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Conformational space of cinchonidine has been explored by means of ab initio potential and free energy
surfaces, and the temperature-induced changes of conformational populations were studied by a combined
NOESY-DFT analysis. The DFT-derived potential energy surface investigation identified four new conformers.
Among them, Closed(7) is substantially relevant to fully understand the conformational behavior. The energy
surfaces gave access to the favored transformation pathways at different temperatures (280—320 K). They
also revealed the reasons for the negligible presence of energetically stable conformers and explained the
experimentally observed temperature dependence of the populations.

Introduction

Cinchona alkaloids have been well-known over the past
centuries for their therapeutic efficacy, especially against
malaria.! Nowadays, the unique combination of the stereogenic
centers is beneficially exploited to obtain optically pure
compounds by chiral separation,>* homogeneous (organo* and
organometallic’) and heterogeneous catalysis.® Figure 1 shows
the structure of cinchonidine (CD), one of the most intensively
studied cinchona alkaloids concerning the conformational
behavior,”'* inspired by the seminal extensive work by Dijkstra
and co-workers.!>!6 The conformers, characterized by the
quinoline and the quinuclidine moieties connected via the chiral
alcoholic carbon, can generally be described by two torsional
angles, 71 and 7, (Figure 1) and, in some cases, additionally by
the orientation of the hydroxyl group.” The conformational
behavior of CD is rather complex; it is remarkably influenced
by various parameters, such as solvents,” solutes,!%-17-18
self-interactions,*!? protonation,'? and the presence of metallic
surfaces.!!-202! Knowledge on the conformation is critical,
because the conformation in solution and on surface can directly
influence its chiral interactions with substrates, hence the
resulting chemistry. NMR, nuclear Overhauser enhancement
spectroscopy (NOESY), IR, vibrational circular dichroism, and
theoretical modeling have been applied to study the dynamic
aspects of its structure. Still, the determination of the populations
of different CD conformers, for example, by NOESY, is a
difficult task considering the seven conformers proposed
previously.®!3 Three conformers, Closed(1), Closed(2), and
Open(3), have been reported to be substantially populated in
solvents of different polarity.” In the Closed conformers, the
quinuclidine N is oriented toward the quinoline moiety, whereas
in the Open conformers, the N points away from the quinoline
moiety. The conformational population changes were investi-
gated on the basis of the "H—'H vicinal proton coupling constant
3Jus—no (73, Figure 1).7 Open(3) has been reported to be the
most stable conformer in apolar solvents, whereas the fraction
of the Closed conformers drastically rises upon increase of
solvent polarity.
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Figure 1. CD atom numbering for the carbon (left) and hydrogen
(right) atoms and definition of 7|, 7,, and 73. The quinoline and
quinuclidine moieties of CD are highlighted in blue and red, respectively.

Here, we have revisited the conformational behavior of CD,
giving also attention to the influence of temperature, which, to
our knowledge, has not been considered in previous studies.
Possible conformers of CD are reevaluated on the basis of DFT-
derived potential energy surface (PES), and full conformer
population analysis is attempted by a combined NOESY-DFT
analysis. The influence of the temperature on the conformational
behavior and the favored transformation pathways are investi-
gated by using DFT derived free energy surfaces (FESs)
obtained by ab initio metadynamics.?>%3

Methods

NMR. NMR spectra were recorded on a Bruker Avance AV-
700 MHz spectrometer. CD (>98%, Fluka) and toluene-ds
(>99.8%, Dr. Glaser AG Basel) were used as received. A diluted
solution of CD (2.5 mM, in toluene) was used to minimize
intermolecular interactions and avoid autoaggregation, which
deemed necessary in order to compare with theoretical calcula-
tions assuming CD in vacuum. Signal assignments were assisted
by correlation spectroscopy (COSY) and total correlation
spectroscopy (TOCSY). NOESY spectra were obtained with a
mixing time of 600 ms. The COSY and TOCSY spectra can be
found elsewhere.?

