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Abstract

NMR spectroscopy (standard 2D NMR spectroscopic methods and diffusion-ordered NMR spectroscopy) and theoretical calculations (ab initio
modeling at the density functional level and natural bond orbital analysis) were used to verify formation of supramolecular complexes between
the pairs O-methylcinchonine–ketopantolactone (KPL) and β-isocinchonine–KPL in deuterobenzene solution. The first direct evidence was found
on the interaction of the lone pair of the quinuclidine N atom and the prochiral keto-carbonyl group of the KPL. Strong nN → π∗ interactions
were observed between the nonbonding orbital of the quinuclidine N atom and the π∗ antibonding orbitals of the C=O bonds. The complex was
demonstrated experimentally to be stabilized not only by the H bonds between H5′ of the chiral modifier and the KPL, but also, depending on the
structure of the cinchona alkaloid, by those between H8 and H9 and the KPL. In aprotic solvents, this type of experimentally verified adduct may
be present on the Pt surface and participate in chiral induction in the Orito reaction.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis of optically active compounds is an impor-
tant field of organic chemical research [1–5]. Enantioselec-
tive heterogeneous catalytic hydrogenation exhibits a number
of advantages for the preparation of chiral compounds. Prob-
ably the best-characterized such reaction is the hydrogena-
tion of α-ketoesters—the Orito reaction [6,7] (Scheme 1)—in
which enantioselectivities exceeding 96–98% have been at-
tained [8–11]. The catalyst in the Orito reaction is Pt modified
by cinchona alkaloids.
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The main objectives of recent studies on the Orito reac-
tion have been to expand its field of utilization, to elucidate
the reaction mechanism, and to interpret chiral induction in
this context. The results published in this field have been re-
viewed regularly [12–17]. It is generally accepted that the
intermediate responsible for enantioselection is the 1:1 com-
plex of the cinchona alkaloid as chiral modifier and the sub-
strate [18,19]. No consensus has been reached, however, con-
cerning the structure of this intermediate. The main types possi-
bilities are presented schematically in Scheme 2. Besides com-
putational methods, experimental approaches have been applied
to verify the structures of the 1:1 intermediates of pyruvates
or ketopantolactone (KPL) and cinchonidine [31–33]. ESI-
MS/MS measurements [31] and in situ ATR-IR spectroscopy
[32,33] studies indicate H bonding between the protonated
quinuclidine moiety in an anti-open (open-3) conformation of
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Scheme 1. Orito reaction.
Scheme 2. Proposed intermediates in the Orito reaction: A [18,19], B [19,20],
C [21–23], D [24], E [25–27]], F [28–30] (X = activating group, Ql = quino-
linyl).

cinchonidine and the substrate. Under ultrahigh vacuum con-
ditions in the case of 1-(1-naphthyl)ethylamine and methyl
pyruvate, the presence of the 1:1 docking complex was re-
cently proven by means of RAIRS spectral [34,35] and STM
studies [36]. A complex of zwitterion type also has been pro-
posed [24] (Scheme 2, D), but the existence of such zwitterions
is a matter of dispute [37]. Efforts aimed at the experimen-
tal verification of the structure of the intermediate have been
reported [24,28,29,31–36]; however, these efforts—except for
ATR-IR measurements [32,33]—were performed under experi-
mental conditions vastly different from those of the Orito reac-
tion.

Our present goal was to investigate a minimal system in
which the active H of C9–OH in cinchonine (CN) is removed.
The model systems chosen were the pairs O-methylcinchonine
(MeOCN)–KPL and β-isocinchonine (β-ICN)–KPL in deuter-
obenzene (C6D6) solution (Scheme 3). In these systems, only
functional groups essential for the Pt surface-catalyzed hy-
drogenation and the enantiodifferentiation are present, without
other chemical features potentially leading to “noise.” Regard-
ing the substrate, a further advantage is the rigidity of the
lactone ring, which simplifies modeling. NMR spectroscopy
and molecular modeling were used to examine the proposed
substrate–modifier complex in solution and to determine its
structural features. In the hydrogenation of KPL, the formation
of excess (S)-PL was observed in the presence of cinchonine
in toluene, whereas over Pt β-ICN as chiral catalyst, the major
enantiomer was (R)-PL [30]. Thus, unexpected enantioselectiv-
ity inversion occurred, despite the fact that the configurations
of C8 and C9 (responsible for the enantioselection) were the
same.

