R)-2 Pro-(S) C=O OH 184 202 253 236 193 172
Bifurcated(S)-2 Pro-(R) C=O OH 189 213 185 229 185 287
Bifurcated(S)-2 Pro-(S) C=O OH 183 205 180 243 192 222

a Structure does not resemble a bifurcated complex.
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Table 2
Distances of the hydrogen bonds (in pm) between substrates’ oxygens and proton attached to quinuclidine nitrogen and C-9 hydroxyl group of cincine in
isolated cyclic complexes optimized by B3LYP/TZVP (DFT) and COMPASS force field (MM) and bifurcated complexes optimized on the Pt(111) su
COMPASS force field (MM on Pt). The names indicate the DFT optimized structures

Oxygen type Distance (in pm)

O1 O2 O1· · ·+HN O2· · ·+HN O· · ·HO–C-9 (O?)

DFT MM MM on Pt DFT MM MM on Pt DFT MM MM on Pt O?a

Cyclic (R)-1 Pro-(R) OH C=O 396 343 180b 193 182 381b,c 188 161 813b O1
Cyclic (R)-1 Pro-(S) OH C=O 202 175 182 235 266 244 210 180 186 O
Cyclic (S)-1 Pro-(R) OH C=O 393 335 263b 193 180 177b,c 187 161 170b O1
Cyclic (S)-1 Pro-(S) OH C=O 197 174 342b,d 245 279 179b,d 217 181 191b,d O2
Cyclic (R)-2 Pro-(R) C=O OH 181 177 197b,e 309 318 278b,e 192 163 503b,e O2
Cyclic (R)-2 Pro-(S) C=O OH 221 312 245 203 177 179 207 185 195 O
Cyclic (S)-2 Pro-(R) C=O OH 180 175 186d,e 296 313 298b,e 192 163 b,e O2
Cyclic (S)-2 Pro-(S) C=O OH 233 256 223 200 175 174 203 178 228 O

a This indicates to which oxygen the distance from OH proton is measured.
b Cyclic complex on Pt was not found on the potential energy surface.
c C=O oxygen pointing out from the surface; C=O cannot be hydrogenated in this position.
d Optimization not started from DFT-structure; C=O interacts with both N–H and OH protons.
e Structure resembles the bifurcated complex.

Table 3
Absolute (Ecomplexation) and relative (�Ecomplexation) complexation energies, relative stabilization of the keto carbonyl orbitals (�Eorbital) in different complexes

calculated at the B3LYP/TZVP level (in kJ mol−1). Also the relative energies of the complexes on the Pt(111) surface (�E on Pt) optimized by COMPASS forc
field (in kJ mol−1) are given. The names indicate the DFT optimized structures

Ecomplexation �Ecomplexation �Eorbital
a �E on Ptb

Bifurcated(R)-1 Pro-(R) −79 0 2 3c

Bifurcated(R)-1 Pro-(S) −75 4 22 0c

Cyclic (R)-1 Pro-(R) −73 6 1 37d

Cyclic (R)-1 Pro-(S) −68 10 0 38

Bifurcated(S)-1 Pro-(R) −77 0 19 0c

Bifurcated(S)-1 Pro-(S) −75 2 21 4c

Cyclic (S)-1 Pro-(R) −73 3 0 77d

Cyclic (S)-1 Pro-(S) −69 8 0 24d

Bifurcated(R)-2 Pro-(R) −79 0 36 40
Bifurcated(R)-2 Pro-(S) −77 2 39 0
Cyclic (R)-2 Pro-(R) −71 8 1 42d

Cyclic (R)-2 Pro-(S) −70 9 0 44

Bifurcated(S)-2 Pro-(R) −78 (−77)e 0 (0)e 38 (43)e 0
Bifurcated(S)-2 Pro-(S) −75 (−74)e 3 (3)e 47 (49)e 25
Cyclic (S)-2 Pro-(R) −73 (−66)e 5 (10)e 0 (0)e 5d

