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Abstract

The chiroptical response in the form of vibrational circular dichroism (VCD)

in the midinfrared region is found to be enhanced when a hydrogen of amino

group of L-tryptophan is substituted with acetyl, acryloyl, or maleyl group. The

order of preference for VCD enhancement is found to be acryloyl > acetyl >

maleyl group. The resulting experimental VCD spectra are also found to be sat-

isfactorily reproduced by the quantum mechanical (QM) predicted spectra.

The QM predicted spectra were simulated using the conformer populations,

(a) predicted by Gibbs energies and (b) optimized to maximize the similarity

between experimental and predicted VCD spectra. It is found that the con-

former populations predicted by Gibbs energies do not yield the maximum

possible similarity between experimental and the QM predicted spectra. This

work identifies the N-substitution of α-amino acids and determining the

conformer populations that best reproduce the experimental spectra as two

new approaches for molecular structure determination.
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1 | INTRODUCTION

Vibrational circular dichroism (VCD) is being used fre-
quently in recent years for the absolute configuration
(AC) determination, along with inferring predominant
conformations.1 These goals are facilitated by the
quantum mechanical (QM) predictions of VCD spectra2

using density functional theory (DFT) methods and ana-
lyzing the experimental spectra with predicted spectra.3

This approach is becoming routine when the sample
under consideration has good solubility in solvents

whose vibrational absorption (VA) bands do not
interfere in the spectral region of measurement, and
measured VCD signals are significantly above the noise
level. For cases where the sample of interest suffers
from low solubility in suitable solvents and/or exhibits
only weak VCD signals, chemical modifications to
increase the solubility, and/or enhance the VCD signals,
would be required.

Because of the poor solubility in organic solvents,
VCD measurements on simple amino acids are typically
limited to the aqueous solutions. Since H2O solvent has
strong infrared absorption at approximately 1650 cm−1,
very high concentrations employing narrow (6 micron)
pathlength cells had to be used for VCD measurements
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on α-amino acids in the midinfrared region.4 To avoid
these limitations, the general practice has been to make
use of the D2O solvent whose VA bands in the mid-
infrared region shift to lower wavenumbers. VCD spectra
in D2O solvent can be measured with 50 micron path
length cells in the approximately 1800 to 1300 cm−1

region. Even then, VCD signals for unsubstituted amino
acids are often weak in this limited vibrational region.
These difficulties led to the measurement of the VCD
spectra of α-amino acids in the film5a state. Enhanced
VCD signals were obtained when proline, valine, and
alanine are coupled to paramagnetic metal ion.5b

The tryptophan-based compounds are important as
building blocks of the protein systems.6 As a result,
determination of the ACs, and of inferring predominant
conformations of tryptophan-based compounds, acquires
special significance. The VCD spectrum of tryptophan in
the approximately 1800 to 1300 cm−1 region could not be
measured in aqueous solutions because of its poor
solubility but could be measured in the film state5b. Yet
the measured signals are quite weak. Moreover, the film-
state measurements do not correspond to realistic envi-
ronments for biochemical applications and are not easy
to interpret using theoretical methods. These limitations
necessitate the exploration of better approaches to mea-
sure the VCD spectra of tryptophan-based compounds in
solution phase.

Here, we present a practical method to amplify the
VCD response of tryptophan. Tryptophan can be made
soluble in organic solvents, that are more suitable for
VCD spectroscopy, by esterification with the methyl ester
being the simplest for QM predictions. However, esterifi-
cation does not necessarily enhance the resulting VCD
signals. It is known that the presence of delocalized
electrons among neighboring C═C and C═O groups
enhances the specific rotations.7 In the same vein, the
introduction of groups with vibrations involving
delocalized electrons can be expected to lead to
vibrationally modulated delocalized electrons that can be
anticipated to amplify the VCD signals. Based on this
hypothesis, tryptophan methyl ester, 1, (see Scheme 1)
was derivatized via N-substitution with acetyl, 2, acryloyl,
3, and maleyl, 4, groups. While acetyl group introduces
one C═O group that can couple to the existing C═O
group and provide VCD enhancement, acryloyl group
introduces an additional mechanism of delocalizing the
electrons among neighboring C═O and C═C groups; the
maleyl group introduces one more C═O group for exten-
ding this delocalization. Therefore, N-acetyl, N-acryloyl,
and N-maleyl substitutions might provide insight into
how molecular vibrations might influence the circular
dichroism associated with vibrational transitions in these
groups.