NMR spectroscopy [37–44] and molecular modeling (to re-
fer only to papers published since 2003 [33,44–55]) have al-
ready yielded a large amount of information contributing to
a better knowledge of the mechanism of the Orito reaction.
The manuscript describe new NMR spectroscopic and compu-
tational study indicating a supramolecular complex in apolar
solution of type C ↔ D (Scheme 2), which might play roles in
the enantioselective hydrogenation of activated ketones.

2. Experimental

2.1. Materials

C6D6 (99.5 at% D) purchased from Acros was distilled from
LiAlH4 under an argon atmosphere before use to eliminate
traces of water. KPL (dihydro-4,4-dimethyl-2,3-furandione,
97%, Aldrich) was subjected to azeotropic distillation with
toluene to remove water. Before use, the crystals were dried
over KOH in vacuum at 363 K for 24 h. MeOCN was made by
a known procedure [56]. β-ICN preparation has been described
elsewhere [57]. MeOCN and β-ICN were dried over KOH in
vacuum at 363 K for 24 h.

Engelhard E4759 (E4759) 5% Pt/Al2O3 was pretreated in
a fixed-bed reactor by flushing with 30 mL min−1 He at 300–
673 K for 30 min and 30 mL min−1 H2 at 673 K for 100 min.
After cooling to room temperature in H2, the catalyst was
flushed with He for 30 min and was stored until use.

2.2. Hydrogenation

The hydrogenation procedure and analysis were performed
as described previously [30] under standard conditions: 12.5 mg
E4759, 2 mL toluene, [modifier] = 0.01 mM L−1, 295–298 K,
1 bar H2, 0.5 mM KPL, 800–900 rpm. For cinchonine, MeOCN
and β-ICN, the ee’s were 56% (S), 2% (S), and 48% (R), re-
spectively.

2.3. ESI-MS measurements

The ESI-MSD ion-trap (Agilent 1100 LC-MSD trap SL ion-
trap MS) was operated in positive ion mode as described ear-
lier [30]. Solvent: MeOH/0.1% AcOH; flow rate: 0.5 mL min−1;
concentration of sample: 0.1 µM L−1; injected volume 1.5 µL.

2.4. NMR experiments

Indicated amounts of KPL and MeOCN or β-ICN were
added to 500 µL C6D6. After solvation (2–3 min), the solu-
tion was transferred to a 5-mm NMR tube. NMR measurements
were performed on a Bruker Avance DRX 400 MHz spectrom-
eter with a multinuclear probe with a z-gradient coil in C6D6

solution at 303.1 K. For NOESY, 400 and 600 ms mixing
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Scheme 3. The Orito reaction of KPL (PL = pantolactone).
times were used; the number of scans was 64. The TOCSY
measurements were performed with homonuclear Hartman–
Hahn transfer with the MLEV17 sequence, with an 80 ms
mixing time; the number of scans was 32. For all the 2D spec-
tra, 2k time domain points and 512 increments were applied.
The processing was carried out using a cosine-bell window
function, single zero filling, and automatic baseline correc-
tion.

The pulsed-field gradient spin-echo (PFGSE) NMR mea-
surements were performed with the stimulated echo and lon-
gitudinal eddy current delay (LED) sequence [58]; 2 ms was
used for the dephasing/refocusing gradient pulse length (δ), and
100 ms for the diffusion delay (Δ). The gradient strength was
changed quadratically from 5 to 95% of the maximum value
(B-AFPA 10 A gradient amplifier) and the number of steps
was 16. Each measurement was run with 32 scans and 16k
time domain points. For the processing, an exponential window
function and single zero filling were applied. During the dif-
fusion measurements, the temperature fluctuation was <0.1 K.
Before the diffusion NMR scans, all the samples were equili-
brated for 30 min. For the data analysis, the fitted points were
truncated to 12, because the low concentration and the large
differences in the diffusion coefficients caused fluctuations of
the disappearing integrated intensities of TMS in the high-field
gradient region.

