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Structural analyses using Raman optical activity (ROA) spectroscopy conventionally rely on vibrational
signals in the fingerprint region ranging from 100 to 1800 cm™ . Use of deuterium labelling to observe
ROA signals in the C-D stretching region provides additional information about a local structure of large
molecular systems. So far, the potential of C-D stretching ROA signals for structural analysis has rarely
been explored. In the present work, we synthesized model deuterated glucose monosaccharides and
studied their ROA properties by employing molecular dynamics and density functional theory to interpret
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Introduction

Raman optical activity (ROA) and vibrational circular dichroism
(VCD) spectroscopies measure small differences in interactions
of a chiral analyte undergoing vibrational transitions with
left- versus right-circularly polarized light." Each chiral molecule
exhibits characteristic ROA and VCD spectral patterns depending on
its three-dimensional structures. These techniques, supported by
development of theoretical spectral calculations, have allowed one
to effectively analyze the structures of various molecular systems.
Application of these spectroscopies to small molecules has been
successful in obtaining their fine structural property information,
such as about stereochemistry of each stereogenic center, conforma-
tional ensembles, and solute-solvent interactions.> On the other
hand, ROA and VCD analysis of larger biomolecules has revealed
their secondary and higher-order structures.® Both the higher-order
and local structure data are of interest for medicinal chemistry,
biochemistry, natural product chemistry, etc. Nevertheless, the full
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capability of these spectroscopies for studying local structures (e.g.,
stereochemistry of a specific stereogenic center in a large molecule,
conformation of a ligand bound to its target molecule, and so on) is
yet to be explored.

A major obstacle associated with local structural analysis is
the signal overlap seen especially in large molecular systems.
Most of informative vibrational signals of common molecules
are within the fingerprint region approximately ranging from
100 to 1800 cm ™~ '. A narrower range is measured by the current
VCD spectrometers (800-1800 cm™'). Small molecules often
present sufficiently separated spectral bands in the fingerprint
region, enabling one to reliably characterize their fine structures
by comparison with calculated spectra. For larger molecules,
many different vibrational transitions result in overlapping
bands, which makes spectral interpretation difficult. Limitation
for distinguishing diastereomers of molecules with multiple
stereogenic centers has been pointed out.*

Despite these difficulties, determination of local structure is
possible when its ROA or VCD signals are selectively detected.
For example, structures of photoresponsive chromophores
within proteins have been studied by selective observation of
chromophoric ROA signals using near-infrared light.> Amplifi-
cation of VCD signals by coordination of a paramagnetic metal
ion to an analyte was proposed as a probe of local biomolecular
structures.® The orientation of N;~ and CN~ coordinated to the
heme iron within proteins has also been studied by observing
their stretching VCD signals in the 1900-2400 cm™" region.”
The use of the 1900-2400 cm ™" region, where common mole-
cules do not show the fundamental vibrational transitions, is
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Fig. 1 Structures of glucose derivatives studied in this work.

thus a promising approach to extract information of local
structures. Aiming at expanding the capability of these spectro-
scopies, some of us have been investigating VCD signals of
carbon-deuterium (C-D), alkyne, nitrile, isonitrile, allene, carbo-
diimide, and azido groups within 1900-2400 ¢cm™".® These
studies include a study on sugars with the methoxy-d; (-OCDj)
group such as methyl-d;-B-p-glucopyranoside (CD;-B-Gle) and
methyl-d;-a-p-glucopyranoside (CD;-a-Gle) (Fig. 1). We found
that the configuration at a stereogenic center near the -OCD;
group can be elucidated by solely using the VCD pattern in the
C-D stretching region.* Deuterium labelling is an advantageous
approach to extract structural information compared to intro-
duction of other chromophores because of its negligible influ-
ence on the conformation of the analyte, as exemplified by NMR
analysis of deuterated biomolecules.” Raman imaging has also
been operated to observe C-D stretching signals to monitor the
behaviors of labelled molecules in biological systems.'® These
successes motivated us to explore the potential of structural
analysis using deuterium labelling by ROA spectroscopy.
Although ROA spectra of deuterated molecules have been
reported,"” the potential of C-D stretching ROA signals as a tool
for structural analysis has rarely been studied. This is in part
due to difficulties in recording ROA signals in the 1900-2400
cm ! region as common ROA spectrometers are optimized for
the fingerprint region. In the present study, with the use of a
custom-built ROA spectrometer by one of the authors,*¢*1%12
we discuss the ROA features of deuterated glucose monosac-
charides both in the fingerprint and C-D stretching regions. In
particular, this work demonstrates the utility of C-D stretching
ROA signals for stereochemical and conformational analyses.

