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&Vibrational Circular Dichroism

Interplay of Exciton Coupling and Large-Amplitude Motions in the
Vibrational Circular Dichroism Spectrum of Dehydroquinidine

Valentin P. Nicu,*[a] S¦rgio R. Domingos,[b, c] Benjamin H. Strudwick,[b] Albert M. Brouwer,[b]

and Wybren J. Buma[b]

Abstract: A detailed analysis of the computed structure, en-

ergies, vibrational absorption (VA) and circular dichroism
(VCD) spectra of 30 low-energy conformers of dehydroquini-
dine reveals the existence of families of pseudo-conformers,

the structures of which differ mostly in the orientation of
a single O¢H bond. The pseudo-conformers in a family are

separated by very small energy barriers (i.e. , 1.0 kcal mol¢1 or
smaller) and have very different VCD spectra. First, we dem-

onstrate the unreliable character of the Boltzmann factors

predicted with DFT. Then, we show that the large differences
observed between the VCD spectra of the pseudo-conform-

ers in a family are caused by large-amplitude motions involv-

ing the O¢H bond, which trigger the appearance/disappear-
ance of strong VCD exciton-coupling bands in the finger-
print region. This interplay between exciton coupling and

large-amplitude-motion phenomena demonstrates that
when dealing with flexible molecules with polar bonds, vi-

brational averaging of VCD spectra should not be neglected.
In this regard, the dehydroquinidine molecule considered

here is expected to be a typical example and not the excep-

tion to the rule.

1. Introduction

Cinchona alkaloid compounds are found in the bark of the var-
ious Cinchona trees that are native to the eastern slopes of the

Amazonian area of the Andes. Apart from their long known
medicinal uses, in particular as anti-malaria drugs, cinchona al-

kaloids and their countless chemically synthesised derivatives
have a strong history in asymmetric organocatalysis. These
chiral compounds have extraordinary molecular recognition ca-
pabilities and as such are often used as chiral modifiers,[1–3] li-

gands[4, 5] or catalysts[6–8] in many stereoselective reactions in
organic chemistry.

The conformational landscape of the various cinchona alka-
loids compounds has been investigated intensively over the
years[9–17] as it has an important influence on the outcome of

an asymmetric reaction. Illustrative studies in this respect are:
1) the first investigations performed on cinchonidine and its

derivatives by Dijkstra et al.[9, 10] and Matsson et al.[11, 12] by using

nuclear magnetic resonance (NMR), X-ray crystallography and
electronic circular dichroism (ECD) techniques, and 2) the more
recent studies conducted by Baiker and co-workers[13–16] by

using NMR Overhauser enhancement spectroscopy (NOESY), vi-
brational absorption (VA) and circular dichroism (VCD) spec-

troscopy, and quantum mechanical calculations based on den-
sity functional theory (DFT).

In this work, we present a combined computational–experi-
mental VA and VCD study of the dehydroquinidine molecule

(shown in Figure 1). The main motivation for this study is the

somewhat contradictory findings reported in two of the most
important VCD studies on cinchona alkaloids, that is, the VCD
investigation of cinchonidine presented by Burgi et al. in refer-
ence [14] and the VCD study of quinidine presented by Sen

et al. in reference [18] . On the one hand, both these studies
report the presence of a single dominant conformer in the ex-

perimental sample, the so-called Open(3) conformer.[14–16, 18] As

cinchonidine and quinidine have very similar structures, this is
not surprising. Visual inspection of the experimental and simu-

lated VCD spectra, on the other hand, finds quite a different
level of agreement between these spectra. Reference [14] re-

ports a rather good agreement between the experimental and
simulated VCD spectra for the entire fingerprint region (i.e. , be-
tween 1150 and 1650 cm¢1), whereas in reference [18] , a good

agreement between the experimental and simulated VCD
spectra is obtained only for the bands between 1400 and

1650 cm¢1.
Our preliminary VCD investigation of the dehydroquinidine

molecule has yielded results that are similar to those reported
in reference [18], that is, suboptimal agreement between cal-
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culation and experiment below 1400 cm¢1 and good agree-
ment between 1400 and 1650 cm¢1. This has prompted us to

analyse in detail two sources of errors that are expected to
affect the computed VCD spectra significantly : the accuracy of

the predicted Boltzmann factors and the effects induced in the
VCD spectra by large-amplitude motions. As will be shown,

both these perturbations induce important changes in the
VCD spectra, and, as such, should not be neglected. The high

sensitivity of the predicted Boltzmann factors on the level of

theory used in calculations is indeed an important source of
errors, viz. , simulated VCD spectra (obtained as Boltzmann

averages over the conformers considered) computed at differ-
ent levels of theory are very different. Further, the large-ampli-

tude motions involving the O¢H bond at the chiral centre trig-
ger the appearance/disappearance of very intense VCD exci-
ton-coupling bands in the fingerprint region.

This interplay between large-amplitude motion and exciton-
coupling mechanisms seems to be the main reason for the dis-

crepancy observed between the VCD studies on cinchonidine
and quinidine. The strong exciton-coupling VCD bands are trig-

gered by coupling of the transition dipole moments associated
with the O¢H and C¢O bonds, and, as such, cannot occur in

cinchonidine, which has no substituent on the quinoline and,

thus, lacks the OCH3 group. Besides providing a clear explana-
tion for the contradictory observation mentioned above, this

study provides further evidence[19–21] for the need to perform
vibrational averaging of VCD spectra.

2. Molecular Structure

A schematic representation of the dehydroquinidine (DHQD)

molecule used as the example in this study is shown in

Figure 1. As can be seen, the DHQD molecule consists of two
rigid moieties, an aromatic quinoline ring and an aliphatic qui-

nuclidine ring connected by a sp3 hydroxilated carbon atom.