Here, we explore the role of acetyl, acryloyl, and mal-
eyl groups in amplifying the VCD signals associated with
tryptophan, as a representative case for α-amino acids, by
measuring their experimental VCD spectra. Analysis of
these spectra reveals the preferred groups for amplifica-
tion of VCD signals. The quantitative analysis of similar-
ity between experimental and QM predicted VCD and
vibrational dissymmetry factor (VDF) spectra3c, 8 is also
undertaken for all four molecules. While it is customary
to simulate the predicted spectra using conformer
populations derived from Gibbs energies, a different
approach of determining the conformer populations that
maximize the similarity between experimental and simu-
lated VCD spectra is undertaken. This analysis indicates
that conformer populations derived from Gibbs energies
do not necessarily provide the maximum possible agree-
ment between experimental and QM predicted VCD
spectra. Therefore, the determination of the conformer
populations that maximize the similarity between experi-
mental and simulated VCD spectra will serve as a useful
tool for future research.

2 | MATERIALS AND METHODS

2.1 | Experimental methods

Compounds 1-4 (see Scheme 1) have been synthesized
(see ESI for details) starting from L-tryptophan-HCl,
through methyl esterification (1), followed by substitu-
tion of a hydrogen atom of the NH2 group with acetyl,
acryloyl, or maleyl group (2-4). The synthetic process
does not alter the central chirality, and therefore, the AC
of parent compound was retained in 2-4 to be (S). The
experimental VA and VCD (see Figure 1) spectra were
measured in THF-d8 solvent using a ChiralIR spectrome-
ter, an SL3 cell with BaF2 windows and 100-μm path

SCHEME 1 Structures of L-tryptophan-Me-ester (1), N-acetyl-
L-tryptophan-Me-ester (2), N-acryloyl-L-tryptophan-Me-ester (3), N-
maleyl-L-tryptophan-Me-ester (4)
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length. The concentrations used are 0.24 (1), 0.11 (2),
0.11 (3), and 0.10 M (4).

2.2 | Computational methods

For each of the four molecules studied, conformational
analysis was carried out for the (S)-enantiomer using
CONFLEX program9 with built-in MMFF94 force field.
In the case of compound 4, both cis- and trans-
conformers around the double bond of the maleyl
substituent have been taken into account. The
CONFLEX-generated conformers, within 20-kcal/mol
energy window, have been optimized with PM6 method
using Gaussian 16 program.10 The resulting unique
conformers within the 10-kcal/mol energy range have
been further optimized using B3LYP functional and
6-31G* basis set in gas phase. The resulting conformers,
within 5 kcal/mol, have been further optimized at the
B3LYP/6-311++g(2d,2p) level with the THF solvent
represented by the polarizable continuum model (PCM)
using the integral equation formalism (IEFPCM).11 The
number of optimized conformers within 2-kcal/mol

energy range is 15 for 1, 9 for 2, 25 for 3, and 15 for 4.
The conformers of 1-4, with populations greater than 10%
are displayed in ESI (Figures S1-S4). These conformers
have no imaginary vibrational frequencies, indicating
that they are at the potential energy minima. VCD/VA
spectra were computed for all of these conformers using
B3LYP functional and 6-311++g(2d,2p) basis set with the
THF-d8 solvent represented by IEFPCM. Gibbs free
energies have been used to derive the populations of con-
formers at 298.15 K. The simulated spectra were obtained
as the sum of population weighted conformer spectra.

The quantification of agreement between experimen-
tal and predicted spectra is determined from spectral
similarity overlap (SSO) as a function of vibrational fre-
quency scale factor. The Sim functions, SimVA, SimVCD,
and SimVDF (see ESI for description of these functions)
are used to calculate the SSO as implemented in the
CDSpecTech program.12

It has been a common practice to derive the
conformer populations using Gibbs energies and
generate population weighted QM predicted spectra for
comparison with the experimental spectra. Two recent
papers highlighted the uncertainties in Gibbs energies

FIGURE 1 Experimental VCD

spectra of L-tryptophan methyl esters
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calculated using QM theories. Nicu et al13 stated that the
uncertainties in Gibbs energies can be as large as
2 kcal/mol. More recently,14 it was reported that even
larger errors are possible in DFT calculations that use
grids smaller than UltraFine grids,10 because the energies
depend on the molecular orientation used for geometry
optimization when smaller grids are used. As a result, the
reliability of populations of conformers derived from
Gibbs energies becomes uncertain. To alleviate these
uncertainties, one can independently determine the con-
former populations by optimizing them to provide the
best possible agreement between population weighted
QM predicted spectra and experimental spectra. A com-
parison of these optimized populations with the
populations derived from Gibbs energies will reveal
whether or not the latter populations are best suited for
reproducing the experimental VCD spectra.