Cyclic (S)-2 Pro-(S) −70 (−66)e 8 (10)e 9 (11)e 70

a Relative energies of the keto carbonyl antibonding and bonding orbitals in different complexes. Positive numbers mean less stabilization due to thecomplexation.
b Relative energies of complexes on the Pt(111) surface optimized by COMPASS force field. The names indicate the DFT optimized structures.
c Does not resemble a bifurcated complex.
d Does not resemble a cyclic structure.
e Value in the parentheses is calculated at the HF/TZVP level.
n
e
nd
or
the
ar

o

c-

are
-
ding
abi-
es.
ion
bonyl orbitals mix with theπ system of the aromatic ring i
(R)-2 and (S)-2 and split into two bonding orbitals (in-phas
and out-of-phase) instead of one orbital. Two general tre
in orbital stabilization are observed: (1) The keto carbonyl
bitals are more stabilized in the cyclic complexes than in
bifurcated complexes and (2) the keto carbonyl orbitals
more stabilized by 2–20 kJ mol−1 in bifurcated Pro-(R) com-
plexes compared with bifurcated Pro-(S) complexes. In the
case of cyclic complexes, only the keto carbonyl orbitals
(S)-2 are more stabilized in the Pro-(R) than in Pro-(S), by
9 kJ mol−1. In other cyclic complexes, the difference in mole
s
-

e

f

ular orbital stabilization between Pro-(R) and Pro-(S) is negli-
gible.

3.2.4. Summary of the DFT calculations
The complex energies indicate that bifurcated complexes

preferred over cyclic complexes. The Pro-(R) complexes are al
ways thermodynamically more stable than the correspon
Pro-(S) complexes. The keto carbonyl orbitals are more st
lized in the cyclic complexes than in the bifurcated complex
In the bifurcated complexes, keto carbonyl orbital stabilizat
is stronger for Pro-(R) complexes by 2–20 kJ mol−1, but in the
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Fig. 5. Bifurcated complexes on the Pt(111) surface optimized with the C
PASS force fields. The names indicate the DFT optimized structures.

cyclic complexes, only in the case of(S)-2 is the difference in
stabilization pronounced (9 kJ mol−1) in favor of Pro-(R).

3.3. Force field calculations

All B3LYP/TZVP-optimized structures were reoptimized
molecular mechanics using the COMPASS force field on
Pt(111) surface. For comparison, isolated species of the D
optimized geometries also were reoptimized by the COMPA
force field. The force field-optimized structures on the Pt(1
surface are illustrated inFigs. 5 and 6, the relative energies ar
given inTable 3(more details can be found from Table 4 in t
supporting information), and the atomic distances are give
Tables 1 and 2.

3.3.1. Force field calculations of isolated complexes
The force field-optimized structures are close to those

tained by DFT. However, in bifurcated complexes, typically
C=O· · ·H distances are elongated and HO· · ·H distances are
shortened. As a result, in most cases the HO· · ·H distances are
shorter than the C=O· · ·H distances, in contrast to the DF
optimized geometries. In the cyclic complexes, the O· · ·HO–
-

e
T-
S
)

n

-

Fig. 6. Cyclic complexes on the Pt(111) surface optimized with the COMP
force fields. The names indicate the DFT optimized structures.

C-9 distances are always shortened, and other hydrogen
distances are changed as well.