The various conformers of DHQD can be described by using
the four dihedral angles defined in Figure 1, that is, t1, t2, t3

and t4. The dihedral angles t1 and t2 describe the relative ori-
entation of the main quinoline and quinuclidine groups, re-

spectively, whereas t3 and t4 describe the orientations of the
OH and OCH3 groups, respectively.

The nomenclature and naming convention of the conform-
ers is well established[9, 12, 13, 17] and based on two primary con-
formations: Open and Closed, and two additional secondary

conformations: Syn and Anti. The Open and Closed conforma-
tions are determined by the t2 dihedral angle (i.e. , rotations
around the C11¢C12 bond). In the Open conformation, the lone
pair of the quinuclidine nitrogen points away from the quino-

line ring, whereas in the Closed conformation there is an inter-
action between the quinuclidine nitrogen lone pair and the ar-

omatic p-electron system.

The Anti and Syn conformers are defined by the rotation of
the quinoline moiety around the bond C5¢C11 (i.e. , by the t1 di-

hedral angle). In the Anti orientation, the OCH3 and quinucli-
dine moieties are situated on the same side, whereas in the

Syn orientation the two moieties are situated on opposite
sides. It should be noted, though, that the Syn–Anti nomencla-

ture becomes ambiguous when t1 is close to 908.

When using the standard naming convention[9, 12, 13, 17] de-
scribed above, the conformers can be grouped into four differ-

ent families : Anti–Open, Syn–Open, Anti–Closed and Syn–Closed.
As will be discussed in Section 3.1, the conformers in a family

can be further classified into: 1) subfamilies characterised by
similar values for t1 and t2, and 2) cis and trans pairs[18] (with

respect to the C5¢C11 bond) comprising conformers that differ

only in the orientations of the OCH3 group, that is, t4 = 08
versus t4 = 1808, and 3) pairs of pseudo-conformers containing

conformers that differ only in the orientation of the O¢H bond
(i.e. , have different t3 angles).

3. Results and Discussion

3.1. Structural analysis of the predicted conformers

A molecular mechanics conformational search yielded 30 con-
formers, which have been further re-optimised by using DFT at
six different levels of theory, that is, Vacuum/BP86, COSMO/
BP86, Vacuum/OLYP, COSMO/OLYP, Vacuum/B3LYP and

COSMO/B3LYP. As the structures predicted by these six sets of
DFT calculations are very similar (see Section 1.3 in the Sup-
porting Information) only the results obtained from the
COSMO/BP86 calculations (our reference calculations) will be
discussed here. Table 1 lists the COSMO/BP86 values for the t1,

t2, t3 and t4 dihedral angles. Table 1 also indicates how the 30
conformers can be distributed into families (column 7), subfa-

milies (column 6), cis and trans pairs (column 5) and pseudo-

conformer pairs (column 4). The conformers that exhibit an in-
tramolecular hydrogen-bond between the O¢H bond and the

N atom number 24 are indicated in Table 1 by a star (column
1).

As can be seen, the Anti–Open and Syn–Open families con-
tain nine conformers each (entries 1–9 and 10–18, respective-

Figure 1. Schematic representation of DHQD. The four dihedral angles (i.e. ,
t1, t2, t3 and t4) describing the various conformers of DHQD are indicated
and defined.
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ly), the Anti–Closed family contains eight conformers (19–26),

and the Syn–Closed family contains only four conformers (27–

30). The conformers in a given family can be grouped further
into subfamilies, with the conformers in a given subfamily

having very similar values for the t1 and t2 angles and different
values for the t3 and t4 angles. In total there are eleven subfa-

milies (labelled as I–XI): five subfamilies each comprising four
conformers (i.e. , I, VII, IX, X and XI), four subfamilies each con-
sisting of two conformers (i.e. , II, III, V and VI), and two subfa-

milies consisting of one conformer each (i.e. , IV and VIII). To
easily differentiate the conformers in the various subfamilies in
Table 1, the values of t1 and t2 angles (which define a given
subfamily) have been highlighted in blue and red alternatively.

It is important to mention the similarity between the results
obtained here and the results reported by Urakawa et al. in ref-

erence [16]. By using the cinchonidine molecule (which is very
similar to the molecule studied here) and two different ex-
change-correlation functionals (i.e. , BLYP and B3PW91), Uraka-

wa et al. found eleven conformers of cinchonidine by thor-
oughly investigating the dependence of the potential energy

on the two torsion angles describing relative orientation of the
quinoline and quinuclidine groups (i.e. , t1 and t2 here). As

shown in Table XII in the Supporting Information, a one-to-one

mapping can be done between the eleven subfamilies found
here and the eleven conformers previously reported.[16]

Finally, we note that the conformers in a given subfamily
can be further subcategorised. Firstly, depending on the orien-

tations of the O¢CH3 group, that is, t4 = 08 versus t4 = 1808, we
have cis (t4 = 1808) and trans (t4 = 08) pairs with respect to the

C5¢C11 bond.[18] In Table 1, the values of the t4 angle of the cis
and trans conformers in a pair are highlighted in cyan and

black, respectively. Secondly, depending on the orientations of
the O¢H bond (i.e. , t3), the conformers in the subfamilies I, VII,

IX, X and XI can be grouped into ten pairs of pseudo-conform-
ers (see Section 3.3.3). The pseudo-conformers in a pair have

very similar values for the t1, t2 and t4 dihedral angles and dif-
ferent values for t3, that is, positive versus negative. In Table 1,

the values of the t3 angles of the pseudo-conformers in
a given pair have the same colour, that is, either magenta or
black.

