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Abstract—Literature data related to the possible dimer formation of cinchona alkaloids in the liquid phase are collected and analyzed.
These data are correlated with experimental results obtained in the heterogeneous catalytic enantioselective hydrogenation of ethyl pyru-
vate. In this reaction, the addition of achiral tertiary amines (ATAs) resulted in an increase in both the reaction rates and enantioselec-
tivity. The positive influence of ATAs was attributed to the suppression of dimer formation in aprotic solvents. The results of circular
dichroism spectroscopy and ab initio calculations provided further proof for dimer formation. Four possible cinchonidine dimer config-
urations were found with approximate 11–13 kcal/mol stabilization energies.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Cinchona alkaloids are widely used in various organic
reactions to induce enantio-differentiation.1,2 The crystallo-
graphic structure of cinchonidine has shown that inter-
molecular H bonds exist between the tertiary nitrogen
atom of the quinuclidine moiety of the molecule and the
OH group at C9 carbon.3 There are additional literature
data with respect to the intermolecular interactions
between cinchona alkaloid molecules in solution.4–10

In non-polar solvents, the N� � �HO bonds lead to the weak
association of alkaloid molecules forming dimers. Direct
evidence of dimer formation have been obtained by circu-
lar dichroism spectroscopy. Circular dichroism spectra of
cinchona alkaloids shows an exciton type Cotton effect at
230 nm band of free bases (0.4 mM) in CH2Cl2 or dioxane,
but not in MeOH. Cupreines with two OH groups show a
stronger effect.4
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Upon using osmometry to determine the average molecular
weight of quinine in toluene solution (0.016 M, 37 �C), the
presence of moieties larger than monomeric quinine has
been detected. However, at lower concentrations than
0.004 M, the quinine was almost completely monomeric.5

The appearance of a cinchona solute–solute interaction has
also been suggested based upon NMR investigations of
racemic and enantiomerically pure dihydroquinine.6 The
NMR spectra of optically active dihydroquinine and of
racemic dihydroquinine are significantly different when
taken at 0.35 M in deuterochloroform. By using CD3OD
solvent, the difference in spectra was strongly reduced.
The acetates of optically active and racemic dihydro-
quinine have also shown much smaller differences than
dihydroquinine itself.6 The auto-association product of
quinine in chloroform solution has been established by
investigating the temperature and concentration depen-
dence of the NMR spectral parameters by combination
of 2D NOESY and proton-selective relaxation rate mea-
surement.7 According to the latter results, quinine mainly
exists as a dimer and the mole fraction of dimer is about
40% at a higher concentration (0.6 M). The conformation
of the alkaloid is similar in the dimer and monomer. It
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Table 1. Influence of different tertiary amines on the reaction rate and
enantiomeric excess in the enantioselective hydrogenation of EtPy

No. ATAs k1 (min�1) k2 (min�1) eemax eeend

1 Nonea 0.0045 0.0068 — —
2 None 0.0236 0.0747 0.838 0.819
3 Quinuclidinea 0.0077 0.0109 — —
4 Quinuclidine 0.0482 0.0997 0.901 0.882
5 Dabco 0.0486 0.1267 0.909 0.905
6 MPD 0.0322 0.0989 0.895 0.872
7 TEA 0.0300 0.0905 0.849 0.843
8 Edcha 0.0220 0.0735 0.850 0.785
9 Edipa 0.0243 0.1280 0.824 0.796

10 3-Quinuclidinol 0.0468 0.0867 0.888 0.870
11 Nob 0.0409 0.1268 0.945 0.945
12 Quinuclidineb 0.0699 0.1518 0.946 0.946