We have taken this new direction in this work by
developing in-house a similarity optimization algorithm
(see ESI) for optimizing the conformer populations that
maximize the SimVCD, between experimental and QM
predicted VCD spectra for 1-4. The maximized SimVCD
values reflect the best possible agreement that one can
obtain, at the level of theory used, between experimental
spectra and population weighted QM predicted spectra
for the (S) enantiomers. For situations where VCD spec-
tra are used for determining the unknown AC, one also
has to verify if a different combination of conformer
populations might also lead to an agreement between
experimental spectra and population weighted QM
predicted spectra for the opposite enantiomer. For this
purpose, the similarity optimization algorithm developed
here simultaneously optimizes the populations to mini-
mize the SimVCD (ie, find the conformer populations
that lead to negative SimVCD with maximum
magnitude). The minimized SimVCD values correspond
to conformer populations that give the best possible
agreement between the experimental spectra and
population weighted QM predicted spectra of opposite
enantiomer. As a result, one will be able to assess, from
maximum and minimum SimVCD values, if different sets
of conformer populations might lead to opposite conclu-
sions on AC.

3 | RESULTS AND DISCUSSION

3.1 | Enhancement of experimental VCD
signals

The comparison of experimental VCD spectra for the four
compounds reveals that 1 possesses the smallest number
of VCD peaks, that are also weak. The weak VCD

associated with C═O stretching band at approximately
1743 cm−1 and a weaker broad negative VCD in the 1362
to 1240 cm−1 region are the only two pieces of informa-
tion for interpreting the spectrum and to extract struc-
tural information of 1. N-acetyl substitution results in the
generation of bisignate VCD bands, positive at 1751 cm−1

and negative at 1690 cm−1, with significantly larger
intensities and associated with well-resolved absorption
bands. There are also two prominent additional VCD
bands, positive at 1524 cm−1 and negative at 1277 cm−1.
Compared with the VCD spectrum of 1, enhanced VCD
information content is clearly apparent in the spectrum
of 2. The acetyl and acryloyl substituents differ only in
the presence of a terminal double bond in the latter,
which introduces electron delocalization among C═O
and C═C bonds. Accordingly, the VCD signals seen for
acryloyl substitution are even larger than those seen for
N-acetyl substitution. N-acryloyl substitution results in
significantly larger intensities for bisignate VCD bands,
positive at 1744 cm−1 and negative at 1686 cm−1, also
associated with well-resolved absorption bands. In addi-
tion, prominent bands appear at 1524 cm−1 with positive
VCD, at 1415 cm−1 with negative VCD, and at 1245 cm−1

with negative VCD. N-maleyl substitution results in a
“crowding effect” because of the presence of three C═O
vibrational transitions in a closely spaced region around
1700 cm−1. This “crowding” results in the disappearance
of well-resolved VCD bands, unlike those seen for 2 and
3, in the 1770 to 1660 cm−1 region. The 1650 to
1250 cm−1 region however appears to be rich in content
with additional VCD bands, just as for 2 and 3.

The substitution of one hydrogen of the amino group
generated new bands in compounds 2-4, especially the
one originating from the N─H bending that was not pre-
sent in the spectrum of 1. This band, originating from
coupling between N─H bending and C*─H bending, is
identified through normal mode analysis (vide infra), as
the positive broad band at 1524 cm−1. Very interesting
observation here is that the sign of N─H bending band is
the same in all three N-substituted compounds, 2-4. Since
this vibrational chromophore is very close to the chiral
center, and is perturbed directly by it, it is possible to use
N─H bending VCD as a fingerprint for the AC assign-
ment of the N-substituted α-amino acids. It is also inter-
esting to notice that the well-resolved bisignate couplet,
with positive VCD at approximately 1740 cm−1 and
negative VCD at approximately 1680 cm−1, resulting
from N-substitution, is reproduced for compounds 2 and
3 but that in the compound 4 is not well resolved because
of “crowding” effect.