0 2008 American Chemical Society

Published on Web 07/17/2008



Temperature-Dependent Conformation of Cinchonidine

Computational Methods. Two different DFT methods were
used in this work: (1) the BLYP functional®-? with plane-wave
basis sets using CPMD (CPMD, Copyright IBM Corp.
1990-2008, Copyright MPI fiir Festkorperforschung Stuttgart
1997-2001) and (2) the B3PW91 functional®>?’ with the
Gaussian 6-311G(d,p) basis sets using Gaussian 03.”® These
methods are noted hereafter as BLYP-PW and B3PWO91-G,
respectively. The BLYP-PW method applied plane-wave basis
sets with an energy cutoff of 70 Ry within a cubic cell of 24 A
in length. Norm-conserving Troullier—Martins pseudopotentials
were used to describe the interaction between the valence
electrons and ionic cores.”” The Hartree potential was computed
by the Martina-Tuckerman scheme to mimic the conditions of
an isolated system in gas phase.?® No solvent effects were
considered in both methods.

The PES as the function of the two characteristic torsion angles,
71 and 72, was constructed by a series of geometry optimizations
by using the BLYP-PW method where 7, and 7, were constrained;
in other words, all the other geometrical degrees of freedom besides
the 7; and 7, were relaxed and subjected to optimization. The 7;
and 7, were varied from 0 to 360° by an increment of 10° (total
36 x 36 = 1296 geometry optimizations). The FES at 200 and
300 K was obtained by ab initio metadynamics?>* by using the
Car—Parrinello scheme?! as implemented in CPMD,? which had
been successfully applied to study free energy profiles in
molecular rearrangement,”> phase transitions, and catalysis.’*3
The two torsion angles 7, and 7, were taken as the collective
variables. The potential hills exerting as the penalty potential
were added every 120—300 molecular dynamics steps. The hill
height was between 0.03—0.3 kcal/mol. The wave functions
were occasionally quenched to the Born—Oppenheimer surface
to have the electronic kinetic energy under control. The velocity
of the center of mass was set to zero every 1000 molecular
dynamics steps to prevent a translational motion. An electronic
fictitious mass of 500 au and a time step of 5 au (0.121 fs)
were used. The temperature was controlled by rescaling the
atomic velocities. The total simulation time was about 330 ps
for both temperatures. All the molecular graphics were generated
by VMD.3¢ The potential and FESs shown are scaled by taking
the most stable point as zero energy.

Results and Discussion

CD Conformers—Revisited. Up to now, seven conformers
of CD have been described in the literature, namely, Closed(1),
Closed(2), Open(3), Open(4), Open(5), and Open(6),® as well
as the recently reported Open(5)" where the hydroxyl group
forms an internal hydrogen bond with the quinuclidine N.!3 The
PES shown in Figure 2, obtained by the BLYP-PW method
with a reasonably fine grid size, uncovers several new aspects
of the conformation. First, four additional conformers could be
identified, namely, Closed(7), Open(8), Open(9), and Open(11).
They were named as Closed or Open defined as previously;®
however, the numbering is arbitrary and does not correspond
to the significance of a conformer. In this study, we designate
Open(5)" as Open(10) because of the presence of two other
conformers with internal hydrogen bonding, Open(9) and
Open(11). The structures of all conformers and their charac-
teristic dihedral angles (7}, 72, and 73) obtained by the BLYP-
PW and the B3PW91-G methods are given in Figure 3 and
Table 1, respectively. The newly uncovered conformers includ-
ing Open(10) can be categorized into two groups: those with
7; values close to 15°, Closed(7), Open(8), and Open(9), and
those with 7, values close to 270° (Table 1), Open(9), Open(10),
and Open(11). The conformers in the former group have
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Figure 2. CD conformers mapped on PES. The contour increment of
the PES is 0.5 kcal/mol, and the PES was truncated at 10.0 kcal/mol
for clarity.

stretched structures, and those in the latter group form internal
hydrogen bonds as shown in Figure 3. It is important to note
that the actual location of the minima of Open(10) and Open(11)
in Figure 2 is likely biased because of the artifacts of the
constraint geometry optimizations, which potentially influenced
the rotational relaxation of the hydroxyl group. Further refining
of minimum energy structure starting from the two minima in
Figure 2 reached minima between Open(5) and Open(3) for
Open(10) (z; = 101.8°, 7, = 267.7°, obtained by the BLYP-
PW method) and between Open(6) and Open(4) for Open(11)
(t)y = 279.2°, 1, = 272.5°, by the same method). Vibrational
analysis of the conformers (Figure 2 and Table 1) confirmed
the stationary nature of the energetic minima by the absence of
imaginary frequencies.