[EtPy]0 = 1.0 M, [cinchonidine] = 1.2 · 10�5 M, ATA = 6 · 10�5 M,
T = 20 �C, pH2

= 50 bar, reaction time = 90 min, solvent = toluene, cata-
lyst: 0.125 g 5 wt % Pt on Al2O3 (Engelhard 4759), 500 rpm, coinjection of
ATA, EtPy: ethyl pyruvate, Dabco: 1,4-diazabicyclo-[2.2.2]octane, MPD:
1-methylpiperidine, TEA: triethylamine, Edcha: N-ethyldicyclohexyl-
amine, Edipa: N-ethyldiisopropylamine. k1, k2: first order rate constants
calculated from experimental points measured in the first 10 min and
between 25 and 60 min, respectively.
a In the absence of cinchonidine.
b Solvent = 1 M acetic acid in toluene.
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has been proven that the quinuclidine ring is located on the
quinoline ringside and the �CHOH moiety is on the other
one. Moreover, the quinoline plane almost bisects the angle
H–C9–OH. It is interesting to note that in these dimers, the
quinoline parts of the two molecules exhibit almost parallel
positions and no intermolecular N� � �HO interaction has
been described. In toluene solution, species with a multiple
weight of cinchonidine monomer have also been detected
by mass spectrometry.8

The association of cinchona alkaloids has also been inves-
tigated by Fourier transform infrared (FTIR) spectro-
scopy.9 In a solution of 0.01 M acetic acid in
dichloromethane, a weak broad band above 3150 cm�1

was detected, which can be attributed to the formation of
N� � �HO hydrogen bonds between two cinchonidine mole-
cules (self association). The aggregation phenomenon of
cinchonine in aqueous solutions was observed and ana-
lyzed via 2D FT-Raman spectroscopy. The aggregation is
effective in the range where cinchonine is singly protonated
at the quinuclidine nitrogen.10

Cinchonidine is one of the most active chiral modifiers in
the asymmetric hydrogenation of a-ketoesters.11,12 Even
at very low alkaloid concentration (1.2 · 10�5 M), high
enantiomeric excesses (80–85%) can be achieved.13 How-
ever, the effective amount of cinchonidine in enantioselec-
tive hydrogenation is only a small portion of the total
amount introduced into the system. The cinchonidine itself
undergoes hydrogenation forming dihydro-, tetrahydro-,
hexahydro-, and further hydrogenated derivatives.14–16 It
should be noted that 10,11-dihydro-cinchonidine is the
most active chiral modifier among the hydrogenation prod-
ucts, hexahydro and dodecahydro derivatives show much
less activity or they are practically inactive in asymmetric
induction17,18 carried out in toluene. The dependence of
the reaction rate and enantiomeric excess on the modifier
concentration has been investigated in great detail.13,19

In this enantioselective hydrogenation reaction, the
modifier–modifier interaction has also been considered to
interpret the non-linear phenomenon observed under
hydrogenation of ethyl pyruvate (EtPy) in the presence of
equimolar amounts of cinchonidine and quinidine.20

Upon using cinchonidine as a chiral modifier in the hydro-
genation of (E)-a-phenylcinnamic acids over Pd/TiO2 Nitta
has reported that achiral amine additives improve the
enantiomeric excess. The presence of the amine was
supposed to promote desorption of the product from the
modified sites of the catalyst.21,22 We have seen that in
the enantioselective hydrogenation of EtPy over cinchoni-
dine–Pt/Al2O3 catalyst system, achiral tertiary amines
(ATAs), such as Dabco (1,4-diazabicyclo-[2.2.2]octane),
triethylamine (TEA), and quinuclidine, increase both the
reaction rate and the enantiomeric excess.13,23 However,
this phenomenon, called as ‘ATA effect’, appears only at
low cinchonidine concentration and in non-polar solvents.
The ‘ATA effect’ observed in toluene was attributed to the
virtual concentration increase of the chiral modifier.23 In
the presence of ATAs, the equilibrium between the dimer
and monomer forms of cinchonidine is shifted toward
formation of the monomer. The ‘ATA effect’ was also
observed in the enantioselective hydrogenation of a,b-
diketones.24

Results described above provide a strong indication that
cinchona dimers probably may exist in solution. However,
to our knowledge there is no combined study related to the
formation and characterization of cinchonidine dimer and
its possible role in a catalytic reaction.