2.5. Molecular modeling

Molecular modeling was carried out on an HP xw6000
workstation and an SGI Altix 3000. The Chemical Com-
puting Group’s Molecular Operating Environment was used
for the force field calculations (MMFF94) [59] and input
generation. In ab initio quantum chemical calculations, the
molecular structure, stereochemistry, and geometry were ex-
clusively defined in terms of their z-matrix internal coordi-
nate system. The optimizations and the NMR shielding ten-
sor calculations were achieved with the Gaussian 03 pro-
gram [60]. The optimizations were performed in a cascade
manner: force field—HF/3-21G—B3LYP/6-31G*. The NMR
shifts were calculated by using the GIAO method [61] at
the HF/6-31G* level. All other parameters were set as de-
fault in Gaussian 03. The natural bond orbital (NBO) analy-
sis was performed with the NBO 5.0 code implemented in
Gaussian 03.
3. Results and discussion

3.1. NMR measurements

The 1H-NMR spectra of the mixture of the model cinchona
alkaloids (0.8 mmol L−1) and KPL (72 mmol L−1) revealed
line broadening for several characteristic proton signals of the
cinchonas, accompanied by marked chemical shift changes
(Fig. 1). The drifts of the chemical shifts were time-dependent,
reaching their final values in 1 h. Concomitantly, new sets of
KPL signals appeared besides the original KPL resonances as-
signed to the pure compound (CH2 at 3.35 ppm and 2 CH3 at
0.57 ppm). For the CH2 protons of KPL mixed with MeOCN,
a singlet was observed at 4.01 ppm, which underwent chem-
ical exchange (Fig. 1 and Fig. S1 in the supporting informa-
tion) with two pairs of scalarly coupled doublets at 4.90, 3.78
and 4.97, 3.78 (J = 10.1 Hz). The corresponding signals for
KPL mixed with β-ICN were detected at 4.05 (singlet), 4.77,
3.88 (doublets), and 4.81, 386 (doublets). All of the new KPL
signals appeared within 10 min after mixing at the concentra-
tions generally applied during the Orito reaction. Interestingly,
the new singlet KPL exhibited a slower increase, whereas the
doublets remained almost constant from the first measurement
point. To double-check the origin of the resonances in ques-
tion, concentration-dependent measurements were carried out
as well (Fig. 2). The results show that the signal intensities cor-
relate with the KPL concentration.

Chemical exchange cross-peaks could not be observed be-
tween the new KPL species and the residual pure compound,
but these CH2 resonances could be readily assigned using the
HMBC connectivity patterns and their NOE interactions to the
CH3 signals at around 1.56 ppm. The time dependence of the
integrated intensities of the new KPL peaks exhibited good cor-
relation with the extent of the chemical shift changes observed
for the cinchona modifiers (Figs. 1 and 2).

The final chemical shift changes in the equilibrated mix-
tures relative to the pure cinchona samples are given in Fig. 3.
For MeOCN, the highest downfield shift (1H-�δ = 1.02 ppm)
was detected for H9 and the highest upfield shift (1H-�δ =
−0.95 ppm) related to H7eq. β-ICN exhibited the highest
downfield shift (1H-�δ = 0.64 ppm) for H5′; the highest up-
field shift, for H6ax (1H-�δ = −0.41 ppm). The higher sub-
strate concentration had no significant effect on the chemical
shifts in the equilibrated samples, whereas the rate of the chem-
ical shift drift was dependent on the concentration. It should be
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Fig. 1. Time-dependent chemical shift drifts of certain MeOCN signals and the appearance of the new sets of KPL signals upon mixing MeOCN (0.8 mmol L−1)
and KPL (72 mmol L−1) in C6D6 (for abbreviations, see Scheme 3): (a) 0 (no KPL added), (b) 12, (c) 24, (d) 36, (e) 48, (f) 104, and (g) 144 min.

Fig. 2. Concentration-dependent chemical shift changes of certain MeOCN signals and the appearance of the new sets of KPL signals upon adding increasing
amount of KPL to MeOCN (5 mmol L−1) in C6D6 (for abbreviations, see Scheme 3): (a) 0, (b) 12, (c) 36, (d) 72, (e) 108, (f) 144, and (g) 216 mmol L−1.
noted that the integrated intensity ratio of the new KPL CH2

singlets and any of 1H intensity peaks of the cinchonas did
not exceed 1:1 even for highly elevated KPL concentrations.
The intensity ratio of the singlet and each of the split CH2 sig-
nals was estimated as 0.75:0.25. For the pure KPL and cinchona
samples, no changes in the spectral parameters were detected.
Interestingly, the modifier-substrate complex was still observ-
able after the sample was treated with 10 equivalent of acetic
acid relative to the modifier indicating that the nucleophilic
interaction can compete with an agent more acidic than H2 ad-
sorbed on the Pt surface [62].