3.3.2. Bifurcated hydrogen-bonded complexes on the Pt(1
surface

In the force field calculations, both substrate and mod
adsorb parallel to the Pt(111) surface (a “flat” adsorption via
quinoline/phenyl ring), with as short distance to the Pt atom
possible; the C· · ·Pt distance is typically just above 300 pm
In addition, the C=O carbonyl moiety typically adsorbs pa
allel to the surface. Two tendencies can be observed in
optimized geometries of the complexes. The 1-OH substr
that have sp3-hybridized carbon next to phenyl ring (i.e.,(R)-1
and (S)-1) cannot form a pure bifurcated complex on the
surface. The adsorption mode has more s-trans than s-cis char-
acter, and therefore the HO· · ·H–N distances are long, varyin
between 379 and 442 pm. However, the C=O· · ·H–N distances
are still short (<180 pm), indicating an existing hydrogen bon
On the other hand,(R)-2 and(S)-2, both having sp2-hybridized
carbon next to the phenyl ring, adsorb on the surface, fo
ing a bifurcated hydrogen bonding complex with the modifi
The C=O· · ·H–N distances are<200 pm and the HO· · ·H–N
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distances are>222 pm, with the exception of bifurcated(R)-2-
Pro-(S), in which the HO· · ·H–N distance is shorter (172 pm
than the C=O· · ·H–N distance (253 pm). The relative stab
ities of the bifurcated Pro-(R) and Pro-(S) complexes on the
surface are almost the same with(R)-1 and(S)-1, although the
optimized structures on the surface are not true bifurcated c
plexes. However, for(R)-2, the bifurcated Pro-(S) complex is
preferred by 40 kJ mol−1 over bifurcated Pro-(R), and for(S)-2,
the bifurcated Pro-(R) complex is preferred by 25 kJ mol−1

over bifurcated Pro-(S).

3.3.3. Cyclic complexes on Pt(111) surface
The only stable cyclic complexes on the Pt surface are(R)-

1-Pro-(S), (R)-2-Pro-(S), and(S)-2-Pro-(S), in which the car-
bonyl moiety of the substrate interacts with the hydroxyl gro
of the modifier. The corresponding cyclic Pro-(R) complexes
were not found on the Pt surface. They would require an
teraction between the hydroxyl oxygen of the substrate
the hydroxyl group of the modifier. For instance, the geom
tries of cyclic (R)-2- and (S)-2-Pro-(R) complexes optimized
on the Pt(111) surface are essentially the same as tho
the corresponding bifurcated complexes. In the cyclic ProS)
complexes, the hydrogen bond distances are close to thos
tained for isolated complexes by corresponding force field
culations. However, the stable cyclic Pro-(S) complexes were
38–70 kJ mol−1 less stable than the most stable bifurcated c
plexes. In the case of cyclic(S)-1-Pro-(S), the keto carbony
moiety interacts with both the proton attached to the quinu
dine nitrogen and the hydroxyl group, and the distance of
substrate’s hydroxyl oxygen and the modifier’s proton attac
to quinuclidine nitrogen is as long as 342 pm. Furthermore,
modifier has adopted a conformation other than Open(3), b
very close to conformation Open(5). In the case of the fo
field-optimized cyclic(R)-1-Pro-(R) complex on the Pt(111
surface, the carbonyl moiety of the substrate is perpendic
to the surface, and the geometry does not resemble a c
complex at all. Any cyclic complex formation leading to hydr
genation on the Pt surface is impossible for(R)-1 if the aromatic
ring of the substrate has a flat adsorption mode. A similar c
plex as is found for cyclic(S)-1-Pro-(S), in which the modifier
adopts a nearly Open(5) conformation and the substrate’s C=O
group interacts with the modifier’s quinuclidine nitrogen pro
and hydroxyl groups, was found for(R)-1 as well.

4. Discussion

Let us now consider what can be inferred from the molec
modeling results regarding the enantioselective hydrogena
of α-hydroxyketones.

4.1. Relevance of the cyclic complex to the enantioselectiv

The role of the hydroxyl group of cinchonidine in enant
selectivity has been discussed in the literature[8,19–23,54–56].
In the one-to-one substrate CDH+ modifier complexes studie
in this work, the hydroxyl group of CDH+ is involved in the hy-
drogen bond in the cyclic complexes. Based on the DFT res
-
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of

b-
l-
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-
e
d
e
g

e
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lic
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of isolated modifier–substrate structures, cyclic complexes
less stable than bifurcated complexes. The difference betw
the most stable cyclic complex and the most stable bifurc
complex for each substrate is 3–8 kJ mol−1, which can be con
sidered a notable difference. The force field calculations of
complexes on the Pt(111) surface indicate that only three c
complexes were stable on the surface. The cyclic compl
found on the surface were disfavored by 38–70 kJ mol−1 com-
pared with the corresponding most stable bifurcated comple
In particular, not all cyclic complexes that were optimized
DFT were found to be stable on the Pt(111) surface; no
ble cyclic complexes leading to (R)-enantiomer (i.e., those i
which the hydroxyl group of the substrate interacts with
hydroxyl group of the modifier) were found on the surfa
and hence these can be excluded as relevant species con
ing to the ee. Combining the results of the DFT calculati
of isolated complexes and the force field calculations on
Pt(111) surface reveals that the cyclic complexes are not
vant species contributing to the ee in the enantioselective
drogenation of the studied chiralα-hydroxyketones.