Herein, we report our attempts to obtain further informa-
tion on the ‘ATA effect’ in the heterogeneous catalytic
asymmetric hydrogenation of EtPy and to find a correla-
tion between the presence of cinchonidine dimers and the
increased enantioselectivity. For the accomplishment of
the above goal, catalytic measurements have been per-
formed and circular dichroism spectroscopy has been
applied. Furthermore, molecular mechanics and ab initio
calculations have also been used for the calculation and
modeling the possible conformations of cinchonidine
dimers.
2. Results and discussion

Kinetic data of the hydrogenation of EtPy over the cincho-
nidine–Pt/Al2O3 catalyst system in the absence and in the
presence of different ATAs are summarized in Table 1
and Figure 1. As can be seen form these results (see runs
1 and 3 in Table 1), the addition of quinuclidine to the reac-
tion mixture slightly increases the rate of racemic reaction.
Based on the literature data, a nucleophile catalytic effect
of tertiary amines can be suggested,25 however, partial re-
moval of poisoning oligomers from the platinum surface26

could also be an alternative explanation, as it is known that
pyruvate esters can form various oligomers and polymers
on the Pt surface.27
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Figure 1. Hydrogenation of ethyl pyruvate (EtPy) in the presence of active ATAs. [EtPy]0 = 1.0 M, T = 20 �C, pH2
= 50 bar, solvent = toluene,

catalyst = 0.125 g 5 wt % Pt on Al2O3 (Engelhard 4759), 500 rpm, coinjection technique. [cinchonidine] = 1.2 · 10�5 M, [ATA] = 6 · 10�5 M. ·—no
cinchonidine, no ATA; r—no ATA; n—1-methylpiperidine (MPD); s—quinuclidine; h—Dabco.
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Data in Table 1 show that ATAs can be divided into two
groups: effective and non-effective achiral tertiary amines.
In the experiments carried out in toluene as a solvent
with 1.2 · 10�5 M cinchonidine as a chiral modifier a five-
fold amount of quinuclidine, Dabco or 1-methylpiperidine
(MPD), increased the enantioselectivity by 5–10%. In this
range of enantioselectivity, this increase is considered to
be a substantial one. It is interesting to note that the addi-
tion of these ATAs resulted in a significant increase in the
reaction rates (see Table 1 and Fig. 1a). 3-Quinuclidinol
behaved similarly to other ATAs, while TEA resulted in
lower activity and ee values. However, the addition of N-
ethyldicyclohexylamine (Edcha) and N-ethyldiisopropyl-
amine (Edipa) caused a slight decrease in the ee values.
The results unambiguously indicate that effective ATAs
have a more or less rigid structure, while non-effective
ATAs have large alkyl substituents rotating freely and
bonded to the tertiary nitrogen. These facts suggest the
importance of steric factors in the ‘ATA effect’.

It should be mentioned that the ATA effect appears also in
methylcyclohexane solvents (results are not shown). Five-
fold amounts of quinuclidine resulted in a 16% increase
of ee and the k1 and k2 rate constants were increased 3.5
and 1.7 times, respectively.

In acetic media, quinuclidine has resulted in an increase in
reaction rate but has no influence on the ee value. The rea-
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Figure 2. Effect of quinuclidine on the hydrogenation of ethyl pyruvate (E
T = 20 �C, pH2

= 50 bar, catalyst = 0.125 g 5 wt % Pt on Al2O3 (Engelhard 475
quinuclidine.
son for this observation is the high ee value (ee = 95%) in
both experiments (see runs 11 and 12 in Table 1). These
observations show again that the ATA effect is strongly
solvent dependent, but nucleophile catalysis can be respon-
sible for the observed rate increase. Figure 2 indicates that
no noticeable rate and enantiomeric excess increase can be
observed upon using ethanol as a solvent. It is in good cor-
relation with the fact that the formation of cinchonidine
dimers in ethanol has never been evidenced.