Thus, from the visual comparison of VCD spectra of
1-4, it appears that N-substitution provides a practical
route to enhance the VCD content for structural
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investigation of tryptophan-based compounds. In the
C═O stretching region, while acetyl and acryloyl groups
provided well-resolved VCD bands, the maleyl group
appears to be less advantageous because of possible
cancelation from oppositely signed VCD band overlap.

Although a clear advantage for N-acetyl and
N-acryloyl substitutions is evident from the experimen-
tal VCD spectra in Figure 1, this advantage may not be

useful if the experimental VCD spectra cannot be satis-
factorily reproduced using QM predictions. Introduction
of N-substitution can increase conformational flexibil-
ity, and therefore, it is necessary to verify the practical
utility of these N-substitutions for structural determina-
tion by successfully reproducing their experimental
spectra using QM predicted VCD spectra. This aspect is
discussed next.

FIGURE 2 Comparison

between experimental (THF-d8)

and computed VCD/VA spectra

of 1 at DFT/B3LYP/6-311++G
(2d,2p)/IEFPCM (THF) level of

theory. In the left vertical panel,

the predicted wavenumbers are

scaled with 0.984 and overlaid

on experimental spectra. In the

right vertical panel, QC

predicted spectra with unscaled

wavenumbers are stacked over

experimental spectra and band

positions labeled

FIGURE 3 Comparison

between experimental (THF-d8)

and computed VCD/VA spectra

of 2 at DFT/B3LYP/6-311++G
(2d,2p)/IEFPCM (THF) level of

theory. In the left vertical panel,

the predicted wavenumbers are

scaled with 0.997 and overlaid

on experimental spectra. In the

right vertical panel, QC

predicted spectra with unscaled

wavenumbers are stacked over

experimental spectra and band

positions labeled
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4 | COMPARISON OF
EXPERIMENTAL AND QM
PREDICTED VCD SPECTRA

4.1 | Conformer populations determined
from Gibbs energies

The dominant conformers of 1-4, with populations
greater than 10% are displayed in ESI. Experimental

VA, VCD, and VDF spectra of 1-4 are compared
with corresponding predicted spectra in Figures 2–5,
where the predicted spectra used the populations
determined from Gibbs energies. In the left
vertical panel, the computed spectra are scaled by
0.984 for 1, 0.997 for 2, 0.992 for 3, and 0.983 for
4 and overlaid on the experimental spectra. The scale
factors used here correspond to the maximum value of
SimVCD. In the right vertical panel, the computed

FIGURE 4 Comparison

between experimental (THF-d8)

and computed VCD/VA spectra

of 3 at DFT/B3LYP/6-311++G
(2d,2p)/IEFPCM (THF) level of

theory. In the left vertical panel,

the predicted wavenumbers are

scaled with 0.992 and overlaid

on experimental spectra. In the

right vertical panel, QC

predicted spectra with unscaled

wavenumbers are stacked over

experimental spectra and band

positions labeled

FIGURE 5 Comparison

between experimental (THF-d8)

and computed VCD/VA spectra

of 4 at DFT/B3LYP/6-311++G
(2d,2p)/IEFPCM (THF) level of

theory. In the left vertical panel,

the predicted wavenumbers are

scaled with 0.983 and overlaid

on experimental spectra. In the

right vertical panel, QC

predicted spectra with unscaled

wavenumbers are stacked over

experimental spectra and band

positions labeled

6 POLAVARAPU ET AL.



spectra are stacked over the experimental spectra and
not scaled.

The analysis of the normal modes, undertaken using
the lowest energy conformer, indicates the following: For
1, the negative strong VCD band at 1740 cm−1 corre-
sponds to the C═O stretching. For 2, the positive VCD
band at 1747 cm−1 is due to tryptophan C═O stretching,
negative band at 1686 cm−1 is due to acetyl C═O
stretching, and a positive broad band at 1524 cm−1 is due
to N─H bending coupled with C*─H bending. The latter
signal is a direct result of the N-substitution. For 3, a
positive band at 1743 cm−1, because of tryptophan C═O
stretching, a negative band at 1682 cm−1, because of
acryloyl C═O stretching, and a positive broad band at
1524 cm−1, because of N─H bending coupled with C*─H
bending, are analogous to those for 2. For 4, the positive
VCD band at 1755 cm−1 is due to tryptophan C═O
stretching; the negative VCD band at 1736 cm−1 is due to
maleyl terminal C═O stretching coupled to OH maleyl
bending; the negative VCD band at 1636 cm−1 is due to
maleyl C═C stretching; a negative VCD band at
1609 cm−1 is due to maleyl C═O stretching close to NH;
and a positive broad VCD band at 1550 cm−1 is due to
N─H bending coupled with C*─H bending.