The minimum, previously assigned to Closed(2) and reported
to be shallow and broad,® in fact consists of two minima,
namely, Closed(2) and Closed(7), the latter being energetically
more stable (Table 1). Similarly, the reported large minimum
of the most stable Open(3) conformer actually contains the
minimum of Open(8), the stability of which is similar to that
of Open(4). Moreover, both DFT methods confirmed the
presence of the remarkably stable conformer with the internal
hydrogen bond, Open(10). The structures and relative energies
obtained by the BLYP-PW and the B3PW91-G methods were
similar. The differences in the dihedral angles were within 10°,
except for the 7; angles for Closed(2) and Closed(7) where the
values are off by 24.7 and 11.2°, respectively. The order of
the stability for the first five stable conformers obtained by the
B3PW91-G method is as follows: Open(3) > Open(10) >
Closed(1) > Closed(7) > Closed(2), whereas the order of
Open(10) and Closed(1) is reversed in the BLYP-PW method
(Table 1). The presence of Open(10) and Closed(7) within the
five most stable conformers and the stability order clearly
represent the significance of a more precise exploration of the
PES at the DFT level, because they could not be identified
previously by molecular mechanics®!>37 and semiempirical
methods.®!3 They also imply that the previous consideration of
only three stable conformers, Closed(1), Closed(2), and Open(3),
as practically relevant ones, is not sufficient to fully understand
the conformational behavior of CD.

Temperature-Dependent Population of CD Conformers.
The conformation and population changes induced by solvents
have been thoroughly investigated and clearly explained.” The
populations were estimated by the vicinal 'H—'H coupling
constant between Hg—Ho, 3Jys—po, by considering only the three
conformers Closed(1), Closed(2), and Open(3) and by assuming
the two conformers of the closed type to have the same
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Figure 3. Minimum energy conformations of CD optimized by the BLYP-PW method. Hydrogen atoms which are characteristic for conformer
discrimination and having interatomic distances among themselves of less than 3.0 A are shown by a ball of a larger radius with the numbering
according to that in Figure 1.

population.” The presence of the four additional conformers
shown in the previous section may greatly influence the
conclusions drawn in the past. Here, we investigate the
conformational population from a combination of NOESY cross-
peak volumes and the structural information obtained by the
DFT calculations.

The combined analysis, denoted here as NOESY-DFT
analysis, simply takes the H—H bond lengths of the different
conformers from the DFT calculations and relates them to the

Open(11)

cross-peak volumes of specific proton pairs in the 11 conformers.
An experimental cross-peak volume V;—; was assumed to be
the sum of volume fractions due to a proton pair H; and H;
with the interatomic distance r;—;, of different conformers k, the
population p; of which is distinct but dependent, satisfying the
condition, Zp; = 1. The assumption of a single and constant
rotational correlation time 7. results in a constant product
Viri-))® (= C) for any arbitrary proton pair. Over all
conformers, this yields V;—; = CZ[pk(r,-_j)’G]. By considering
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TABLE 1: Characteristic Dihedral Angles (71, 72, and 73, in
Degrees) and Relative Energies (RE, in kcal/mol) of the
Investigated CD Conformers