In the following series of experiments the behavior of two
chiral modifiers, cinchonidine and 9-methoxy-cinchonidine
(MeO-cinchonidine) (see Scheme 1) was compared. In the
absence of ATA, MeO-cinchonidine resulted in a higher
enantiomeric excess than cinchonidine (see Fig. 3a). Upon
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tPy) in ethanol solvent. [EtPy]0 = 1.0 M, [cinchonidine] = 1.2 · 10�5 M,
9), 500 rpm, copremixing technique. r—no quinuclidine; h—6 · 10�5 M
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Figure 3. Effect of Dabco in the presence of different chiral modifiers. [Etpy]0 = 1.0 M, T = 20 �C, pH2
= 10 bar, solvent = toluene, catalyst: 0.02 g 5 wt %

Pt on Al2O3 (Engelhard 4759), Vreaction = 10 cm3, copremixing technique. (a) 1.2 · 10�5 M cinchonidine; (b) 1.2 · 10�5 M 9-methoxy-cinchonidine. h,
j—no Dabco, two parallel experiments; ·—6 · 10�5 M Dabco; n, m—no Dabco, two parallel experiments; s—6 · 10�5 M Dabco.
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Figure 4. Circular dichroism spectra of chiral modifiers: (a) cinchonidine; (b) 9-methoxy-cinchonidine. Solid line—in dichloromethane; dashed line—in
ethanol.
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using cinchonidine, a significant increase in ee values was
observed in the presence of Dabco (see Fig. 3a). However,
upon using MeO-cinchonidine, no changes in ee values
were observed in the presence of Dabco (see Fig. 3b). This
is in good agreement again, with the fact that MeO-cincho-
nidine is not able to form a cinchonidine dimer via H bond
formation. All these results strongly indicate that upon the
addition of effective ATAs to cinchonidine, the increase in
both the reaction rates and the enantioselectivity can be
related to the virtual concentration increase of the
monomeric form of cinchonidine. This form is considered
as the active form of the modifier in this enantioselective
hydrogenation reaction. This interpretation fairly explains
the excellent performance of MeO-cinchonidine as ob-
served by different authors.18,28 However, no reasonable
explanation has been given so far for the observed out-
standing performance of MeO-cinchonidine.

To confirm the above explanation, circular dichroism mea-
surements were carried out. Upon using time mode detec-
tion at 237.6 nm, the influence of achiral amines such as
quinuclidine, Dabco, and TEA, on the supposed dimer sign
were studied. From the oppositely signed exciton Cotton
effects originating from the cinchonidine dimers the posi-
tive one is centered at 236.4 nm, while the negative wing
is masked by another non-excitonic intense negative signal
extending below 230 nm (Fig. 4a).4 It should be noted that
toluene cannot be used as a solvent because of its high
absorbance values in that region. As can be seen from
the data given in Table 2, in the case of aprotic solvent
(CH2Cl2) the higher the concentration of ATA, the lower
the indication of the dimer. However, as shown in Figure
4a, no exciton circular dichroism sign of cinchonidine di-
mers appeared in the ethanol. Upon using MeO-cinchoni-
dine, the positive exciton sign did not appear either in the
dichloromethane (Fig. 4b) or in the methylcyclohexane
solutions. These observations have allowed us to conclude
that the dimer forms of cinchonidine containing an
N� � �HO interaction should exist under the conditions of
asymmetric hydrogenation of EtPy. The shift of the equi-
librium of the dimer from to the monomer one plays an
important role in both the rate increase and the improved
enantioselectivity. Consequently, the ATA effect can be re-
lated to the suppression of the dimer formation in aprotic
solvents.
3. Computation modeling of the cinchonidine dimers