Although the cyclic complexes are less stable than the co
sponding bifurcated complexes, the keto carbonyl orbital st
lization is more pronounced in the cyclic complexes. In pr
ciple, this would lead to a higher hydrogenation rate of
substrates in cyclic complexes than in bifurcated comple
Furthermore, if cyclic complexes exist on the surface as r
vant species, they should lead only to (S)-enantiomers; henc
(1R,2R) would not be formed (seeScheme 1) via the cyclic
complexes, because cyclic Pro-(R) complexes are absent on t
surface. Formation of(1R,2R) has been observed experime
tally although to minor extent. This further indicates the min
relevance of the cyclic complexes in contributing to ee. T
finding is in accordance with the experimental results, beca
substitution of the hydroxyl group of the cinchonidine with t
methoxy group has no significant effect on the ee[4]. But even
if the cyclic complexes are not relevant for the enantiose
tive hydrogenation of the studiedα-hydroxyketones, it should
be noted that for(R)-1 and(S)-1, a complex was found in whic
the modifier adopts a nearly Open(5) conformation and
C=O group interacts with the quinuclidine nitrogen proton a
hydroxyl groups. This indicates that an interaction between
substrate and the modifier’s hydroxyl group is possible w
the modifier has an Open(5) conformation. For instance, in
enantioselective hydrogenation ofA, substitution of the mod
ifier’s hydroxyl group with the methoxy group has a drama
effect on the ee[8]. Thus, the modifier’s hydroxyl group ca
be essential to the ee for some other reactants. These ca
tions indicate that the substrate’s interaction with the modifi
hydroxyl group requires that the modifier adopt a different c
formation than Open(3), for instance, Open(5). The role of
Open(5) conformation in the enantiodifferentiation forA will
be the subject of a forthcoming publication.

4.2. Bifurcated Pro-(R) and Pro-(S) complexes

Because it seems that cyclic complexes do not play a m
role in the enantiodifferentiation ofα-hydroxyketones, let u
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see what can be rationalized from the analysis of the bifurc
complexes regarding enantioselectivity. First, we consider
bifurcated complexes of 2-hydroxyketones.Scheme 1details
the rather complicated but unavoidable nomenclature. Acc
ing to DFT calculations, the Pro-(R) complex of(S)-2 is ther-
modynamically favored over Pro-(S) by 3 kJ mol−1. This indi-
cates an excess in formation of(1R,2S) with respect to(1S,2S)
if the reaction is controlled by thermodynamics. Similarly,
kinetics (i.e., C=O orbital stabilization) favors formation o
(1R,2S) over (1S,2S) by 9 kJ mol−1. On the surface, the the
modynamics favors formation of(S)-2-Pro-(R) over(S)-2-Pro-
(S) by 25 kJ mol−1. Thus all factors indicate that from(S)-2,
(1R,2S) is formed in excess compared with(1S,2S) namely,
thermodynamic and kinetic factors of isolated species by
DFT and also stabilities of the complexes on the Pt(111)
face.

In the case of(R)-2, DFT calculations indicate that Pro-(R)
is thermodynamically favored over Pro-(S) by just 2 kJ mol−1,
indicating a slight excess in formation of(1R,2R) compared
with (1S,2R), if the reaction is controlled by thermodynam
ics. The C=O orbital stabilization favors formation of(1R,2R)
by just 3 kJ mol−1. However, the force field calculations o
the Pt(111) surface indicate that the bifurcated Pro-(R) com-
plex of (R)-2 is disfavored compared with bifurcated Pro-(S)
by 40 kJ mol−1. It seems that formation of the bifurcated(R)-
2-Pro-(R) hydrogen-bonded complex is somewhat restricted
the surface compared with(R)-2-Pro-(S), and in contrast to the
DFT calculations of isolated complexes, thermodynamics
vors the formation of(1S,2R) over (1R,2R). The difference in
the kinetic factor by DFT (i.e., C=O orbital stabilization be
tween Pro-(R) and Pro-(S)) is minor—only 3 kJ mol−1, within
the range of the error limit. Because the difference in stab
between Pro-(S) and Pro-(R) is pronounced on the surface (a
beit calculated just by molecular mechanics), thermodynam
is expected to rule for this compound on the surface. Sum
rizing, the calculations indicate an excess formation of(1R,2S)
to (1S,2S) from (S)-2 and of(1S,2R) to (1R,2R) from (R)-2.