Quantitative agreement between experimental and
predicted spectra is assessed using SSO plots. The
maximum SimVA, SimVCD, and SimVDF values are
summarized in Table 1, and SSO plots are shown in
Figure 6. The experimental region used for SSO calcula-
tion is approximately 1850 to 1200 cm−1. From Table 1, it
can be seen that the maximum SimVCD and SimVDF
values obtained with populations derived from Gibbs
energies are generally satisfactory. We previously rec-
ommended15 SimVCD and SimVDF values of at least 0.4
for a satisfactory agreement. The SimVCD and SimVDF
values are 0.50 and 0.67 for 1, 0.54 and 0.44 for 2, 0.66
and 0.70 for 3, and 0.51 and 0.55 for 4. Larger values are
obtained for 3, indicating that N-acryloyl substitution is
better suited for reproducing the experimental spectra.
Since experimental spectra of 3 also exhibit well-resolved
and large VCD signals in the 1800 to 1600 cm−1 range, it
is apparent that N-acryloyl substitution is to be preferred
among the three N-substitutions investigated.

4.2 | Conformer populations optimized
to maximize the similarity between
experimental and predicted VCD spectra

Figures 2–6 represent the standard practice used for ana-
lyzing the experimental spectra for molecular structure
determination. However, as mentioned earlier, recent
findings13,14 indicate that the conformer populations T
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derived from Gibbs energies can be uncertain. To verify if
the Gibbs energies-derived conformer populations are
suitable for achieving maximum SimVCD and SimVDF
values, a similarity optimization algorithm, independent
of that reported by Nicu et al13, has been developed in-
house for optimizing the conformer populations to
maximize SimVCD (see ESI). At the same time, to verify
if a different set of conformer populations might also lead
to the assignment of opposite AC, conformer populations
have also been optimized to minimize the SimVCD
(which corresponds to negative SimVCD with maximum
magnitude). The SimVA, SimVCD, and SimVDF values
derived in this manner are also included in Table 1. The
SSO plots, for experimental and optimized-population
weighted QM predicted spectra, are included in ESI
(Figures S5-S8). The experimental and optimized-
population weighted QM predicted VCD spectra are
compared in Figures 7.

From Table 1, it can be seen that the maximum
SimVCD and SimVDF values obtained with optimized
populations are uniformly larger than those obtained
with Gibbs energies-derived populations. For 1, the nega-
tive strong VCD band at 1740 cm−1, which corresponds
to the C═O stretching, is not reproduced well when
populations derived from Gibbs energies are used
(Figure 2). This deficiency is rectified when populations
were optimized to maximize SimVCD (see top left panel
in Figure 7). For 2, the intensity of strong positive VCD
band at approximately 1747 cm−1 is not reproduced well
when populations derived from Gibbs energies are used
(Figure 3). This situation has improved when populations
were optimized to maximize SimVCD (see top right panel
in Figure 7). The predicted intensity for the negative
band at 1682 cm−1 of 3 is rather small when populations

derived from Gibbs energies are used (see Figure 4) but
not so when optimized populations are used (see bottom
left panel in Figure 7). For 4, the comparison between
experimental and predicted spectra has improved around
the approximately 1300 cm−1 region, when optimized
populations are used (compare Figure 5 and bottom right
panel in Figure 7).

When Gibbs energies-derived populations are
replaced with conformer populations optimized with sim-
ilarity optimization algorithm, SimVCD value increases
from 0.50 to 0.75 for 1, and SimVDF remains about the
same; similar increase from 0.54 to 0.68 is seen in
SimVCD for 2, 0.66 to 0.77 for 3, and from 0.51 to 0.60 for
4; SimVDF values have also become larger for 2, 3, and 4.
These observations confirm that the Gibbs energies-
derived populations do not provide the best possible
agreement with experimental VCD spectra. It is apparent
that similarity optimization has improved not only
SimVCD but also SimVDF values, a preferred outcome.

Of the four molecules investigated here, the SimVCD
and SimVDF values for 4 are not as high as those for the
other three. The addition of maleyl group with more
conformational mobility, and multiple vibrations
“crowded” in a narrow region, appears to lead to a lower
quality comparison between experimental and theoretical
spectra. On the other hand, the SimVCD and SimVDF
values are higher for 3 than those of other molecules
investigated.