These observations point to the presence of three new KPL
species in interaction with the cinchona modifiers in solution.
Mass spectrometry was done to rule out any cinchona-catalyzed
conversion of KPL. The mass spectra recorded on the equi-
librated samples by using the GC-MS and the ESI-MS tech-
niques furnished the molecular ions of the cinchona and KPL
only, with no other reaction product observed in the sample.
These results strongly suggest that the marked changes in the
NMR spectral parameters are due to contact interactions be-
tween the cinchonas and the KPL, and these supramolecular
complexes are stabilized by weaker nonbonding interactions.
From the multiplicity and the strong downfield shifts of the
KPL signals, we may conclude that the bound KPL species
giving rise to the CH2 singlet are in a quasi-symmetric envi-
ronment in which the benzene cannot exert its solvent shielding
directly. The two split-doublet pairs belonging to KPL moi-
eties are indicative of a magnetically asymmetric environment,
where the solvent shielding presumably still occurs on one side
of the KPL ring.

To test the association in the solution phase, diffusion-
ordered NMR spectroscopy was carried out on both the pure
compounds and the mixtures. A stimulated gradient echo and
LED were used for the diffusion NMR measurements [58].
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Fig. 3. Chemical shift changes for indicator protons observed in equilibrated samples (after 120 min) for MeOCN (a) and β-ICN (b) (for abbreviations, see
Scheme 3).
Fig. 4. PFGSE decay curves: (×) for TMS, (∗) for pure KPL at 3.35 ppm,
(�) for pure MeOCN at 9.00 ppm, (�) for the KPL–MeOCN mixture at
4.01 ppm, and (•) for the KPL–MeOCN mixture at 8.96 ppm; (�) for pure
β-ICN at 9.04 ppm, (�) for the KPL–β-ICN mixture at 4.05 ppm, and (◦) for
the KPL–β-ICN mixture at 8.97 ppm.

TMS was applied as an internal size reference. Because the
molecular volumes of TMS and KPL are comparable to that
of the solvent benzene molecule, the apparent hydrodynamic
radius (r) were estimated from the diffusion coefficient (D) us-
ing the Sutherland–Einstein equation, with the Stokes–Einstein
equation applied for the larger species (cinchonas and com-
plexes) [63,64]. The details of the calculation are given in the
supporting information. The PFGSE decay curves furnished
good-quality data for determining the diffusion coefficients and
estimating the apparent hydrodynamic radii (Fig. 4 and Ta-
ble 1).

The experimental radii for the pure cinchonas are in good
agreement with the theoretical values (5.43 Å for MeOCN and
Table 1
The apparent hydrodynamic radii estimated by diffusion NMR

Sample Peak
(ppm)

D

(×10−9 m2 s−1)
R2b Radius

(Å)

TMS 0.00 1.960 0.9998 3.96a

Pure KPL 3.35 1.696 0.9998 4.57
Pure MeOCN 9.00 0.989 0.9973 5.24
MeOCN + KPL 8.96 0.717 0.9975 7.22
MeOCN + KPL 4.01 0.733 0.9988 7.07
Pure β-ICN 9.04 1.007 0.9992 5.14
β-ICN + KPL 8.97 0.739 0.9990 7.00
β-ICN + KPL 4.05 0.723 0.9988 7.16

a Reference value taken from the estimation of the solute cavity radius by
using the keyword VOLUME in Gaussian 03.

b Regression coefficients of linear fits in Fig. 3.