Let us next consider the complexes of 1-hydroxyketon
In (S)-1, the bifurcated Pro-(R) complex is thermodynami
cally favored over Pro-(S) by both the DFT calculations (b
2 kJ mol−1) and the force field calculations on the Pt(111) s
face (by 4 kJ mol−1). Furthermore, the keto carbonyl orbital s
bilization is more pronounced in Pro-(R) by 2 kJ mol−1. Both
thermodynamics and kinetics slightly, but not evidently (ke
ing in mind the uncertainty in calculations), favor the Pro-(R)
complex of(S)-1. In agreement with the experimental finding
(1S,2R) instead of(1S,2S) can be expected to be the main pro
uct from (S)-1. Similarly, in (R)-1, the formation of(1R,2R) is
slightly preferred over(1R,2S) thermodynamically and kineti
cally by DFT. This is in disagreement with the experiments
the formation of(1R,2R) is diminished. On the other hand, th
Pro-(S) complex on the surface is favored by 3 kJ mol−1. Al-
though this is in agreement with the experimental findings,
difference in stability is not significant.

At this point it is good to recall that in the case ofA, regio-
selectivity is observed at position 1; that is, the hydrogena
rate of the carbonyl moiety next to the phenyl ring is hig
d
e

-

e
r-

n

-

s
-

.

-

s

e

n

than the hydrogenation rate of the other C=O group at position
2 [57]. This is probably due to the interaction between the C=O
at position 1 and the adjacent phenyl ring; similarly to(R)-2 and
(S)-2, the bonding orbital of C=O at position 1 mixes with the
orbitals of the phenyl ring and hence splits into two orbitals.
in the case ofA, it is expected that(R)-2 and(S)-2, with the keto
carbonyl group next to the phenyl ring, will be hydrogena
faster than(R)-1 and(S)-1, which have a hydroxyl group nex
to the phenyl ring. In this light, the complexes of(R)-2 and
(S)-2 are more relevant to the product distribution at low d
conversion levels than the corresponding complexes of(R)-1
and(S)-1. Furthermore, no bifurcated complexes were found
the Pt(111) surface for(R)-1 and (S)-1; only single hydrogen
bonded complexes (C=O· · ·HN) were found. How well these
complexes can be compared with bifurcated complexes of(R)-
2 and (S)-2 remains questionable; thus, in the hydrogena
of the chiralα-hydroxyketones,(1R,2S) and (1S,2R) are ex-
pected to be the main products produced from 2-OH subst
regardless of the products obtained from 1-OH compound
low diol conversion levels. In any case, all results indicate
the formation of(1S,2S) is greatly hindered, which is in goo
agreement with the experimental findings.

4.3. Reliability of the DFT calculations

In the foregoing discussion we obtained qualitatively r
sonable explanations for the observed enantioselectivity b
on the molecular modeling, which combined results from D
and force field calculations. However, results based only on
DFT calculations of isolated species are misleading; in the
of (R)-2, neglecting the surface in the calculations resulted
an incorrect expected enantiomer. In fact, the reliability of
bilities based on force field calculations on the Pt(111) sur
can also be questioned, because they do not accurately de
the interactions between the surface and adsorbents. The
sible error due to adsorption was minimized by using a sim
atop-adsorption site for the modifier. Thus, the difference
the stabilities in the force field calculations are due mostly
the restrictions given by the surface to the complexation geo
tries. In any case, the force field calculations in combina
with the DFT calculations give a reasonable explanation for
observed enantiodifferentiation ofα-hydroxyketones.