Experimental and computational details
Experimental details

CD;-p-Gle and CDj;-a-Gle were purchased from Aldrich and
used without purification. CD;--Gle, CD3-a-Gle, CH;-p-Gle-ds,
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and CHj-o-Gle-ds were prepared according to a reported
procedure.®*** All sugars were dissolved in water at a concen-
tration of ca. 1 M. The backscattered Raman and scattered
circular polarization ROA spectra of CD;-B-Gle were acquired
with a BioTools ChiralRAMAN-2X instrument at a laser power of
1200 mW for 7 hour. Those of the other molecules were
measured on an ROA instrument custom built at the Palacky
University, Olomouc,"*” at a laser power of 260 mW with a
measurement time of 4 to 16 hours. Each sample was put in a
fused silica cell at an ambient temperature and irradiated by
532 nm excitation laser light.

Computational details on QM/MM-MD calculations

All harmonic DFT calculations were performed using Gaussian
16,'"* while MD simulations were run on the AMBER18
program.” Initial structures were optimized at the B3LYP/
6-31G(d) level, and then submitted for MD simulations with
incorporating ca. 170 water molecules employing periodic
boundary conditions and an octahedral cell. The GLYCAM force
field was selected, and water molecules were modelled using
the TIP3P potential.

In a preparatory MD step, two stages of system optimization
were performed. In the first stage, energy minimization of the
octahedral model was conducted with 500 steps of the steepest
descent followed by 500 steps of the conjugate gradient
method. The smooth particle-mesh Ewald method was used
for electrostatic interactions, van der Waals and electrostatic
interactions were set with a cutoff distance of 6 A, and a
restraining force of 500 kcal mol " was applied to the atoms
of sugar molecules. In the second stage, 1000 steps of the
steepest descent were followed by 2500 steps of the conjugate
gradient method to optimize the sugars without constraints.

Subsequently, NVT and NPT equilibration and MD simula-
tions were performed. Initially, 20 ps of equilibration at con-
stant volume was carried out, applying a weak constraining
force of 10 kcal mol ™ to the sugar molecules. The temperature
was raised from 0 K to 300 K using the Langevin thermostat and
maintained at 300 K thereafter. The SHAKE algorithm was
applied to constrain bonds involving hydrogen atoms, with a
time step of 2 fs. Production simulation involved a 9 ns run under
similar conditions, with some modifications: all constraints were
removed from the sugar molecules, the temperature was main-
tained at 300 K using the Langevin method, and the pressure was
kept at 1 atm. Upon completion of the simulation, 50 snapshots
were taken for each system, with one snapshot every 50 ps within
the 2500-4500 ps interval.

Next, geometry optimizations of the 50 snapshots were
performed. A two-layer ONIOM method was utilized for the
QM/MM calculations. The solute was calculated at the B3LYP/
spAug-cc-pVDZ level, while the water molecules were repre-
sented by the AMBER force field. Following the optimization,
vibrational frequencies and Raman and ROA intensities were
calculated at the same level as used for optimization. The
calculated intensities were plotted as Raman and ROA spectra
using a half-width at half-height of 10 cm™". Final spectra were
obtained by averaging the spectra of these 50 geometries.
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Fig. 2 Observed (red) and calculated QM/MM (harmonic approximation, black) ROA and Raman spectra of (a) CHz-B-Glc, (b) CHz-a-Glc, (c) CD3-p-Glc,
and (d) CDz-a-Glc. Wavenumbers for Raman peak tops in the C—-D stretching region are indicated.

Computational details on PCM calculations

Molecular mechanics conformational search was performed for
each molecule using Spartan’20 software.'® Geometries within
20 k] mol™! from the most stable conformation were then
submitted for DFT optimization and spectral calculations at
the B3LYP/spAug-cc-pVDZ level with the polarizable continuum
model (PCM) for water. For each molecule, three most stable
conformers were considered for the spectral calculations. The
ROA spectra of each conformer were averaged according to the
Boltzmann populations simulated at 298 K.