To computationally study the structure of dimers, we con-
sidered the open form of cinchonidine, for the reason that
this form is the most stable in the liquid phase.29 However,



Table 2. Effect of ATA on the circular dichroism data of cinchonidine

No. ATA added Concentration of ATA (·10�3 M) ATA–cinchonidine molar ratio Solvent De (M�1 cm�1)

1 None — — Ethanol —
2 None — — CH2Cl2 0.94
3 Quinuclidine 0.4 1 CH2Cl2 0.91
4 Quinuclidine 0.8 2 CH2Cl2 0.74
5 Quinuclidine 2.0 5 CH2Cl2 0.70
6 Quinuclidine 4.0 10 CH2Cl2 0.61
7 Quinuclidine 8.0 20 CH2Cl2 0.49
8 Dabco 2 5 CH2Cl2 0.92
9 Dabco 4 10 CH2Cl2 0.69

10 Dabco 8 20 CH2Cl2 0.39
11 TEA 2 5 CH2Cl2 0.94
12 TEA 4 10 CH2Cl2 0.90
13 TEA 8 20 CH2Cl2 0.79

[cinchonidine] = 4 · 10�4 M, T = 25 �C, cell length: 0.2 cm, time mode detection, wavelength: 237.6 nm, Dabco: 1,4-diazabicyclo-[2.2.2]octane, TEA:
triethylamine.
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we could obtain similar results with the other conformers.30

In Section 5.3, a procedure (cf. Fig. 5) is described, showing
how the stable dimers were searched for.

The characteristic feature of these stable cinchonidine di-
mer configurations obtained is that the main van der Waals
(vdW) bonds formed between the two cinchonidine mole-
cules are between certain partially positive hydrogens of
one cinchonidine (mainly on the OH group, but quinoline
hydrogen atoms too) and the electron pair on the hybrid
p-orbital of the N atom of the other cinchonidine. The N
Figure 5. Coordinate system defined and described in the text to generate
internal orientations for finding stable cinchonidine dimmers.
atom can either be a quinoline- or quinuclidine N atom
as well. Furthermore, all these stable cinchonidine dimers
are bidentate, that is, two of these types of vdW bonds
can be found in each of them. Figure 6 shows the four sta-
ble cinchonidine dimers we found, while Table 3 summa-
rizes their energetic- and some bonding properties. The
‘lower’ cinchonidine of the four dimers exhibited in Figure
6 is about the same orientation toward the viewer. Also,
this lower cinchonidine has about the same conformation,
although not exactly the same, since the other, ‘upper’
cinchonidine, places a different influence on it by its differ-
ent sides or faces. The lower cinchonidine is positioned as
the quinuclidine part ‘hangs’ downward from the C9 atom,
the quinoline ring is about horizontal, and the OH part is
pointing upward. The cinchonidine dimers in Figure 6A
are connected to each other via the two quasi-parallel quin-
oline rings, and between these, two quinoline N� � �HO vdW
bonds are formed. In Section 1, experimental evidence was
mentioned, which indicates a parallel quinoline ring
arrangement in the dimer of quinine,7 in accordance with
the modeling in this section. In Figure 6B–D the three sta-
ble cinchonidine dimers can be originated as follows. An
axis can be defined by the OH of the lower cinchonidine
(pointing upward) and the quinuclidine N atom of the
upper cinchonidine. It can be imagined as a rotation axis,
such the upper cinchonidine molecule rotates around it
with respect to the standing lower cinchonidine. If this
upper cinchonidine rotates around this axis, three energy
minima (the three cinchonidine dimers labeled as B, C, D
in Fig. 6) are formed as the lower cinchonidine and the
upper cinchonidine connect via the two main vdW bonds
as indicated in Table 3. In Figure 6B, the OH of the upper
cinchonidine is away, and does not take part in the vdW
bond, and its quinoline hydrogens (two) interact with the
lower cinchonidine quinuclidine N atom. In Figure 6C,
the OH moiety of upper cinchonidine interacts with the
lower cinchonidine quinuclidine N atom. Figure 6A and
C are comparable in this manner as two quinoline parts
are involved in the first, while two quinuclidine parts are in-
volved in the latter (i.e., the same kind of ring systems
interact in the two main vdW bonds). In Figure 6D, an-
other energetic minimum forms as the upper cinchonidine



Figure 6. The four stable cinchonidine dimers found. Some of their important properties are summarized in Table 3. Intermolecular vdW bonds between
the corresponding atoms are drawn with thin lines.