The foregoing results clearly demonstrate that one shou
very critical when studying the substrate–modifier interacti
without taking the effect of the catalyst surface into accou
For a complete understanding of the reasons for enantiod
entiation, the effects of the Pt surface must be considered i
ab initio calculations, because they can take into accoun
role of the Pt surface as a catalyst as well as impose steri
strictions. Otherwise, the results obtained by an inapprop
theoretical method might be misleading or erroneous witho
careful analysis.

Finally, we note some limitations of the theoretical mode
The force field calculations were made on a flat surface.
cause the diameter of catalytically active metal particle ca
around 2 nm, the surface may be nonflat or even half-sph
like. In that case the aforementioned steric limitations impo
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by the surface are different. Moreover, the effect of the solv
has been neglected in the calculations, although it is known
solvent has a strong influence on the observed enantiosele
ity for certain substrates[15,57]. It has been even suggested th
for some substrates, the solvent is involved in the substr
modifier interaction[58]. In this study only one conformatio
and adsorption mode of the modifier were studied. Even if
Open(3) conformation of CD is dominant in the liquid pha
[15], the situation is not necessarily the same on the catalys
face[59]; other conformations of the modifier as well as oth
adsorption modes on the surface should be considered. I
dition, only two different interaction models were consider
There is evidence of other possible interaction models in w
the modifier’s aromatic hydrogens interact with the substra
keto carbonyl group[60]. Finally, the force fields does not sa
isfactorily describe the metallic character of the catalyst. F
DFT calculations on this kind of complex on the metal surf
will be available in the near future, as indicated by recently
ported calculations[61]. For the time being, the results of th
force field calculations presented here give a good overvie
the geometrical constraints imposed by the catalyst surfac
substrate–modifier complex formation on metal.

5. Conclusions

Hydrogen-bonding interactions betweenα-hydroxyketones
and protonated cinchonidine in the Open(3) conformation w
respect to enantioselective hydrogenation over Pt were s
ied with DFT calculations. The effect of a flat Pt(111) surfa
on the complex formation was taken into account by mean
force fields. Two possible interaction modes were studied,
so-called bifurcated and cyclic hydrogen-bonded complexe
the former, both oxygens of the reactant interact with the p
ton attached to modifier’s quinuclidine nitrogen; in the lat
the modifier’s hydroxyl group also interacts with the substra
oxygen.

The results obtained indicate that the cyclic complexes
irrelevant in the enantioselective hydrogenation of the stu
α-hydroxyketones. By DFT calculations, the cyclic comple
were less stable than the corresponding bifurcated comp
by 3–8 kJ mol−1. Furthermore, only three stable cyclic com
plexes were found on the surface by the force field calc
tions, and these were much less stable than the correspo
most stable bifurcated complex. However, it is possible
the modifier adopts the Open(5) conformation on the surf
and hence the modifier’s hydroxyl group and proton attache
quinuclidine nitrogen can simultaneously interact with the s
strate.

The conclusions of the DFT calculations were based
the stabilities of the complexes and stabilization of the k
carbonyl orbitals due to the complexation. However, the D
calculations could not always predict qualitatively experim
tally observed enantiomeric excess, mainly because the e
of the Pt surface was neglected. The force field calculation
the complexes on the Pt(111) surface revealed that the fo
tion of bifurcated hydrogen-bonded complexes for 1-hydr
compounds was greatly restricted. Instead, formation of si
t
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hydrogen-bonded complexes between the substrate’s keto
bonyl moiety and modifier’s proton attached to quinuclid
nitrogen was observed. Furthermore, the stability difference
tween the Pro-(S) and Pro-(R) complexes could be inverse
while comparing the DFT calculations of isolated comple
and force field calculations of the complexes on the Pt(111)
face. Combining the results of the DFT and force field calcu
tions led to a reasonable explanation for the observed enan
ifferentiation, that is, excess formation of(1R,2S) and(1S,2R)
with respect to(1S,2S) and(1R,1R) (seeScheme 1).
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