Generalized second-order vibrational perturbation theory
(GVPT2)" as implemented in Gaussian was used for considering
the anharmonic effects. The anharmonic force field and polariz-
ability derivatives were calculated at the B3LYP/spAug-cc-pVDZ level,
with the normal mode differentiation step of 0.01,/amu - bohr.
PCM with United Atom Topological Model (UA0 PCM) was used
to simulate the solvent effects.'® Resonance analysis was done using
a modified version of Gaussian," with the energy criteria for Fermi
and Darling Dennison resonances of 200 ecm™" and 100 cm™ ",
respectively; the intensity criteria were K> = 1/K;" > = 0.1 and k' =
/K™ = 0.3, respectively.”’
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Results and discussion

Deuterated and unlabelled glucose monosaccharides studied in
this work are shown in Fig. 1. The ROA spectrum of methyl-p-p-
glucopyranoside (CH3-B-Glc) was previously reported both for
the fingerprint region as well as for the C-H stretching region.>*
QM/MM calculations of the ROA spectrum of CH;-f-Gle surrounded
by many explicit water molecules were also reported.>'>?'¢ Experi-
mental ROA spectrum of methyl-o-p-glucopyranoside (CH;-0-Glc)
was reported only in the 600-1400 cm™ " region without theoretical
calculations.***

The synthesis of CD;-p-Gle and CD;-a-Gle was performed
using a reported procedure.’* Methyl-B-p-glucopyranoside-d;
(CH;3-B-Gle-d5) and methyl-a-p-glucopyranoside-ds (CHj-a-Gle-ds)
were prepared using a selective Ru/C-catalyzed H-D exchange
reaction.™

Experimental spectra of unlabelled and d;-methylated glucoses

Fig. 2 shows the ROA and Raman spectra of H,O solutions of
CH;-B-Gle, CH;3-a-Gle, CD3-B-Gle, and CDs-a-Gle. Their ROA and
Raman intensities are expressed in arbitrary units. The
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experimental Raman and ROA spectra of CH;-B-Glc and CH;-a-
Glc are similar to previously reported ones (Fig. 2a and b).>" The
Raman spectra of the isotopologues CD;-B-Glc and CD;-a-Gle
are somewhat similar to those of CH;-p-Glc and CHj;-a-Gle,
respectively, in the fingerprint region, with major differences
seen in the 800-1200 cm™ ' region (Fig. 2¢ and d). In the C-D
stretching region, both CD;-B-Glc and CD;-a-Gle exhibit intense
Raman peaks: 2079, 2137, 2238, and 2266 cm ™' for CD;-p-Gle
and 2077, 2137, 2231, and 2264 cm™' for CD;-a-Gle. The
transitions at 2079 and 2238 cm ™' for CDs--Glc and at 2077
and 2231 cm ' for CD;-0-Gle are known to be associated with
VCD signals with moderate intensity, whose sign patterns were
reversed depending on the stereochemistry at C-1.%° The ROA
signal at 2079/2077 em ™" is negligibly small. The modes at
2238/2231 cm ! and 2266/2264 cm ™' form a bisignate ROA
pattern. CD;-B-Gle shows a positive peak at 2238 cm™ ' and a
negative one at 2266 cm™ ', whereas CD;-o-Gle presents a
negative one at 2231 cm™ ' and a positive one at 2264 cm ™.
Thus, the ROA patterns of these two molecules in the C-D
stretching region are almost opposite, even though these are
diastereomers differing only in the stereochemistry at C-1. This
result suggests that their C-D stretching ROA pattern serves as
a promising probe of local structures.

Theoretical spectra of unlabelled and d;-methylated glucoses

In an ideal scenario, local structure of a target molecule would
be determined directly by interpreting the spectrum. Therefore,
we examined whether the C-1 stereochemistry of the deuterated
sugars can be elucidated by comparison of experimental and
theoretical ROA spectra in the C-D stretching region. Theore-
tical calculations of Raman and ROA spectra were carried out
for CD;-B-Gle and CD3-a-Gle as well as for CH;-p-Gle and CH;-o-
Gle. Unlabelled sugars were studied to better understand their
ROA properties in the fingerprint region in comparison to
labelled ones.

Analysis of MD results shows that the conformer ratios
regarding the C-6 hydroxymethyl group (gg:gt:tg) are
58:42:0 for CH3-B-Gle and 46 : 54 : 0 for CH3-a-Glc. There ratios
are close to experimentally estimated values.”” The following
QM calculations were performed using the DFT/B3LYP/spAug-
cc-pVDZ level because, amongst the tested conditions, it pro-
duced the best spectra upon comparison with the experimental
one (Fig. S1, ESI{). We used 50 MD snapshots to obtain the
final spectra as consideration of 100 snapshots did not seem to
improve the agreement with the observed ones (Fig. S2a, ESIT).
In Fig. 2, the Raman and ROA intensities of the theoretical
spectra are arbitrarily scaled, whereas the frequencies are
unscaled.