5.50 Å for β-ICN), indicating that the method is sufficiently ro-
bust. The radius obtained for KPL is relatively overestimated
compared with the theoretical value for the isolated molecule,
suggesting effective solvation by the benzene. The measure-
ments clearly reveal that the radii measured in the mixtures both
at the characteristic H2′ cinchona signals (at around 9.96 ppm)
and at the CH2 singlets of the newly appeared KPL species
(4.01 ppm) are similar and significantly greater than those of
the pure samples. For the split CH2 doublets, the measure-
ments could be carried out accurately only on the β-ICN+KPL
sample; in the MeOCN + KPL sample, these signals overlap
with the olefinic protons. Nevertheless, the diffusion coeffi-
cients are practically identical to those obtained for the CH2

singlets. This is explained by the chemical exchange leading
to averaging, which is sufficiently fast on the NMR relaxation
time scale. These findings prove the presence of cinchona–KPL
supramolecular complexes in benzene solution. We emphasize
that the measured radius for the proposed substrate–modifier
adduct considerably exceeds the values calculated for the 1:1
cinchona:KPL complexes displayed in Fig. 5 (r = 5.99 Å for
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Fig. 5. 1H-NMR chemical shift changes projected onto the Connolly sur-
face of MeOCN in its most stable open-3 conformation (1H-�δ > 0.4, red;
1H-�δ < −0.4, blue).

MeOCN and 6.05 Å for β-ICN). The anomalously increased
size, the symmetric magnetic environment of the KPL CH2 sin-
glet, and the presence of the two additional asymmetric KPL
species give rise to the possibility of the formation of a quasi-
symmetric 2:1 adduct that is in chemical exchange with the
asymmetric 1:1 adducts.

Following proof of the solution-phase association between
the cinchonas and KPL, an attempt was made to determine
the spatial arrangement of the adducts. First, the NOESY spec-
tra were evaluated with respect to the possible conformational
changes induced in the cinchonas in by the presence of KPL.
The NOE interactions clearly showed that the pure modi-
fiers exist predominately in their open-3 conformation (Fig. 5).
The conformation exhibited only minor changes on mixing with
KPL, thereby suggesting that the complexation occurs in the
open-3 conformation of the cinchonas. For MeOCN, the cou-
pling 3J (H8, H9) decreased from 4 to <1 Hz, pointing to a
small dihedral shift along the C8–C9 bond from gauche toward
orthogonal. Unfortunately, intermolecular NOESY cross-peaks
could not be observed, which may be due to the specific geom-
etry of the adduct and/or to their destruction by the averaging
effect of the fast chemical exchange between the bound and
unbound forms of the cinchonas (see the line broadening and
signal coalescence in Fig. 1). Nevertheless, the information en-
coded in the chemical shift changes can be exploited to gain
a picture of the 3D structure. The 1H chemical shift differ-
ences between the MeOCN signals of the pure form and the
adduct were projected onto the Connolly surface of the open-3
conformation of the modifier. This representation points to the
molecular interface, which presumably plays a role in the bind-
ing of KPL. Our findings support the view that the quinuclidine
N atom, H9, and the C5′ region of the quinoline ring are respon-
sible for the cinchona–KPL interaction. Similar results were
obtained for β-ICN.

3.2. Theoretical calculations

Molecular modeling was carried out at the ab initio quan-
tum chemical level to interpret the experimental NMR spectral
parameter changes. The structural hypothesis must satisfy the
following requirements: (i) There must be two comparably sta-
ble asymmetric 1:1 adducts; (ii) the 1:1 complexes must be
reasonably readily converted to the symmetric 2:1 adducts to
facilitate the chemical exchange; and (iii) the experimental radii
and chemical shift changes must correlate with the values cal-
culated from the models. Extreme care was taken to remove
any residual water from the samples; accordingly, no residual
water signal was detected at 0.4 ppm. Therefore, it is unlikely
that protonated reactants can arise under the conditions applied,
which is a suggested prerequisite of cinchona–KPL complex
formation in models A, B, and F in Scheme 2. Moreover, the
symmetric 2:1 complex indicated by the experimental data can-
not be constructed by using the protonated H-bonding models.
The formation of stable intermediate D is not supported by the
13C chemical shifts observed, which is in line with the literature
results [37]. By following these principles, we constructed 1:1
and 2:1 adducts according to model C. The structures were op-
timized in a cascade manner: force field (MMFF94) [59]—HF/
3-21G—B3LYP/6-31G* [60]. The resulting 1:1 adducts are la-
beled by the enantioselection facilitated by the geometry: ProR
and ProS. For the 2:1 complexes, two possible conformations
were obtained, and, depending on the relative distances between
the quinuclidine N atoms and the C=O C atoms in KPL, these
structures were also labeled ProR and ProS. The lowest-energy
geometries are depicted in Fig. 6.