3.2. Computed relative energies and Boltzmann weights

In this section, we compare the predictions made by the differ-
ent sets of DFT calculations for the relative energies and the as-

sociated Boltzmann weights of the 30 conformers. The goal is

to illustrate the limited character of the predictions made with
DFT for these quantities. The relative energies and Boltzmann

factors predicted by the six sets of calculations (see section 5)
for the 30 conformers considered are compared in Figures 2–4.

See Table XIII in the Supporting Information for a comparison
of all computed relative energies and Boltzmann factors.

In Figure 2, the BP86, OLYP and B3LYP predictions made in
both vacuum (upper panel) and COSMO (lower panel) calcula-

Table 1. Values computed at the BP86/TZP/COSMO levels of theory for
the dihedral angles t1, t2, t3 and t4. Definitions of dihedral angles: t1 = C6-
C5-C11-C12, t2 = C5-C11-C12-N24, t3 = H33-C11-O22-H44 and t4 = C1-O21-C2-C10. The
conformers highlighted in column 1 by a star exhibit an intramolecular
hydrogen-bond between the O¢H bond and the N atom number 24.

Figure 2. Dependence of the predicted relative total bonding energies of
the 30 conformers on the computational parameters used in the calcula-
tions: BP86 vs. OLYP vs. B3LYP predictions in the vacuum (upper plot) and
COSMO (lower plot) calculations.
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tions are compared. As can be seen, the three energy plots ex-
hibit very similar trends in both vacuum and COSMO calcula-

tions. Further, in Figure 3, we compare the vacuum and
COSMO predictions made by the BP86 (upper plot), OLYP

(middle plot) and B3LYP (lower plot) calculations. First, we note
that the trends observed in the BP86, OLYP and B3LYP plots

are again quite similar. Second, we note that there are three
important changes brought about by the use of COSMO solva-

tion model :

1) A strong stabilisation of the conformers in Anti–Closed and
Syn–Closed families, for example, variations of more than

2 kcal mol¢1 in the relative energy of a given Closed confor-
mer when going from vacuum to COSMO are not unusual.

This observation corroborates the computational and ex-
perimental reports made in reference [13] , where it was

shown that polar solvents stabilise the Closed conformers,
which are more polar.

2) A lowering of the energy gap between the conformers in

a cis–trans pair (see Table XIV in the Supporting Informa-
tion). In the vacuum calculations, the average cis–trans

energy gaps are 1.33 (BP86), 1.11 (OLYP) and 1.58 kcal mol¢1

(B3LYP), whereas in the COSMO calculations the average

gaps are reduced to 0.59 (BP86), 0.32 (OLYP) and 0.99 kcal
mol¢1 (B3LYP). Typically, the cis conformers are predicted to

have lower energies than their trans counterparts, the only

exception is observed in the OLYP/COSMO calculations for
conformers 1 and 2.

3) A lowering of the energy gap between the conformers in
an exciton-coupling pair (see Table XV in the Supporting In-

formation). In the vacuum calculations, the average energy
gaps are 1.30 (BP86), 1.41 (OLYP) and 1.46 kcal mol¢1

(B3LYP), whereas in the COSMO calculations the average

gaps are reduced to 0.36 (BP86), 0.50 (OLYP) and 0.41 kcal
mol¢1 (B3LYP).

It is important to stress that, even though the six sets of cal-

culations predict relative energies that exhibit similar trends
and consistent changes when going from BP86 to OLYP to

B3LYP or when going from vacuum to COSMO, the Boltzmann

factors predicted by the six sets of calculations for the 30 con-
formers are very different. This is illustrated in Figure 4. As can

be seen, the six sets of calculations make very different predic-
tions, not only for the Boltzmann weights of the 30 conform-

ers, but also for the dominant conformers.
The differences observed between the Boltzmann weights

predicted at the different levels of theory are not surpris-

ing[22–25] and are a consequence of the uncertainties (at least
1–2 kcal mol¢1) associated with the DFT relative energies. Clear-

ly, the individual Boltzmann factors predicted here depend too
sensitively on the choice of computational parameters used
(e.g. , exchange-correlation functional, solvation model, basis
set, etc.), and as such should be considered as rough estima-

tions. On the other hand, the six sets of calculations make
rather consistent predictions for the subfamilies expected to
be predominant at room temperature. As an example, we
looked at conformers 4, 11, 20, 24 and 28. The Boltzmann fac-
tors computed for these conformers (and often also for their

trans and/or exciton-coupling counterparts) stand out among
the 30 conformers irrespective of the level of theory employed.

This, in spite of the fact that they differ significantly among
the six sets of calculations.

We conclude this section by discussing the results obtained

in reference [16] from the perspective of the results obtained
in the present study. There are three important issues:Figure 3. Dependence of the predicted relative total bonding energies of

the 30 conformers on the computational parameters used in the calcula-
tions: vacuum vs. COSMO predictions in BP86 (upper plot), OLYP (middle
plot) and B3LYP (lower plot) calculations.
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1) The conclusions drawn here regarding the most important
conformations mirror closely the conclusions drawn in ref-

erence [16]. As shown in Table XII in the Supporting Infor-
mation, a one-to-one mapping can be done between the

predominant conformations here (i.e. , conformers 4, 11, 20,

24 and 28) and the predominant conformers in refer-
ence [16], that is, Open(3), Open(10), Closed(7), Closed(2)

and Closed(1), respectively.
2) The comparison of the vacuum and COSMO Boltzmann fac-

tors in Figure 4 provides further support for the conclusion
that at room temperature the population of conformer

Open(3), that is, conformer 4 here, is expected to decrease
in favour of the Closed conformers.