Previous QM/MM calculations of CH;-B-Gle well reproduced
its experimental ROA spectral pattern.?’”'* In this work as
well, the calculated and observed ROA spectra of CH;-f-Gle in
Fig. 2a show almost one-to-one band correspondence. Disagree-
ment is seen for the predicted positive ROA band at 424 cm™*
and negative one at 456 cm ™', mostly ascribed to C-O-H
twisting modes. These bisignate signals may be cancelled out
in the observed spectrum.
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Table 1 Frequencies of the pair of positive and negative ROA signals
originating from antisymmetric OCDs stretching of CDz-p-Glc and CD3z-a-
Glc

CD;-f-Gle CD;-0-Gle

Positive Negative Negative Positive

[em™'] [em™] [em™'] [em™']
Observed 2235 2275 2230 2260
Harmonic (QM/MM) 2298 2344 2292 2336
Harmonic (PCM) 2320 2358 2302 2342
Anharmonic (PCM) 2206 2248 2203 2246

To our knowledge, calculations of the ROA spectrum of CHj;-
a-Gle have not been conducted. We have performed them using
the QM/MM and by PCM approaches. With QM/MM, although
discrepancies are seen for ROA spectra in the regions around
400 cm™ ' and 1400 cm™ ', reasonable overall agreement
between the theoretical and experimental spectra is achieved
(Fig. 2b). Assignment of the vibrational bands is summarized in
Table S1 (ESIT). The QM/MM method led a better qualitative
and quantitative agreement compared to PCM (Fig. S2b, ESI¥).

Having confirmed reasonable agreement in the fingerprint
region of CH;-p-Glc and CHj;-0-Gle, we then examined the
spectra of isotopologues CD;-f-Glc and CD;-a-Gle. In the fin-
gerprint region, the calculated and measured ROA spectra of
CD;-B-Gle showed a good agreement, with differences asso-
ciated with the C-O-H twisting modes seen around 400 cm ™"
(Fig. 2c). As for CDs-a-Gle, the agreement between the theore-
tical and experimental ROA spectra is moderate; especially, the
400 cm ™' and 1400 cm ™" regions showed noticeable discrepan-
cies (Fig. 2d), in a similar manner to the case of CH;-a-Gle.
In the C-D stretching region, the calculated ROA spectra of
both CD;-p-Glc and CD;-a-Gle presented patterns similar to the
observed ones. CD;-B-Gle shows a pair of positive and then
negative signals from lower to higher frequency, whereas CD;-
a-Gle exhibits a negative to positive pattern (see Fig. S3 for the
corresponding vibrational modes, ESIT). These results suggest
that the local structure (in this case C-1 stereochemistry) of
deuterated sugars can be determined by the comparison of
theoretical and experimental ROA signals originating from the
C-D stretching vibrations.

Although the vibrations within the 1900-2400 cm™" region
are prone to anharmonic effects such as overtone and combi-
nation bands,?*®'2%2% in our case harmonic calculations were
found satisfactory for prediction of the spectral shapes for CD;-
B-Glc and CD;-a-Gle. Most probably, many anharmonic effects
were averaged out because of molecular flexibility and the
strongly interacting polar environment, as observed also for
similar systems.*'¢ However, calculated harmonic frequencies
of the C-D stretching modes were much higher than the
experimental ones (Table 1). Moreover, experimental Raman
spectra of both CD;-p-Gle and CD;-a-Gle showed an additional
signal at 2137 cm™ ' that was not reproduced by the harmonic
approach.

To see whether experimental ROA and Raman spectra in the
C-D stretching region can be better reproduced, we performed
anharmonic GVPT2 calculations.'*””*?° Anharmonic theoretical

Phys. Chem. Chem. Phys., 2024, 26, 21568-21574 | 21571
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Fig. 3 Observed (red) and harmonically calculated (black) ROA and Raman spectra of (a) CHz-p-Glc-ds and (b) CHz-a-Glc-ds. The intensity of ROA

spectra above 2000 cm™ is multiplied by a factor of 3 for clarity.