BLYP-PW

B3PWII-G
T T2 T3 RE T T2 T3 RE

Closed(1) 2489  50.1 1750 1.11 2562 634 190.7 1.8
Closed(2) 60.1 59.9 180.1 145 84.8 69.9 193.6 2.08
Open(3) 98.7 150.1 2782 0.00 1024 151.6 280.3 0.00
Open(4) 260.2 139.7 271.8 257 2708 148.1 280.8 2.80
Open(5) 88.4 3105 76.0 5.02 83.5 317.0 822 4.98
Open(6) 260.1  309.8 785 490 261.1 3072 768 451
Closed(7) 17.3 52.8 1727 1.29 6.1 565 1779 1.78
Open(8) 200 1498 2779 229 126 1523 2812 261
Open(9) 10.1  270.0 419 6.07 25 2732 459 697
Open(10)  101.8  267.7 37.7 131 102.1 2734 437 1.09
Open(11)  279.2 2725 464 387 2792 271.8 464 3.29

only the proton pairs which are less distant than 3 A and
characteristic for the conformer discrimination as shown in
Figure 3 (the details can be found in the Supporting Informa-
tion), the relations for V;—; and Zp; finally give 15 linear
equations for 12 unknowns (all the equations used in this work
are described in the Supporting Information). The solution for
this obviously inconsistent linear system was approximated
simply by the least-squares solution through an orthogonal
projection. In reality, the deviations of the actual structures from
the DFT-optimized ones due to the methodology itself and
solvent effects and also the experimental uncertainties of the
NOESY cross-peak volumes lead to considerable errors in the
obtained conformational populations. This was particularly
noticeable when taking the populations of all 11 conformers as
variables, yielding some negative populations. Fortunately, on
the basis of the proton-pair distances obtained by the DFT and
the cross-peak volumes as well as the relative energies of the
conformers, we could omit the contribution of several conform-
ers. Those considered to be relevant in practice were Closed(1),
Closed(2), Open(3), Closed(7), and Open(10). Therefore, in
addition to the above 15 equations, we added six additional
constraining conditions where the populations p; of the non-
relevant conformers were set to zero.

Figure 4 shows the conformational population of CD at 280,
300, and 320 K obtained by the NOESY-DFT analysis. The
B3PW91-G optimized, generally more reliable, structures were
used in the analysis. We observed a decrease in Open(3) and
an increase in the Closed conformers at higher temperatures.
The population change was significant within only 40 K
difference; the population of the total Open conformers de-
creased from 0.83, to 0.75, and to 0.70, at 280, 300, and 320
K, respectively, whereas the total population of the Closed
conformers nearly doubled. The population of Closed(7) was
consistently higher than that of Closed(2), which confirms the
considerable importance of the conformer. The highest stability
of Closed(1) among the Closed conformers agrees well with
the highest stability found by the DFT methods. The population
of Open(10) seems very minor and even in the error range,
although it is the most stable conformer after Open(3) by the
B3PWO91-G method. The PES (Figure 2) suggests that the
minimum of Open(10) is distantly located from other low energy
minima and/or the energetic barrier to the conformer is high,
hindering the visit of the Open(10) minimum. The minor
population of Open(10) can be further emphasized in a polar
medium due to the intermolecular interaction weakening the
internal hydrogen bond and destabilizing the conformer. More-
over, 3Jus—po analysis gave 3.5, 4.2, and 4.9 Hz at 280, 300,
and 320 K, respectively. The calculated 3Jug—no values based
on the populations obtained by the NOESY-DFT analysis at
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Figure 4. Conformational population of CD at 280, 300, and 320 K
obtained by the combined NOESY-DFT analysis.

the respective temperatures (Figure 4) and the modified Kar-
plus’® equation by Colucci®® are 2.8, 3.5, and 3.9 Hz. The trend
and extent of the increase in the coupling constant were well
reproduced; however, the absolute values were ca. 0.8 Hz off.
This can be due to errors of the estimated populations and also
the idealized substituents taken into account in the calculation.
The error of the NOESY-DFT analysis was ca. 10%, estimated
from the total errors of the 14 equations for Vi—; (see the
Supporting Information), which is in an acceptable range
considering the rather crude approximations we have taken and
the uncertainty of the experimental V;—; values.