3) The final conclusion drawn previously regarding the Boltz-
mann population of conformer Open(10), that is, conformer

11 here, which exhibits an intramolecular hydrogen-bond is
not supported by the comparisons of the vacuum and

COSMO Boltzmann factors in Figure 4. The calculations per-
formed here suggest that in the presence of the solvent,

the population of conformer 11, that is, conformer

Open(10) in ref. [16] , will increase to the detriment of con-
former 4, that is, conformer Open(3) in ref. [16] . Similar con-

clusions have also been reached on the basis of DFT-D cal-
culations (see Table XVI in the Supporting Information). On

the other hand, Urakawa et al. have concluded (by analy-
sing the 200 K and 300 K free-energy surfaces) that the
population of conformer Open(10), that is, conformer 11

here, is negligible. They acknowledged, however, that for
temperatures larger than 300 K the Open(3) and Open(10)

minima can merge. This will result in an increase of the
population of Open(10) to the detriment of conformer

Open(3).

3.3. Comparison of experimental and computed spectra

In this section, we compare the experimental VA and VCD
spectra with the computed spectra. To simplify the discussion,

the fingerprint interval was divided into 4 regions labelled A,
B, C and D. First, the experimental spectra are compared with

simulated spectra obtained as Boltzmann averages over all 30

conformations. Then, individual comparisons between the
spectra computed for the most important conformers and ex-

periment are performed. Our goal is to gain further insight re-
garding the predominant conformers in the experimental

sample, viz. , as discussed in the previous section, the Boltz-
mann factors predicted for the 30 conformers cannot be trust-

ed. For brevity, only the BP86/COSMO spectra will be consid-

ered when discussing the individual comparisons. As shown in
Section 3.1 in the Supporting Information, the VA and VCD

spectra predicted by the BP86/Vacuum, BP86/COSMO, OLYP/
Vacuum and OLYP/COSMO calculations are overall very similar,

and support the conclusions drawn here based on the BP86/
COSMO spectra.

3.3.1. Boltzmann-weighted fingerprint spectra

Figure 5 shows a comparison of the Boltzmann-weighted VA
and VCD spectra predicted by the BP86/Vacuum, BP86/

COSMO, OLYP/Vacuum and OLYP/COSMO calculations. As can
be seen, all simulated VA spectra provide, qualitatively, a good

agreement with the experimental VA spectra. In region D, the

vacuum VA spectra reproduce the experiment better than the
COSMO spectra, which provide only a qualitative agreement

with the experimental spectrum. In region C, all simulated
spectra exhibit weak bands as observed in the experiment as

well. Further, none of the simulated spectra are able to repro-
duce the experimental bands observed in region B. Finally, in

Figure 4. Comparison of the Boltzmann weights predicted by the six sets of
DFT calculations.
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region A, the experimental spectrum is reproduced quite well

by the OLYP/COSMO spectrum, whereas the rest of the simu-
lated VA spectra (especially the vacuum ones) show large devi-
ations from the experiment.

Moving to the VCD spectra, we note that the four sets of si-
mulated VCD spectra are very different and none of them are
able to reproduce the experimental spectrum. These observa-
tions suggest that the VCD spectra are significantly more sensi-

tive to the Boltzmann factors than the VA spectra, and, more
importantly, that none of the DFT calculations are able to pre-

dict the Boltzmann factors accurately. Indeed, as shown in Sec-

tion 3.2 in the Supporting Information, where the simulated VA
and VCD spectra of the 30 conformers are compared, the VCD

spectra are significantly more sensitive to the molecular con-
formation than the VA spectra, that is, the VCD spectra com-

puted for the 30 conformers exhibit very clear differences,
unlike the simulated VA spectra, which are often very similar.

Consequently, to obtain insight regarding the predominant

conformations in the experimental sample, we have performed
individual comparisons between the spectra simulated for the

30 conformers and the experimental spectra (Section 3.2 in the
Supporting Information). In the following two sections, we will

discuss the most important observations made regarding
these individual comparisons.

3.3.2. Conformers 4 and 11

In this section, we compare, side by side, the experimental VA
and VCD spectra with the spectra computed for the conform-

ers 4 and 11. The goal is to obtain information regarding the
relative populations of these two conformers. As shown in

Figure 4, some of our calculations suggest that conformer 11
should also be populated at room temperature, which appears

to be in disagreement with the conclusions drawn previous-

ly.[16]

Fingerprint spectral region : Figure 6 compares the experi-
mental VA and VCD spectra with the BP86/COSMO spectra

computed for the conformers 4 and 11. As can be seen, the VA
spectra of conformers 4 and 11 reproduce fairly well the ex-

periment. In region A, the spectrum of conformer 11 reprodu-

ces the experiment marginally better than the spectrum of
conformer 4. In region B, the two computed VA spectra are

rather similar and provide only a qualitative description of the
experimental spectrum. In region C, the spectra of conformers

4 and 11 have a complementary character with respect to the
experimental spectrum, that is, the experimental bands that

are missing or are too weak in one of the two computed VA

spectra can be found in the other computed spectrum. In
region D, the two simulated spectra reproduce fairly well the

experimental spectrum, and again seem to have a complemen-
tary character.