Based on the current observations, the preference
for N-substitution in tryptophan-based compounds for
practical analysis is in the order: N-acryloyl > N-acetyl >
N-maleyl. We anticipate the same observations to apply
for other α-amino acids. However, it will be prudent to
investigate other α-amino acids individually.

FIGURE 6 SSO plots comparing

experimental VA, VCD, and VDF

spectra with those predicted for

compounds 1-4 using Boltzmann

populations derived from Gibbs energies

at DFT/B3LYP/6-311++G(2d,2p)/

IEFPCM (THF) level of theory
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To assess, what changes in the populations have led
to increased SimVCD and SimVDF values, the
populations optimized to maximize the SimVCD are
compared with those derived from Gibbs energies in
Tables 2–5. We will focus only on those conformers that
have >10% population (see Figures S1-S4 in ESI). For 1,
the Gibbs energy-derived populations are associated with
conformers #12 (24%), #2 (18%), and #15 (14%) while
optimized populations are associated with conformers
#12 (33%), #15 (26%), #19 (16%), and #5 (14%); two con-
formers, #12 and #15, accounting for approximately 40%
population are common for both cases. For 2, the former
are associated with #30 (40%) and #14 (25%), while the

latter are associated with #10 (52%) and #30 (36%). Here,
one conformer, #30, accounting for approximately 40%
population is common for both cases. For 3, the former
are associated with #17 (18%), #13 (16%), #9 (12%), and
#15 (11%), while the latter are associated with #13 (28%),
#44 (27%), #15 (12%), and #6 (11%); here, two con-
formers, #13 and #15, accounting for approximately 30%
population are common for both cases. For 4, the former
are associated with #85 (25%) and #99 (22%), while the
latter are associated with #77 (30%), #64 (25%), and #630
(18%), all belonging to the cis-maleyl; here, the con-
formers optimized to yield maximum SimVCD are differ-
ent from those derived from Gibbs energies.

FIGURE 7 Comparison between

experimental (THF-d8) and computed

VCD/VA spectra of 1-4 at

DFT/B3LYP/6-311++G(2d,2p)/IEFPCM

(THF) level of theory with populations

optimized to maximize SimVCD

POLAVARAPU ET AL. 9



These observations suggest that optimized conformer
populations can be significantly different from those
derived from Gibbs energies. Since all of the conformers

within 2 kcal/mol energy range are used for VCD calcula-
tions, and the uncertainties in Gibbs energies are consid-
ered to be at least that much, the redistribution of

TABLE 2 Conformer populations for (S)-tryptophan methyl ester, 1

Sequence Number Loaded
Into CDSpectech # Confomer #a

From Gibbs
Energies

From Maximizing
SSO for VCD

From Minimizing
SSO for VCD

Δ (Population)/
Δ (SSO)

Max
SSOb

Min
SSOc

1 1 0.04 0.02 0.00 −0.08 −0.04

2 2 0.18 0.00 0.65 −0.70 0.53

3 3 0.06 0.00 0.01 −0.22 −0.06

4 4 0.03 0.00 0.28 −0.12 0.28

5 5 0.01 0.14 0.00 0.51 −0.01

6 7 0.01 0.00 0.06 −0.04 0.06

7 8 0.05 0.00 0.00 −0.21 −0.06

8 10 0.05 0.01 0.00 −0.18 −0.06

9 12 0.24 0.33 0.00 0.36 −0.27

10 15 0.14 0.26 0.00 0.46 −0.16

11 19 0.02 0.16 0.00 0.56 −0.02

12 20 0.04 0.02 0.00 −0.08 −0.04

13 21 0.08 0.00 0.00 −0.32 −0.09

14 23 0.05 0.07 0.00 0.06 −0.06

15 32 0.00 0.00 0.00 0.00 0.00

aThese are numbers associated with Conflex generated conformers for identification purposes.
bChange in population needed per unit change in maximum SSO for VCD; calculated as (SSOmaxPop-GibbsPop)/change in SSO.
cChange in population needed per unit change in minimum SSO for VCD; calculated as (SSOminPop-GibbsPop)/Abs (change in SSO).