Comparing the theoretical radii of the 2:1 complexes (r =
6.90 Å for MeOCN, and r = 7.15 Å for β-ICN) with the exper-
imental values (Table 1) indicates very good agreement, pro-
viding supportive evidence for the prevailing 2:1 adducts in
solution. From the 3D structures obtained from the ab initio
optimization, theoretical NMR chemical shifts were calculated
for the isolated cinchona structures, and for the adducts via
the GIAO methodology [61] at the HF/6-31G* level, to en-
able a quantitative comparison with the observed parameters.
The resulting theoretical values were referenced to TMS, and
the chemical shift differences between the isolated cinchonas
and the complexes were compared (Table S1). The Pearson
correlation coefficients (Table 2) reveal an acceptable overall
agreement between the calculated and the experimental �δ1H
values, taking into account the limited accuracy of the ab initio
NMR chemical shift calculations in the absence of the solvent
shielding effect. Thus, the chemical shift difference patterns
support the proposed models shown in Fig. 6. As a negative
control, the lowest-energy geometries of the protonated 1:1
cinchona–KPL complexes were calculated according to model
A in Scheme 2 (geometries are given in Fig. S2). The proto-
nated complexes displayed no correlation with the experimental
data.

The complexes are stabilized by electrostatic attractions be-
tween the partially positive C=O carbons of KPL and the nega-
tive charge center on the lone pair of the N atom. An additional
energy gain is provided by the weak C=O–H–C H bonds [65],
where the donor atoms are H9 and H5′ for MeOCN, and H8 and
H5′ for β-ICN. These H atoms exhibited a high downfield shift
on NMR. All three O atoms of KPL can play a role as acceptor
pillars in these C=O–H–C H bonds, depending on the nature
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Fig. 6. Ab initio geometries (B3LYP/6-31G*) of the hypothesized substrate–modifier adducts MeOCN + KPL_1:1_ProS (a), MeOCN + KPL_1:1_ProR (b),
MeOCN + KPL_2:1_ProS (c), MeOCN + KPL_2:1_ProR (d), β-ICN + KPL_1:1_ProS (e), β-ICN + KPL_1:1_ProR (f), β-ICN + KPL_2:1_ProS (g), and
β-ICN + KPL_2:1_ProR (h).
Table 2
Pearson correlations between the ab initio calculated and the experimental
NMR shift changes of the cinchona moieties

1:1_ProR 1:1_ProS 2:1_ProR 2:1_ProS Protonated
complex

MeOCN + KPL 0.59 0.58 0.56 0.55 −0.06
β-ICN + KPL 0.29 0.41 0.39 0.52 −0.01

of the complex, and bifurcated H bonds also can be recognized
in the structures. Interestingly, the O in the lactone ring can
participate in stabilizing the H bonds with the aromatic H5′
(see 2:1 adducts). The nonbonding interactions result in over-
all stabilization energies in the range 6.5–7.3 kcal mol−1 at the
B3LYP/6-31G(d) level (12.0–12.9 kcal mol−1 at the HF/3-21G
level) for the 1:1 cinchona:KPL complexes. For the 2:1 adducts,
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Table 3
Ab initio energies for the studied complexes

Structure HF/3-21G
(a.u.)

B3LYP/6-31G(d)
(a.u.)

KPL −453.9078466 −459.1193877
MeOCN −949.7587031 −961.2626669
β-ICN −910.9669060 −921.9750399
MeOCN_1:1_ProS −1403.6856873 −1420.3924430
MeOCN_1:1_ProR −1403.6868884 −1420.3935596
MeOCN_2:1_ProS −2353.4611093 −2381.6639789
MeOCN_2:1_ProR −2353.4618087 −2381.6641038
β-ICN_1:1_ProS −1364.8952859 −1381.1061109
β-ICN_1:1_ProR −1364.8952434 −1381.1058865
β-ICN_2:1_ProS −2275.8768202 −2303.0890387
β-ICN_2:1_ProR −2275.8783605 −2303.0891904

Stabilization energies (kcal mol−1)