Table 3. The energetic and bond properties of cinchonidine dimers exhibited in Figure 6

Cinchonidine
dimers in
Figure 6

Molecular mechanics
stabilization energy
(kcal/mol)

Ab initio, B3LYP/6-31G*

stabilization energy
(kcal/mol)

1st main vdW bond 2nd main vdW bond Note: relative position
of the two quinoline
rings

A �16.3 (0.0) �12.0 (0.0) Quinoline N� � �HO Quinoline N� � �HO Quasi parallel
B �11.9 (4.4) �12.8 (�0.8) Quinuclidine N� � �HO Quinoline H� � �quinuclidine N Quasi-perpendicular
C �13.2 (3.1) �12.7 (�0.7) Quinuclidine N� � �HO Quinuclidine N� � �HO Quasi-coplanar
D �12.1 (4.2) �10.9 (+1.1) Quinuclidine N� � �HO Quinoline N� � �HO About 45� angle

The stabilization energy is defined as the 0 K enthalpy of formation of the reaction 2 · cinchonidine!(cinchonidine)2 dimer; the relative energy of the
dimer is listed in parentheses with respect to dimer type A.
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rotates further, wherein the OH moiety of upper cinchoni-
dine interacts with the lower cinchonidine quinoline N
atom.

Among the dimer types displayed in Figure 6, the ‘B’ and
‘C’ forms might provide major contributions to the pattern
of the exciton Cotton effects measured in the dichlorometh-
ane solution of cinchonidine (Fig. 4a). According to the
prediction of the exciton chirality rule, a long-wavelength
positive and a short-wavelength negative Cotton bands ap-
pear when the electronic transition dipole moments of the
interacting chromophores form a positive (clockwise) over-
lay angle and vice versa. The 1Bb transition moment of the
quinoline moiety is polarized along the long axis of the aro-
matic ring system and the overlay angles are positive both
in the ‘B’ and ‘C’ dimers (�+120� and �+80�) but they
give negative values in the ‘A’ and ‘D’ dimers (��20�
and ��140�).

Interestingly, the four dimers have about the same deep en-
ergy minimum on molecular mechanics or B3LYP/6-31G*

ab initio level, that is, about 11–13 kcal/mol. This stabiliza-
tion energy comes from two similar types of vdW bonds,
constituted of a partially positive H atom and a filled
hybrid p orbital (electron lobe) of an N atom, almost irre-
spectively of the other closer or further parts of the cincho-
nidine dimers. In more detail, the dimer in Figure 6A
possesses two sp2 N atoms (in quinoline rings) involved
in the two intermolecular bonds with H atoms, while the
dimers in Figure 6B and C each possess two sp3 N atoms



Figure 7. An energetically less stable cinchonidine dimer (see text).
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(in quinuclidine rings) in the two intermolecular bonds with
H atoms. The former complex (Fig. 6A) is weaker than the
latter one (Fig. 6B and C); however, in the former case the
two (almost parallel) quinoline rings also interact (i.e., they
stabilize the dimer). The net stabilization of the energies are
very close to each other in Figure 6A–C.

In addition, the analysis of Figure 6D reveals that the two
intermolecular bonds are located between an H atom, an
sp2 N (in quinoline ring) and another H and sp3 N (in
quinuclidine ring). Consequently, this interaction pair is
between the two cases described above. However in this di-
mer, the two quinoline rings do not interact as strongly as
in the dimer shown in Figure 6A, but more strongly than in
the dimers shown in Figure 6B or C.