TABLE 3 Conformer populations for N-acetyl-(S)-tryptophan methyl ester, 2

Sequence Number Loaded
Into CDSpectech # Confomer #a

From Gibbs
Energies

From Maximizing
SSO for VCD

From Minimizing
SSO for VCD

Δ (Population)/
Δ (SSO)

Max
SSOb

Min
SSOc

1 1 0.06 0.00 0.12 −0.43 0.08

2 3 0.02 0.00 0.88 −0.11 1.14

3 6 0.09 0.00 0.00 −0.63 −0.12

4 10 0.06 0.52 0.00 3.27 −0.08

5 12 0.07 0.07 0.00 −0.06 −0.10

6 14 0.25 0.00 0.00 −1.78 −0.33

7 20 0.02 0.06 0.00 0.27 −0.03

8 26 0.03 0.00 0.00 −0.21 −0.04

9 30 0.40 0.36 0.00 −0.32 −0.53

aThese are numbers associated with Conflex generated conformers for identification purposes.
bChange in population needed per unit change in maximum SSO for VCD; calculated as (SSOmaxPop-GibbsPop)/change in SSO.
cChange in population needed per unit change in minimum SSO for VCD; calculated as (SSOminPop-GibbsPop)/Abs (change in SSO).

10 POLAVARAPU ET AL.



populations among these conformers is not surprising.
Since the optimized conformer populations provide the
best possible agreement with experimental VCD spectra,
these populations might be viewed as experimentally
determined populations from VCD spectra. An indepen-
dent verification of the optimized conformer populations
in the solution phase using a different experimental tech-
nique however remains a challenge at the present time.

It is useful to note that the deduction of correct AC,
for the four molecules investigated here, is independent
of whether one uses Gibbs energies-derived populations
or populations optimized to maximize the SimVCD,
because both sets of conformer populations yielded high

enough SimVCD and SimVDF values to confidently
assign the AC.

The conformer populations (see Tables 2–5) opti-
mized to yield minimum SimVCD value, indicate that
the magnitudes of negative SimVCD values (see Table 1)
are much smaller than the corresponding magnitudes
obtained with populations optimized to yield maximum
(positive) SimVCD values. Thus, there is no possibility
for inferring the opposite AC, for any of the four investi-
gated compounds, from the present calculations.

The last two columns in Tables 2–5 summarize the
ratio of change in conformer populations to change in
SimVCD. These ratios provide insight into sensitivity, ie,

TABLE 4 Conformer populations for N-acryloyl-(S)-tryptophan methyl ester, 3

Sequence Number Loaded
Into CDSpectech # Confomer #a

From Gibbs
Energies

From Maximizing
SSO for VCD

From Minimizing
SSO for VCD

Δ (Population)/
Δ (SSO)

Max
SSOb

Min
SSOc

1 1 0.08 0.00 0.00 −0.73 −0.11

2 2 0.01 0.00 0.00 −0.07 −0.01

3 3 0.03 0.00 0.00 −0.26 −0.04

4 4 0.01 0.00 0.35 −0.07 0.45

5 6 0.00 0.11 0.00 0.95 0.00

6 7 0.00 0.00 0.65 −0.03 0.86

7 9 0.12 0.00 0.00 −1.06 −0.16

8 10 0.01 0.00 0.00 −0.10 −0.01

9 12 0.01 0.00 0.00 −0.10 −0.02

10 13 0.16 0.28 0.00 1.09 −0.22

11 15 0.11 0.12 0.00 0.03 −0.15

12 17 0.18 0.08 0.00 −0.89 −0.24

13 18 0.01 0.00 0.00 −0.10 −0.01

14 19 0.01 0.00 0.00 −0.13 −0.02

15 20 0.01 0.00 0.00 −0.05 −0.01

16 21 0.01 0.00 0.00 −0.10 −0.01

17 22 0.02 0.00 0.00 −0.16 −0.02

18 23 0.03 0.00 0.00 −0.24 −0.04

19 26 0.05 0.08 0.00 0.23 −0.07

20 29 0.03 0.06 0.00 0.23 −0.04

21 31 0.05 0.00 0.00 −0.48 −0.07

22 32 0.01 0.00 0.00 −0.05 −0.01

23 42 0.00 0.00 0.00 −0.04 −0.01

24 44 0.01 0.27 0.00 2.37 −0.02

25 46 0.03 0.00 0.00 −0.25 −0.04

aThese are numbers associated with Conflex generated conformers for identification purposes.
bChange in population needed per unit change in maximum SSO for VCD; calculated as (SSOmaxPop-GibbsPop)/change in SSO.
cChange in population needed per unit change in minimum SSO for VCD; calculated as (SSOminPop-GibbsPop)/Abs (change in SSO).
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how big or small change in populations is needed for unit
change in SimVCD. A larger ratio would mean less effec-
tiveness in influencing SimVCD and vice versa.