MeOCN_1:1_ProS −12.01 −6.52
MeOCN_1:1_ProR −12.76 −7.22
MeOCN_2:1_ProS −22.50 −12.08
MeOCN_2:1_ProR −22.94 −12.16
β-ICN_1:1_ProS −12.88 −7.33
β-ICN_1:1_ProR −12.86 −7.19
β-ICN_2:1_ProS −22.06 −12.28
β-ICN_2:1_ProR −23.03 −12.38

Fig. 7. Calculated N–C=Oketone distances at the B3LYP/6-31G(d) level.

the stabilization energies are in the range 12.1–12.4 kcal mol−1

at the B3LYP/6-31G(d) level (22.1–23.0 kcal mol−1 at the
HF/3-21G level). These values account for the association in
the solution phase. The C–H· · ·O H bonding is identified by
different experimental methods too [66,67].

The significant upfield shifts measured for H7eq of MeOCN
can be explained by the dihedral change along the C8–C9 bond,
which orients the quinuclidine face in question above the aro-
matic shielding cone of the quinoline rings. This is supported by
the aforementioned change in 3J (H8, H9). Such an intense up-
field shift was not observed for β-ICN, where the C8–C9 bond
is rigid. The ab initio energies for the ProR and ProS complexes
do not indicate significant differences (Table 3), in accordance
with their experimentally observed similar concentrations in so-
lution.

3.3. Electronic structure of the observed complexes and its
possible implications for the chiral induction in the Orito
reaction

Geometrical analysis of the ab initio structures reveals an
important feature: The distances between the C=O C atoms
and the quinuclidine N atom are well below the sum of their
van der Waals radii (3.72 Å) (Fig. 7). The unusually low dis-
tances raises the question of whether there is an electron orbital
overlap interaction in addition to the pure electrostatic attrac-
tion between the N and the C=O atoms. To find any electronic
interaction, the conjugation effect was tested for the experi-
mentally studied modifiers using NBO analysis. This method
projects the delocalized molecular orbitals onto the combina-
tion of localized Lewis-like bonding, antibonding, nonbonding
orbitals, and residual delocalization effects due to the overlaps
between the localized orbitals [68]. The results clearly indicate
reasonably strong n → π∗ interactions between the nonbonding
orbital of the quinuclidine N atom and the π∗ antibonding or-
bitals of C=O bonds of the keto and the ester functional groups
(Fig. 8). The stabilizing electron delocalization energies due to
orbital overlaps are good indicators of the strengths of the inter-
actions and are depicted for the n(N) → π∗(C=Oketone) orbital
Fig. 8. nN → π∗(C=Oketone) interactions in MeOCN + KPL_1:1_ProR (a) and MeOCN + KPL_1:1_ProS (b), revealed by the NBO calculations based on the
solution phase data.
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Fig. 9. Stabilizing nN → π∗(C=Oketone) (a) and nN → π∗(C=Oester) (b), delocalization energies obtained through a second-order perturbative analysis of the
Fock matrix in the NBO basis.

Fig. 10. The proposed structures of the adsorbed adducts for β-ICN_ProR (a), β-ICN_ProS (b), MeOCN_ProR (c), and MeOCN_ProS (d).
overlap (Fig. 9a) and for the n(N) → π∗(C=Oester) interaction
(Fig. 9b).

Because our ab initio models correspond to the structures
observed in the solution state in the absence of the Pt surface,
their relevance in the Orito reaction must not be overstressed;
for example, the specific positions of the C=O bonds are cer-
tainly affected by the metal surface. However, their stability,
suggested by the resistance of the complexes to 10 equiv. acetic
acid in solution, may allow the conclusion that the presence of
such complexes over the Pt surface cannot be totally ruled out.
Considering the accumulated experimental results in the liter-
ature [32–36,69,70], the N-protonated intermediate complexes
cannot be ruled out either. In our opinion, the two types of in-
termediate complexes might compete over the surface, and their
relative importance is determined by the specific conditions es-
pecially the acidity and polarity of the solvent. Experimental
results on the enantioselectivity inversion upon solvent change
support this approach [23].

To determine the specific geometry and electronic struc-
tures of the recently proposed nucleophilic complexes over the



T.A. Martinek et al. / Journal of Catalysis 246 (2007) 266–276 275
Pt surface [30,71,72], accurate modeling in the presence of a
Pt cluster is needed. However, preliminary models of the as-
sumed nucleophilic intermediate complexes clearly reveal that
the geometrical arrangement of the experimentally proven an-
chor points (quinuclidine N, and H5′) can position the substrate
so that it can advantageously bind to the Pt surface as well
(Fig. 10).