Moving to the VCD spectra, we see that overall the VCD
spectrum of conformer 4 reproduces the experimental VCD

spectrum better than the spectrum of conformer 11. The VCD

spectrum of conformer 4 is able to reproduce rather closely
the experimental pattern in region D and also some of the in-

tense bands in regions A and B. It is important to note, howev-
er, that in regions A and B, the VCD spectrum of conformer 4

is very nicely complemented by the spectrum of conformer 11,
which exhibits some of the intense VCD bands observed in the

experimental spectrum but are not in the spectrum computed

for conformer 4. Further, we note that the VCD spectrum of
conformer 11 provides a less accurate description of the pat-

tern in region D than the spectrum of conformer 4, and that
neither of the two computed VCD spectra are able to repro-

duce the experimental pattern observed in region C.
Regarding the relative populations of the conformers 4 and

11, the very intense peaks observed in the VCD spectrum of

conformer 11 in region B, and the fact that the VCD spectrum
of conformer 4 reproduces the experiment better than the

VCD spectrum of conformer 11, suggest that the population of
conformer 11 should be significantly smaller than that of con-
former 4. To make an estimation of the relative populations of
the two conformers, we have compared the experimental VA
and VCD spectra to simulated spectra obtained as Boltzmann

averaged spectra obtained by using different Boltzmann fac-
tors. As shown in Figure 6, the experimental spectrum is rea-
sonably well reproduced when combining the spectra of con-
formers 4 and 11 in the ratio 0.75:0.25. We also note that varia-
tions in the Boltzmann factors of �10 % do not significantly
change the obtained average spectra. Based on the compari-

Figure 5. Fingerprint spectral region: Boltzmann-weighted VA (upper plot)
and VCD (lower plot) spectra predicted by the four sets of calculations. The
experimental spectra are also shown.
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son of the fingerprint VA and VCD spectra in Figure 6, we thus
conclude that conformer 4 is predominant, but it is quite likely

that conformer 11 is populated at room temperature.

O¢H stretching spectral region : To obtain further information

on the presence of conformer 11 in the experimental sample,
we have evaluated the signatures of the O¢H stretching

modes by extending our VA measurements into the 3 mm
spectral region of the infrared spectrum. In Figure 7, we com-

pare the VA spectra computed for the conformers 4 and 11
with experimental spectra measured in CD2Cl2 (upper plot) and

in a KBr pellet (middle plot). We start by comparing the two
VA experimental spectra. First, we note that both spectra ex-

hibit a narrow band at 3610 cm¢1 (labelled A in Figure 7),
which is associated with the free O¢H stretching mode.

Second, we note that the CD2Cl2 VA spectrum exhibits a very
broad underlying band around 3150 cm¢1, whereas the KBr

pellet VA spectrum exhibits a narrow and very intense band at
3155 cm¢1. In Figure 7, these two bands are labelled as A and

A’ and they are both assigned to the hydrogen-bonded O¢H

stretching mode (O¢H···N stretching modes).

Figure 6. Fingerprint spectral region: comparison between the experimental
VA and VCD spectra and the BP86/COSMO spectra of conformers 4 and 11.
The simulated spectra labelled as “Average” (in orange) are obtained by
Boltzmann averaging the spectra of conformers 4 and 11 by using Boltz-
mann factors of 0.75 and 0.25, respectively. The optimised (TZP/BP86/
COSMO) structures of the conformers 4 and 11 are also shown.

Figure 7. The 3 mm spectral region: comparison between BP86/COSMO VA
spectra computed for conformers 4 and 11 and the experimental VA spectra
measured in CD2Cl2 (upper plot) and KBr pellets (middle plot). The label A in-
dicates the bands associated with the free O¢H stretching mode, the bands
labelled A’ are associated with the hydrogen-bonded O¢H stretching modes
(O¢H···N), whereas the bands labelled as B are associated with C¢H stretch-
ing modes. The lower panel shows the VA spectra computed (BP86/COSMO)
for the linear transit (LT) structures, and shows how the position of the A’
band is affected by variations in the value of t2.
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Next, we looked at the O¢H stretching mode in the VA spec-
tra computed for the conformers 4 and 11. In conformer 4, the

free O¢H stretching mode is predicted at 3585 cm¢1, and as
such it reproduces well the experimental bands observed

around 3610 cm¢1 in both CD2Cl2 and KBr pellet spectra. In
conformer 11, on the other hand, the O¢H stretching mode is

predicted to have a frequency of 3147 cm¢1 and a very large
VA intensity (see ref. [26] for an explanation). As can be seen,
this very intense band in the VA spectrum of conformer 11 is

situated roughly in the middle of the broad underlying band
observed in the CD2Cl2 experimental spectrum, and almost on
top of the intense band observed at 3155 cm¢1 in the KBr
pellet spectrum.

To show that the underlying broad band observed in the
CD2Cl2 experimental spectrum can indeed be associated with

the hydrogen-bonded O¢H stretching mode, we have followed

the computational procedure outlined in references [19] and
[20] and have perturbed the structure of conformer 11 system-

atically by running linear transit (LT) calculations for the t2 di-
hedral angle. During the LT scans, the t2 dihedral angle was

varied by �208 in steps of 58, and the obtained LT structures
were relaxed by using constrained-geometry optimisation cal-

culations (i.e. , except for the t2 dihedral angle, which was kept

fixed, all other structural parameters were relaxed during the
geometry optimisations). These partially relaxed LT structures

exhibit variations in the length of the intramolecular hydro-
gen-bond between �10 % and ¢3 % with respect to the fully

relaxed structure and were all contained in an energetic
window of 0.9 kcal mol¢1. As can be seen in the lower panel of

Figure 7, these small variations in the length of the intramolec-

ular hydrogen-bond induce very large shifts in the frequency
of the O¢H···N stretching mode. Consequently, we can con-

clude that the broad band observed in the CD2Cl2 experimen-
tal spectrum can indeed be associated with the O¢H···N

stretching mode; viz. , upon Boltzmann averaging, one expects
to obtain a broad underlying band. This in turn provides fur-

ther evidence that at room temperature conformer 11 is pres-

ent in both experimental samples. Importantly, in agreement
with the conclusions drawn when analysing the fingerprint
spectra, the comparison of the spectra in the O¢H stretching
spectral region also suggests that in the CD2Cl2 solution, as in
the KBr pellet, the population of conformer 4 is significantly
larger than that of conformer 11; viz. , the very large intensity

of the O¢H···N stretching mode would dominate the VA spec-
tra otherwise. Finally, we note that additional measurements in
DMSO may indirectly provide further evidence for the occur-
rence of intramolecular hydrogen-bonding in the experimental
sample as the VA and VCD bands associated with intramolecu-

lar hydrogen-bonding are expected to be suppressed in
DMSO.