Investigation of conformer populations optimized to
maximize/minimize SimVCD are in the very early stages.
It should be remembered that several factors influence
the optimized conformer populations. These factors

include (a) the theoretical level used for predicting the
vibrational frequencies and intensities; (b) quality of the
experimental spectra; and (c) the spectral range used for
comparison. For sufficient confidence in the optimized
populations, it is important to utilize most reliable theo-
retical levels and high signal to noise experimental spec-
tra covering a large number of vibrational bands.

TABLE 5 Conformer populations for N-maleyl-(S)-tryptophan methyl ester, 4

Sequence Number Loaded
Into CDSpectech # Confomer #a

From Gibbs
Energies

From Maximizing
SSO for VCD

From Minimizing
SSO for VCD

Δ (Population)/
Δ (SSO)

Max
SSOb

Min
SSOc

1 cis-11 0.08 0.00 0.00 −0.88 −0.13

2 cis-21 0.07 0.00 0.00 −0.81 −0.12

3 cis-23 0.03 0.07 0.00 0.42 −0.05

4 cis-64 0.07 0.25 0.00 2.07 −0.11

5 cis-77 0.04 0.30 0.00 2.85 −0.07

6 cis-79 0.04 0.00 0.00 −0.40 −0.06

7 cis-85 0.25 0.06 0.00 −2.16 −0.41

8 cis-99 0.22 0.08 0.00 −1.51 −0.36

9 cis-310 0.03 0.06 0.00 0.30 −0.05

10 cis-630 0.05 0.18 0.00 1.39 −0.09

11 trans-5 0.00 0.00 0.00 −0.05 −0.01

12 trans-11 0.01 0.00 0.00 −0.09 −0.01

13 trans-12 0.10 0.00 1.00 −1.07 1.48

14 trans-18 0.00 0.00 0.00 −0.02 0.00

15 trans-53 0.00 0.00 0.00 −0.03 0.00

aThese are numbers associated with Conflex generated conformers for identification purposes.
bChange in population needed per unit change in maximum SSO for VCD; calculated as (SSOmaxPop-GibbsPop)/change in SSO.
cChange in population needed per unit change in minimum SSO for VCD; calculated as (SSOminPop-GibbsPop)/Abs (change in SSO).

FIGURE 8 Koji starting the Magic show

12 POLAVARAPU ET AL.



FIGURE 9 Koji and Prasad Polavarapu

during the Magic show

FIGURE 10 Koji and Nobu Harada

entertaining the audience during magic show

FIGURE 11 Conference Dinner at the

University Club of Nashville, Vanderbilt

University. Seated (L to R): Bharathi

Polavarapu, Koji Nakanishi, Bob Woody, and

Nina Berova; standing (L to R): Jim Cheeseman,

Rina Dukor, Prasad Polavarapu, A-Young

Woody, and Larry Nafie
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5 | CONCLUSION

The current investigation indicates that N-substitution
can provide enhanced VCD signals for tryptophan-based
compounds, in particular with acryloyl or acetyl substitu-
tions. In the 1800 to 1500 cm−1 region, new VCD features
that can be diagnostic of the chiral center are seen. The
maleyl substitution is not as attractive because of the
“crowding” effect in the aforementioned region resulting
in poorly resolved and weaker VCD signals. The QM sim-
ulated spectra using conformer populations derived from
Gibbs energies do not necessarily provide the best
possible agreement with the experimental spectra. The
conformer populations can be derived from the experi-
mental VCD spectra by optimizing the populations that
maximize the similarity between experimental and QM
predicted VCD spectra. The conformer populations
derived in this manner match those derived from Gibbs
energies to a limited extent for (S)-tryptophan methyl
ester, N-acetyl (S)-tryptophan methyl ester, and
N-acryloyl (S)-tryptophan methyl ester. But for N-maleyl
(S)-tryptophan methyl ester, optimized conformer
populations are different from those derived from Gibbs
energies. The determination of conformer populations
that maximize the similarity between experimental and
simulated VCD spectra is likely to become a useful aspect
of analyzing the future experimental VCD spectra.
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