CD Conformation from Energy Surface Viewpoints. We
further investigate the conformational behavior of CD based
on ab initio energy surfaces. In addition to the relative stabilities
of the conformers, the transition pathways are accessible from
the surfaces. FESs obtained by the ab initio metadynamics at
200 and 300 K in vacuo are shown in Figure 5. For the sake of
clear comparison, the PES shown previously (Figure 2) is also
presented on the same energy scale. They obviously indicate
which pathways are preferred for the conformational changes
and the probability of finding the respective conformers. The
FESs reproduced the minima of all the conformers identified
on the PES, except the apparent minima of Open(10) and
Open(11) on the PES. It should be reminded that the actual
locations of these minima on the PES were slightly shifted.
Actually, the minima of the Open conformers with the internal
hydrogen bond are clearly visible on the FES at 300 K (at 7; ~
100°, 7, ~ 260° and at 7, ~ 275°, 1, ~ 275°), whereas those of
Open(5) and Open(6) appear vanished. Careful comparisons of
the energy surfaces from 0 K (PES) to 300 K show that, in
fact, the minima of Open(5) and Open(6) disappear and shift
down in 15, finally leading to Open(10) and Open(11). The FES
at 300 K shows a much more free rotation along 7,, clearly
seen from the wider channel along 7, at about —30 (330) to
160° in 7). This enhanced rotation at higher temperature may
change the relative population of these conformers, stabilizing
Open(10) and destabilizing Open(5). Along this potential and
free energy channel, several important insights of the confor-
mational behaviors could be gained. First, the minima of
Open(3), Open(8), Closed(2), and Closed(7) merge and form a
deep, wide energy well at higher temperature. The preferred
transformation pathway between Open(3) and Closed(2)/
Closed(7) is greatly influenced by the temperature; at lower
temperature, a direct transformation between Open(3) and
Closed(2) is preferred, whereas at higher temperature, a deep
channel between 40—80° in 7; and 80—120° in 7, is formed,
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Figure 5. Potential and FES of CD. 7, and 7, angles are in degrees,
and the energy scales shown on the right are shown in kcal/mol. The
contour increment of the PES is 1.0 kcal/mol, and the PES was truncated
at 13.0 kcal/mol for clarity.

facilitating facile conformational interchanges between the four
conformers. Furthermore, the conformational changes via )
rotation through the channels around 320° in 7; is evidently
favored compared to the route around 160° as clearly visible
from the wider and deeper channels connecting the minima.
The energetic barrier was estimated by NMR to be ca. 8—11
kcal/mol for CD and dihydroquinidine.”*? On the basis of the
energy surfaces, we estimate ca. 6—8 kcal/mol for the energy
barrier. The underestimation may originate from the absence
of solvent in our theoretical models.

Urakawa et al.

The rotation along 7, is remarkably hindered in the other
channel where 7, is between 170 and 320°. The minima of
Closed(1) and Open(4) are separated from those of Open(6) and
Open(11) by a high energy barrier around 200—230° in 15,
whereas the transformation probability is higher via the rotation
direction where 7, decreases (e.g., from Closed(1) to Open(11)).
The relative stability of Open(4) is enhanced at 300 K compared
to that at 200 K, likely because of the wider channel formed
between Open(4) and Open(8) at 300 K, the stability of the
latter being also enhanced by the merger of the minimum with
Open(3). The populations of Open(4) and Closed(l) seem
equivalent from the FES at 300 K, contrary to the absence of
Open(4) in our experiments. However, the results of the
simulation in vacuo need to be carefully compared to solvated
systems because of drastic or specific restriction of the
vibrational motions and hence the flexibility of CD. The
experimentally obtained conformational information should be
compared to that obtained by simulation in vacuo at lower
temperatures because of the restricted motion; hence, our
experimental conditions could be more comparable to the CD
in vacuo at 200 K. On the FES at 200 K, the minimum of
Closed(1) is significantly more pronounced than that of Open(4),
which is in good agreement with our experimental observation.