3.3.3. Large-amplitude motions

The large changes observed in the VA spectra computed for
the linear transit structures of conformer 11 (Figure 7) prompt-

ed us to investigate closer the effects induced in the VA and
VCD spectra by large-amplitude motions. As the barrier re-

quired to rotate the hydroxyl group around the C11¢O22 bond
is expected to be very small, we have systematically varied the

orientation of the O22¢H44 bond by performing t3 LT calcula-
tions. During the LT scans, the t3 dihedral angle was rotated

over 3608 in steps of 208. The LT calculations have been per-
formed by using the BP86 functional and the COSMO solvation

models. Only the conformers in the subfamilies predicted to
be dominant at the BP86/COSMO level of theory have been

considered, that is, the conformers in the subfamilies I, V, IX, X

and XI (Figure 4).
Figure 8 shows the variation of the energy during the LT

scans performed for the cis conformers 4, 11, 20, 24 and 28
(the case of the trans conformers, which have slightly higher

energies, will not be discussed as it is very similar to the cis sit-
uation. The cis and trans LT energy curves are compared in Fig-
ure S8 in the Supporting Information). Conformer 11 is the

only conformer exhibiting a high rotational barrier, that is,
5.3 kcal mol¢1. Given the fact that in this conformer the hydrox-

yl group is involved in an intramolecular hydrogen-bond with
the N atom number 24, this is not surprising. For the rest of

the conformers, the rotational barrier is very small. In conform-
ers 24 and 28, variations of 1408 in t3 induce almost no

change in energy. The relative energy and the energy barrier

between conformers 28 and 30 are 0.09 and 0.45 kcal mol¢1, re-
spectively, whereas in the case of conformers 22 and 24, the

relative energy and the rotational barrier are both 0.6 kcal
mol¢1. Clearly, the conformers that differ only in the orientation

of the hydroxyl group cannot be considered as genuinely dif-
ferent conformers—pseudo-conformers would be a more ap-

propriate nomenclature for them. Further, we note that addi-

tional complications are found when looking at the energy
curves of conformers 4 and 26, which exhibit somewhat higher

rotation barriers, that is, between 1.4 and 1.94 kcal mol¢1. In
the case of conformer 4, the LT calculations reveal a local mini-

mum that was not found during the conformational search,
whereas in the case of conformer 26, the end point of the

3608 LT scan for t3 is not conformer 26 but conformer 22.

Clearly, we are dealing with an extremely complicated situation
that cannot be described by considering the conformers ob-

tained from a standard conformational analysis. In an attempt
to account for this complicated potential energy surface (PES)

in a simulation, VA and VCD calculations were performed for
all t3 LT structures situated within an energetic window of

1 kcal mol¢1 and in the vicinity of a local minimum associated
with conformers 4, 24, 26 and 28. Because of the high barrier,
no VA and VCD calculations were performed for the t3 LT struc-

tures associated with conformer 11.
The t3 LT spectra associated with each conformer have been

Boltzmann-averaged separately and the results are shown in
Figure 9. For comparison, the experimental VA and VCD spec-

tra, and spectra computed for the relaxed structure of confor-

mer 11 are also shown in Figure 9. As can be seen, all five si-
mulated VA spectra reproduce the experiment decently—none

of them stand out as significantly better or worse than the
other. In the case of the VCD spectra, the differences are more

pronounced. For example, the Boltzmann spectra associated
with conformers 24 and 26 can be immediately discarded. The
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spectrum of 24 has opposite signs with respect to the experi-
ment in region D, whereas spectrum of 26 exhibits very in-

tense VCD bands in region B that are not seen in the experi-
ment. Further, we note that the experimental pattern in region

D is reproduced rather closely by the Boltzmann-weighted
spectrum of conformer 4. Unfortunately, this is the only situa-

tion in which a clear agreement between calculation and ex-

periment is obtained. The spectrum of conformer 4 also man-
ages to reproduce some of the experimental patterns seen in

region A, but is unable to reproduce the experimental features
seen in regions B and C. However, the spectra associated with

conformers 11 and 28 seem to exhibit the patterns seen in the
experimental spectrum in region B, and as such one can

assume that they complement the spectrum of conformer 4

(see also the discussion in Section 3.3.2).
We conclude this section by noting that the comparison of

the spectra in Figure 9 have further reinforced the conclusion
drawn in Section 3.3.2, namely, that conformer 4 is the domi-
nant conformer. Regarding the discrepancies observed be-
tween calculation and experiment, the analysis of the LT
energy curves in Figure 8 shows clearly that the discrepancies

can be traced back to the inability to perform a proper vibra-
tional average for DHQD using the computational methods
presently available. Finally, we note that, as will be discussed in
the next section, the characteristics exhibited by the VCD spec-
tra of the pseudo-conformers make the need to perform a rig-
orous vibrational average of the spectra even more critical.