ROA spectra showed a pair of positive and negative signals in
the C-D stretching region in the same sign order of the observed
(Fig. S4, ESIt). As listed in Table 1, predicted frequencies by
GVPT2 were closer to the experimental values compared to the
harmonic predictions. Anharmonic calculations of Raman spectra
also reproduced some of the observed features. However, the
overall agreement between their anharmonic theoretical Raman
and ROA spectra and experimental ones remains to be improved
in future studies (see the caption of Fig. S4, ESIT).

Experimental and theoretical spectra of ds-glucoses

Our results on CD;-f-Gle and CD;-a-Gle showed the feasibility
of ROA spectroscopy to analyze the local structure in the vicinity
of a deuterated site. However, ROA intensity originating from
the ~OCD; group is relatively weak, which may hamper analysis
of deuterated molecules with poor solubility or available in
small amounts. Because of the limited number of ROA studies
in the 1900-2400 cm™' region, molecular system yielding
strong C-D stretching ROA signals is not known. In the field
of Raman imaging, weak Raman intensity of the C-D stretching
modes has been compensated by introduction of multiple
deuterium atoms (e.g., dao-y-linoleic acid and dg-methionine).'®
To see the behavior of ROA signals of molecules with a larger
number of deuterium atoms, we next studied CH;-$-Gle-ds and
CH,-o-Gle-ds.

Fig. 3 shows the Raman and ROA spectra of CH;-f-Glc-ds
and CHj;-0-Gle-ds. Both molecules show significantly different
Raman and ROA spectral patterns compared to their unlabelled
counterparts CH;-p-Glc and CH;-a-Gle even in the fingerprint
region, especially within 400-1600 cm ™. This is consistent with
previous®'? and our vibrational assignments, which suggests
that many of the vibrational modes in this region are associated
with C-H motions (Table S1, ESIt). In the C-D stretching
region, both CHj;-p-Gle-ds and CHj;-a-Gle-ds exhibit strong,
relatively broad Raman bands, whereas their ROA intensity
remains mediocre despite the introduction of five deuterium

21572 | Phys. Chem. Chem. Phys., 2024, 26, 21568-21574

atoms. Their intensity is not particularly smaller than some of
the signals in the fingerprint region, but these are more
difficult to measure. This is because the ROA/Raman ratio is
small, as the ROA noise is approximately proportional to the
Raman signal.

To examine the possibility of interpretation of these ROA
patterns, QM/MM spectral calculations were performed. Theore-
tical ROA spectra of CH;-B-Gle-ds and CH;-a-Gle-ds by harmonic
QM/MM-MD method are in a good agreement with the observed
ones in the fingerprint region, although some differences are
seen again in the region around 400 cm™". In the C-D stretching
region, the observed ROA patterns are also moderately repro-
duced by the calculations. Analysis of the QM/MM-MD spectra of
selected snapshots found that their C-D stretching ROA patterns
are dependent on the conformation (Fig. S5, ESIT). For example,
gg conformers of CH;-0-Gle-ds yield a positive ROA signal at
around 2200 cm ™', whereas its g¢ conformers tend to produce a
negative one (see Fig. S5c for the calculated ROA spectra of
selected snapshots, ESIT). This result suggests that the cancella-
tion of signals of opposite signs for the conformers contributes
to the weak intensity of the C-D stretching ROA signals of CH;-f-
Gle-ds and CHj-0-Gle-ds seen in Fig. 3. Despite the relatively
weak intensity, the results confirm the sensitivity of the C-D
stretching ROA signals to conformation, which will be useful for
conformational analyses.

Conclusions

Through ROA studies on deuterated glucose monosaccharides,
we could, in detail, investigate the ROA spectra of C-D stretch-
ing modes and their relation to the structure. ROA spectra in
the C-D stretching region of CD;-B-Gle and CD;-a-Gle were
almost mirror-image to each other, which confirms their use-
fulness and sensitivity to the configuration at the closest
stereogenic center. Similarly, on the differently deuterated
CH;-p-Gle-ds and CH;-a-Gle-ds, we demonstrate the sensitivity
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of the C-D stretching signals to conformation. The harmonic
approximation produced spectra satisfactory for the interpreta-
tion of the experimental C-D stretching ROA signals for all
tested molecules. The perturbative anharmonic calculations
indicate that inclusion of the anharmonic effects may improve
the theoretical frequencies. Overall, this work provides a deep
insight into the link between the structure and ROA signals of
the C-D stretching vibrations. This can be useful for future
studies on local structural analysis of deuterated moiety in larger
molecular systems with or without combining other methods
such as selective excitation® and signal augmentation.**
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