The contradiction between the negligible experimental popu-
lation of Open(10) and its high energetic stability found by the
DFT methods can be explained by the energy surface analysis.
The energetic minimum of the most stable conformer, Open(3),
can be characterized as a wide and deep well. The wide character
implies the high entropic stability, accommodating conforma-
tional fluctuations. It is even more pronounced at higher
temperature, being wider and starting to merge with other energy
wells located nearby in the conformational space. Clearly, at
300 K, the minimum of Open(3) merges with Closed(2),
Closed(7), and Open(8), enhancing the population of these
conformers. This explains the population change, that is, the
increase for Closed(2) and Closed(7) and the decrease for
Open(3). On the other hand, the narrow and isolated character
of Open(10) minimum is likely the reason for the instability of
the conformation. In particular, the narrow character signifies
the short-range of flexibility and hence the entropic instability
of the conformer. At temperature higher than 300 K in vacuo,
however, Open(10) minimum may merge with Open(3) mini-
mum, and the population may be enhanced.

In summary, the PES and FESs yielded the energetic barriers
and preferred pathways of the overall conformational inter-
changes, which were not accessible previously. The energy
surface exploration at the DFT level revealed four new
conformers, and the results are well comparable to our
experimental observations obtained by the NOESY-DFT analy-
sis. They evidently explained the population decrease of Open(3)
and the gradual increase of all the Closed conformers. Open(3)
is likely most populated at any temperature in vacuo and also
in apolar medium because of the prominently wide and deep
energetic well in the absence of significant interactions with
solvent molecules. All energetic wells become wider at higher
temperature because of the enhanced flexibility caused by the
higher kinetic energy. Especially the very wide and deep well
of Open(3) merges to nearby conformers, Closed(2), Closed(7),
and Open(8), as well as the conformer with the internal hydrogen
bond, Open(10). The second most stable conformer, Closed(1),
and the nearby conformer, Open(4), are separated from the other
stable conformers by considerable energy barriers. They can
form a common wide minimum, but this probably requires
significantly higher temperature. The presence of Open(5),
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Open(6), and Open(11) are negligible under conditions without
any intermolecular interactions, for example, due to polar
solvents. The overall picture of PES and FESs clearly shows
that temperature greatly influences the conformational behavior
of CD and the populations. Very important aspects influencing
the conformation such as intermolecular interactions and the
effect of solvents and solutes were neglected in this study.
Without doubts, a similar analysis considering these effects
would lead to a full comprehension of the conformational
behavior and will be a future challenge. Although the effect of
molecular interactions on the conformation of CD depends
specifically on the presence of functional groups of the interact-
ing molecule, the conformational behavior of CD in nonpolar
solvents such as toluene, which is frequently applied in
asymmetric hydrogenation on cinchona-modified noble metals,®
is excellently described by the present study. Also, the presence
of the conformers with an internal hydrogen bond implies the
substantial importance of the direction of the hydroxyl group.
Additional dimension in the conformational analysis, such as
the dihedral angle of H—O—Cy—Cjg,” may improve the missing
influence of the OH direction. Finally, our findings provide
insight into another important parameter crucial for stereocon-
trol, that is, temperature, which affects the conformational
behavior of cinchona alkaloids and in turn their role in
enantiodifferentiating processes relevant in chiral catalysis and
separation.

Conclusions

Conformational space of CD was reevaluated by DFT-based
PES. The analysis clarified the energetic minima of four
additional conformers. The PES investigation suggested that
Closed(7) and Open(10) are as stable as the practically relevant
conformers reported previously. Furthermore, the temperature-
dependent populations of all the CD conformers were analyzed
in detail by combined NOESY-DFT analysis, indicating that
the presence of Closed(7) is substantial, whereas that of
Open(10) is negligible. The careful analysis of the energy
surfaces gave access, in particular, to the entropic stability of
each conformer, which explained the experimental conforma-
tional population changes. The rather confined energy well is
likely responsible for the instability of Open(10). Although this
study neglects the influence of solvent and additional solutes,
it clearly points out the importance of temperature in the
conformational behavior of cinchona alkaloids.

Supporting Information Available: Equations used in the
NOESY-DFT analysis, list of proton pairs, their distances, and
NOESY cross-peak volumes used in the analysis. This material
is available free of charge via the Internet at http://pubs.acs.org.
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