3.3.4. Exciton coupling

Our goal in this section is to show that the presence/absence
of the VCD exciton bands in the simulated and/or experimen-

tal VCD spectra provides important insights into the conforma-
tional dynamics occurring in the experimental sample. We start

by noting that among the 30 conformers considered, there are
ten pairs of pseudo-conformers, that is, (1,3), (2,4), (14,16),

(15,17), (19,21), (20,22), (23,25), (24,26), (27,29) and (28,30). As
discussed in the previous section, and as can be seen in

Table 1, the structures of the pseudo-conformers in a pair
differ mostly in the orientation of the hydroxyl group. For brev-

ity but without loss of generality, we will discuss here the

structures and spectra of only one pair of pseudo-conformers,
that is, conformers 28 and 30. We have considered this pair be-

cause conformer 28 was predicted by all six set of calculations
as the most important Closed conformer.

Figure 10 shows comparisons of the structures and VCD
spectra simulated for conformers 28 and 30. As highlighted,

the two conformers differ only in the orientation of the O¢H

bond (i.e. , in t3). This small structural difference, however, indu-
ces very significant effects in the VCD spectra (and only minor
changes in the VA spectra). As can be seen, in region B, the
VCD spectrum of conformer 30 exhibits bands that are 3–

4 times more intense than the bands in the VCD spectrum of
conformer 28. Because these intense VCD bands are not seen

in the experimental spectrum, one might be tempted to con-

clude that conformer 30 is not present in the experimental
sample. A similar conclusion would be reached as well for con-

former 28, the VCD spectrum of which does not reproduce the
experimental one particularly well. In contrast to this, a reason-

able agreement between the experimental and the simulated
VCD spectrum is obtained by averaging the LT structures

around the local minima associated with conformers 28 and

30. This indicates that conformers 28 and 30 may very well be
present in the experimental sample at room temperature—

a conclusion that would not be reached based on the spectra
computed for the individual conformers. As the situation de-

scribed here for conformers 28 and 30 is also found when
looking at other pseudo-conformers, it should be clear that vi-

Figure 8. Variation of the energy of conformers 4, 11, 20, 24 and 28 during linear transit scans for t4. The t4 angle is varied through 3608 in steps of 208. The
same energy window is shown in all plots.
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brational averaging cannot be neglected in the case of the

pseudo-conformers as it significantly changes the appearance

of the simulated VCD spectra.
Regarding the intense VCD signals observed in region B of

conformer 30, we note that they can be explained by using
the VCD exciton-coupling (EC) model.[27, 28] As shown in Sec-

tion 5 in the Supporting Information, the very intense VCD
bands are attributed to the coupling between the electric

dipole transition moments associated with the O22¢H44 and
C2¢O21 polar bonds. It is worth noting the atypical and thus

very interesting character of these EC VCD bands, which are
observed around 1200 cm¢1 and are associated with modes in-

volving C¢H and O¢H bending movements; viz. , the typically

EC VCD bands are associated with carbonyl stretching modes
and are observed around 1700 cm¢1. We note that other stud-

ies[28, 29] have also reported similar observations and have pro-
posed the use of the EC VCD model for the interpretation of

VCD bands that are not associated with carbonyl stretching
modes. We stress, however, that we have used the EC VCD

Figure 9. Comparison of experimental VA and VCD spectra and simulated
(BP86/COSMO) spectra obtained by Boltzmann averaging the spectra com-
puted for the t3 linear transit structures of conformers 4, 24, 26 and 28
within an energetic window of 1 kcal mol¢1. The spectra computed for the
relaxed structure of conformer 11 are also shown. The experimental VA band
highlighted with a star is characteristic of trans conformers and, as such, is
not reproduced by the spectra of the cis conformers considered here.

Figure 10. Comparison of the BP86/COSMO structures and VCD spectra of
conformers 28 and 30. The experimental VCD spectra, and the simulated
spectra obtained as Boltzmann averages of the VCD spectra computed for
the t3 LT structures in the vicinity of the minima associated with conformers
28 and 30 and within an energetic window of 1 kcal mol¢1 are also shown.
Regarding the superimposed structures, we note that all atoms of conformer
28 have been highlighted in green. Depending on the viewing angle, how-
ever, some atoms in green cannot be seen as they are blocked by the equiv-
alent atoms of molecule 30.
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model as an enhancement mechanism to explain the very in-
tense VCD signals observed in the spectra of some of the

pseudo-conformers. We do not support the use of the EC VCD
model as an alternative to DFT calculations for determining the

absolute configuration of chiral molecules.
We conclude by saying that the calculations performed in

this section show that when considering the VCD spectra of
DHQD, the experimental situation cannot be simulated by

simply Boltzmann averaging the spectra computed for the

conformers predicted by a standard conformational search.
The reason is threefold: 1) the large differences between the

VCD spectra of the pseudo-conformers in a given pair (see Fig-
ures S5–S7 in the Supporting Information), 2) the small energy

barriers between the pseudo-conformers in a pair, and 3) the
large uncertainties in the predicted Boltzmann factors. As
shown in Figure 10, the VCD simulated spectrum obtained by

Boltzmann averaging the VCD spectra of the LT structures situ-
ated in the vicinity (i.e. , within an energetic window of 1 kcal

mol¢1) of the minima associated with the conformers 28 and
30 reproduces the experimental VCD spectrum fairly well. This

demonstrates the need to perform a vibrational average of the
VCD spectra in this case—especially as the situation encoun-

tered above for the conformers 28 and 30 (i.e. , small energy

barriers, small relative energies and very different VCD spectra)
is also common in other pairs of pseudo-conformers (see Fig-

ures S5–S8 in the Supporting Information).

4. Conclusion

By using the experimental VA and VCD spectra of the dehydro-

quinidine (DHQD) molecule as a reference, we have performed
a very thorough analysis of the predictions made by the vari-

ous DFT methods for the structures, VA spectra, VCD spectra
and Boltzmann populations of the most important conformers

of this molecule. To this end, we have performed vacuum and

COSMO DFT calculations by using three different exchange-cor-
relation functionals, that is, BP86, OLYP and B3LYP. The six sets

of DFT calculations performed predicted very similar structures,
but very different Boltzmann factors for the 30 considered con-

formers of DHQD. As a result, the simulated VCD spectrum (ob-
tained as Boltzmann averages over the spectra of the consid-

ered conformers) depends sensitively on the computational
parameters used.