4. Conclusion

The most widely discussed and generally accepted models
[12–17] for the mechanism of enantioselective hydrogenation
of activated ketones are based on the formation of 1:1 com-
plexes between the cinchona modifiers and the prochiral keto-
carbonyl function of the substrate [18,19]. Consensus has been
reached in the literature that H-bonding interactions may play
important role in the structure of the intermediate complex
responsible for enantioselection [28,29,32–36,48]. Under the
conditions of electrophilic catalysis, the one-point or two-point
H-bonding models involving protonated quinuclidine nitrogen
have been proposed based on experimental evidences. It has
been proposed that the nitrogen could be protonated by the H2
adsorbed on the Pt-surface [69,70]. The exact mechanism of
activation of the C=O bond decreasing the activation energy
of hydrogenation, however, still remains elusive. Another open
question is the stabilization of the intermediate complex under
the conditions of nucleophilic catalysis (in an aprotic solvent
without residual water adsorbed on the surface).

When cinchona alkaloid derivatives (MeOCN and β-ICN)
and KPL were mixed in dry benzene solution, time-dependent
chemical shift changes for the cinchonas and new signals for
KPL bound to the modifier were detected. The spatial pat-
tern of the chemical shift differences and the conformations
of the modifiers determined by NOESY clearly demonstrated
that the substrate binding occurs at the quinuclidine N atom,
H9, and the quinoline H5′ region for MeOCN. The correspond-
ing hydrogens for β-ICN are H8 and H5′. Diffusion NMR
experiments corroborated the association hypothesis by reveal-
ing the co-diffusion of the cinchonas and KPL in a complex.
The experimentally estimated apparent hydrodynamic radii for
the adducts unequivocally showed that not only 1:1, but also
2:1 cinchona–KPL complexes must be taken into account.
The modifier–substrate complex proved to be stable against sig-
nificant excess of acetic acid, indicating that the nucleophilic
interaction can compete with an agent more acidic than H2 ad-
sorbed on the Pt surface [62].

Ab initio modeling based on the experimental data pre-
dicted that the substrate–modifier adducts are stabilized at three
points by (i) attraction between the partially positive C=O C
atom and the negatively charged quinuclidine N atom, (ii) weak
C=O· · ·HC H bonding to the H5′ region of the quinoline moi-
ety in various patterns, depending on the specific complex
geometry, and (iii) C=O· · ·HC H bonding to H9 (MeOCN) or
H8 (β-ICN).

The NBO analysis carried out on complexes of MeOCN
and β-ICN obtained by ab initio calculations unambiguously
revealed that electron delocalization occurs between the quin-
uclidine N atom lone pair and the antibonding π∗ orbitals of
the C=O groups. This stabilization effect can contribute to the
enantioselection step in the course of the Pt-catalyzed hydro-
genation. The immediate objects of the planned research work
in this field are the accurate modeling in the presence of Pt
cluster and the performance of similar investigations in protic
solvents, that is, under the circumstances of electrophilic catal-
ysis.
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preparation.
[63] S. Berger, S. Braun, 200 and More NMR Experiments. A Practical Course,

Wiley–VCH, Weinheim, 2004.
[64] S. Bhattacharyya, B. Bagchi, J. Chem. Phys. 106 (1997) 1757.
[65] L. Jiang, L. Lai, J. Biol. Chem. 277 (2002) 37732.
[66] G.R. Desiraju, T. Steiner, The Weak Hydrogen Bond, Oxford Univ. Press,

New York, 1999.
[67] B. Brutschy, Chem. Rev. 100 (2000) 3891.
[68] E.A. Reed, L.A. Curtiss, F. Weinhold, Chem. Rev. 88 (1988) 899.
[69] I.C. Lee, R.I. Masel, J. Phys. Chem. B 106 (2002) 368.
[70] A. Vargas, D. Ferri, A. Baiker, J. Catal. 236 (2005) 1.
[71] M. Bartók, M. Sutyinszki, I. Bucsi, K. Felföldi, Gy. Szöllősi, F. Bartha,
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