Therefore, the net stabilization energy of the dimer shown
in Figure 6D is not surprisingly similar to the other dimers
depicted in Figure 6. It should be noted, that some less sta-
ble cinchonidine dimers may also exist, such as the one
shown in Figure 7. There, the positively charged quinucli-
dine H atoms interacts with the negatively charged quino-
line p system of another cinchonidine molecule. The
stabilization energy of the dimer exhibited in Figure 7 is
only about �3 kcal/mol, that is, much weaker than the four
displayed in Figure 6.
4. Conclusion

Experimental evidences have been reported, supporting the
suggestions made earlier that cinchonidine can exist in its
dimer form in the liquid phase in enantioselective hydro-
genation experiments. The so-called ‘ATA effect’ is attrib-
uted to breaking the cinchonidine dimers in liquid phase
resulting in a virtual increase of cinchonidine concentra-
tion. As a consequence, the ee and the rate also increase.
Upon using circular dichroism spectroscopy further
evidences were obtained for the suppression of dimer for-
mation in the presence of ATAs in aprotic solvents. Upon
using ethanol as a solvent or MeO-cinchonidine as chiral
modifier the Cotton effect characteristic for the formation
of dimer was not observed. The cinchonidine dimers were
modeled computationally resulting in four dimers, which
were described energetically as well as with some impor-
tant bond characteristics. We have found that two vdW
bonds are formed in each types of dimer, mainly between
the OH of one and the electron lobe of N atom on the
other cinchonidine.
5. Experimental

5.1. Hydrogenation of ethyl pyruvate

The catalytic runs were carried out as described earlier,13,31

using a commercial 5% Pt/Al2O3 (E4759) catalyst and
solvents (toluene, methylcyclohexane, and ethanol) from
Reanal. The cinchonidine chiral modifier and ATAs
(quinuclidine, 3-quinuclidinol, Dabco, MPD, TEA, Edcha,
Edipa) were purchased from Fluka. MeO-cinchonidine was
prepared according to the literature.32 The EtPy (Fluka)
was freshly distilled before each catalytic experiment.
Hydrogenation of the substrate was carried out in an SS-
autoclave at a rate of agitation of 500 rpm and at 10–
50 bar hydrogen pressures. The reaction temperature was
20 �C in all experiments. Injection or premixing techniques
was used to introduce the chiral modifier into the reactor13

ATAs were injected or premixed together with cinchoni-
dine (coinjection and copremixing, respectively). Samples
were taken at different reaction times and analyzed by a
GC using a capillary column (Chiraldex B-TA, 0,25 mm,
30 m) and flame ionization detector. Using the known def-
inition of enantioselectivity as ee = ([R � S]/[R + S]), the
eemax is defined as the highest enantiomeric excess value
measured in a given reaction. The eeend values were mea-
sured at the end of the reaction, that is, after 90 min. The
ee values in the conversion had a relative reproducible
error of approximately 5%. The kinetic curves of the
enantioselective hydrogenation followed the characteristic
two step behavior as described earlier.13,30 First order rate
constants were calculated from experimental points
measured in the first 10 min and between 25 and 60 min
(k1, k2, respectively). These values were used to compare
the catalytic activity under various experimental condi-
tions. The k values were reproducible within 10% providing
the same batch of EtPy.
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5.2. Circular dichroism measurements

Circular dichroism spectra were measured at 25 �C using a
Jasco J-715 spectropolarimeter. The concentration of
cinchonidine and the cell length was 4 · 10�4 M and
0.2 cm, respectively, in all experiments. The spectra were
signal-averaged three times with a bandwidth of 1.0 nm
and a resolution of 0.2 nm at a scan speed of 50 nm/min.
The spectropolarimeter records the cinchonidine data as
ellipticity (‘H’) in units of millidegrees (mdeg). The quan-
tity of ‘H’ is converted to ‘De’ values using the equation
of De = H/(33,982cl), where ‘De’ is the molar circular di-
chroic absorption coefficient expressed in M�1 cm�1, ‘c’ is
the concentration of the sample solution expressed in
mol/L, and ‘l’ is the path length in cm. Dichloromethane
and ethanol were used as a solvent. Time mode detection
at a wavelength of 237.6 nm was applied.