Individual comparisons between the experimental VA and

VCD spectra and the spectra computed for the 30 conformers
have shown that conformer 4, that is, the so-called Open(3)

conformer, is the dominant conformer in the experimental
sample. This is in agreement with previous findings. To gain in-
sight regarding the populations of the rest of the conformers,
we have analysed with respect to the experimental spectra the
relative magnitude of a few key marker bands in the VA and

VCD spectra computed for the 30 conformers considered. First,
we evaluated the VA bands associated with the O¢H stretching
bonds. As discussed in Section 3.3.2, the presence of a very
broad underlying band centred around 3150 cm¢1 provides

evidence that conformers exhibiting intramolecular hydrogen-
bonding, for example, conformer 11, are present in a small per-

centage in the experimental sample at room temperature.
Second, we investigated the exciton-coupling VCD bands ob-
served in the VCD spectra of 10 conformers (see Section 3.3.4).
To explain the lack of VCD exciton-coupling bands in the ex-
perimental spectrum, we closely analysed the structural differ-
ences between the pseudo-conformers in a pair by performing
linear transit calculations for the dihedral angle giving the ori-
entation of the hydroxyl group at the chiral centre, that is, an

additional degree of freedom in the conformational space of
the cinchona alkaloid previously unexplored at the DFT level of
theory. This investigation has shown that in the pseudo-con-
formers, the O¢H bond is likely to execute slow movements
with large amplitude, and that these large-amplitude motions

trigger the appearance/disappearance of the strong exciton-
coupling VCD bands. This has important implications. On one

hand, it suggests that VCD can be employed for studying intra-

molecular relaxation phenomena such as low-frequency and
large-amplitude motions. On the other hand, it provides addi-

tional evidence[19–21] that, when studying flexible molecules
with polar bonds, the vibrational averaging of VCD spectra

should not be neglected. As, in this regard, the dehydroquini-
dine molecule considered here is expected to be a typical ex-

ample, that is, not the exception to the rule. This strong inter-

play between exciton coupling and large-amplitude-motion
phenomena further underscores the need for computational

tools capable of performing rigorous vibrational averaging of
the VCD spectra over the harmonic oscillator wave function.

5. Experimental and Computational Details

5.1. Experimental details

The DHQD molecule was synthesised in the bio-organic syn-
thesis group at the University of Amsterdam.[30] Fourier-trans-

form infrared (FTIR) and VCD spectra were obtained by using
a Bruker Vertex 70 spectrometer in combination with a PMA 50

module for polarisation modulation measurements. The PEM
centre frequency was set to 1500 cm¢1 for all the measure-
ments in the fingerprint region. Samples were prepared in

CD2Cl2 and kept in sealed infrared cells with 3 mm thick CaF2

windows. Baseline correction was performed by using the
spectrum of dry CD2Cl2. Similar measurements have been at-
tempted using acetonitrile as the solvent, but because of the
relatively low solubility, these VCD spectra could not reliably
be used for further analysis. KBr pellets were prepared with

a mixture of KBr/DHQD in a ratio of about 100:1.

5.2. Computational details

The conformational space of DHQD was explored in two steps.

First, a molecular mechanics (MM) conformational search was
performed, then the MM conformers were further re-optimised

by using density functional theory (DFT). The MM conforma-
tional search was done with the Macromodel v9.7 program

using the MM3 force field,[31] the GBSA solvent model for
chloroform and a 10 kcal mol¢1 energy cut-off window.
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All DFT calculations (i.e. , geometry optimisation[32]
, VA[33] and

VCD[34] calculations) were performed with the ADF program

package.[35–37] Both vacuum and COSMO[38–40] calculations were
performed by using the ADF TZP[41] basis set and three differ-

ent exchange-correlation functionals (BP86,[42, 43] OLYP[44, 45] and
B3LYP[46, 47]). In the vacuum calculations, all geometry optimisa-
tions, VA and VCD calculations were performed for the isolated
conformers, whereas in the COSMO calculations the considered
conformers were embedded in the dielectric continuum corre-

sponding to dichloromethane, that is, dielectric constant of
8.9. Stringent convergence criteria were used in all geometry

optimisations calculations, that is, 10¢4 Hartree/Angstrom for
gradients.

The VA and VCD spectra have not been computed by using
the B3LYP functional. The reason is threefold. First, because

Slater-type orbitals are used as basis functions in ADF and, as

such, all matrix elements are calculated numerically, frequency
calculations using hybrid exchange-correlation functionals like

B3LYP are extremely expensive. Second, as shown,[20, 34, 48–50] the
VCD (also VA) spectra computed by using the BP86 and OLYP

functionals reproduce the experimental spectra as well as
those computed by using B3LYP. Third, the VA and VCD spectra

computed for DHQD at the BP86 and OLYP levels of theory are

overall rather similar to the B3LYP spectra computed in refer-
ence [18] (see Figure 10) for the quinidine molecule (which

structurally is very similar to DHQD).
The calculated IR and VCD spectra were obtained by Lorent-

zian broadening of the dipole and rotational strengths using
a half-width of 8 cm¢1. The computed harmonic frequencies

have been scaled with factors of 1.015 in the fingerprint

region and 0.985 in the 3 mm region. These values were found
to provide the best agreement between the experimental and

computed VA and VCD bands. The analysis of the normal
modes and VA and VCD spectra was performed by using the

ToolsVCD program.[51]
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