5.3. Computation

A silicon graphics (Octan 8, 175 MHz, IRIX 6.5 environ-
ment) machine was used for Spartan molecular building
and molecular mechanics calculations33 and a 2 GHz PC
with LINUX environment (with 40GB disc space) for the
ab initio calculations with Gaussian program package.34

These computational tools were used for the required
modeling in this work for all molecules: cinchonidine and
its dimers in free space (or gas phase). For correlation cal-
culations [necessary for the chemical accuracy (1 kcal/mol)]
the popular perturbation MP2 (Moller–Plesset of 2nd
order) method,33 which provides remarkable results for
p–p interactions or for the vdW intermolecular forces
between molecules, could not be employed for these large
cinchonidine dimers due to a convergence problem as well
as a disc space shortage. However, the density functional
theory (DFT) method B3LYP (Becke 3–Lee–Young–
Parr)34 on 6-31G* computational basis level was easily
accessible. For this reason we used the latter method of
calculation for the modeling.

The molecular building and search of the cinchonidine di-
mers discussed in Section 3 was as follows: to orientate two
cinchonidine molecules relative to each other, we have used
the help of its dipole moment vector as well as some of its
atoms. In Figure 5, the C4 0, C5 0, C9 atoms of the lower and
N1 atom of the upper cinchonidine were used to define an
internal coordinate system (see thin lines). The C5 0–C4 0–C9
atoms roughly form a 90� angle. The middle one, C4 0, con-
necting the quinoline to the C9 atom, can be considered
like an origin of a Cartesian coordinate system. The atoms
C5 0, C9, and N1 (upper) can be considered as points lying
on the x, y, and z axes of this Cartesian coordinate system,
respectively. The N1 atom of the upper cinchonidine was
moved around the surface of a hypothetical sphere around
the lower cinchonidine being concentric with the origin
(C4 0 atom) of this Cartesian coordinate system defined.
In this way the tetrahedrons, defined with corner atoms
C4 0, C5 0, C9, and the upper N1, were transformed as the
upper N1 changed positions and the others were fixed.
The angles, which varied in the transformation in this tetra-
hedron had the step size of about 40�. Technically, the
positions of the upper N1 atom around the lower cinchoni-
dine were lying on a projected, zoomed-out hypothetical
sphere, and 60 points were selected at about equal spacing
on that surface. For example, the upper N1–lower C4 0 dis-
tance was about 7 Å (radius of the sphere), and the distance
between the two closest hydrogen atoms were about 2–
2.5 Å. This provided vdW interactions between the two
cinchonidine molecules, so the system could be relaxed
with molecular mechanics. The dipole moment vector is
approximately along the N1!C8 bond of the lower mole-
cule or, similarly, the corresponding one in the upper
molecule. All the 60 points above were multiplied by the
parallel and anti-parallel positions of these dipole moment
vectors (flipping the upper cinchonidine). Furthermore,
with the help of two atoms from the lower cinchonidine
and two atoms from the upper cinchonidine, a dihedral
angle, (lower N1)–(lower C8)–(upper N1)–(upper C8),
was also defined and scanned the range from �180� to
180� with the step of 30� (rotating the upper cinchonidine).
This also multiplied the initial configurations described
above. With these many initial relative configurations, the
two cinchonidine molecules were relaxed by Spartan
molecular mechanics, and a few characteristic stable dimer
configurations were obtained. These are described and ana-
lyzed in Section 3.
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