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The combination of experimental and theoretical Raman optical activity data for the flavone C-
diglycoside isoswertisin-4'-methyl-ether-2"a-.-rhamnoside provided detailed information about its
conformational preferences in aqueous solution as well as the absolute configuration of the glycosidic
linkage. This work also demonstrated the importance of explicit solvation for accurate predictions of the
conformational ensemble and vibrational optical activity properties of natural products in water, as
opposed to gas-phase or polarizable continuum model calculations.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Flavone C-glycosides are among the most numerous groups of
glycosylated flavonoids found in nature, and investigations of these
compounds remain one of the most active areas of flavonoid
research. Despite their importance and wide occurrence, the
determination of the anomeric configuration of flavonoid glyco-
sides based exclusively on NMR coupling constants may be
questionable in many cases [1]. A recent report from our research
group [2] revealed that the conformational preferences of the
saccharide moiety of the ellagitannin corilagin, in different
solvents, were erroneously interpreted as the presence of its
a-configured anomer, isocorilagin. In this latter case, the correct
configuration of the molecule in methanol and DMSO solutions
was determined by using vibrational and electronic circular
dichroism spectroscopies. Vibrational optical activity (VOA)
methods have been frequently used for configurational assessment
of different classes of natural products [3] however, no reports so
far included flavone diglycosides. Electronic circular dichoism
(ECD) is often used in flavonoid chemistry [4], but the lack of UV
chromophores within the glycosidic portion of the molecules
limits its applicability. On the other hand, vibrational circular
dichroism (VCD) and Raman optical activity (ROA) have been
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demonstrated to be very sensitive to carbohydrate structure and
stereochemistry [5,6]. ROA is especially useful for water-soluble
molecules and some previous spectra-structure relationships have
been established for the stereochemistry of disaccharides [7]. In
this work, we describe the application of experimental and
calculated Raman/ROA data for the stereochemical characteriza-
tion of the flavone C-diglycoside isoswertisin-4’-methyl-ether-
2"a-1.-thamnoside (1), isolated from Peperomia obtusifolia (Piper-
aceae) [8]. The configuration for the o-1-Rha-(1—2)-B-p-Glc
linkage in 1 was first determined based solely on the NMR coupling
constants measured in DMSO-ds. However, both o and 3-config-
ured molecules would generate coupling constants of similar
magnitudes due to equatorial-equatorial or axial-equatorial
arrangements of H-1"” and H-2""". Therefore, in order to tackle this
problem, we decided to apply a computational approach for both
anomers including molecular dynamics (MD) simulations with
explicit water molecules, followed by quantum mechanics/molecu-
lar mechanics (QM/MM) geometry optimizations and Raman/ROA
calculations to best reproduce experimental data. This procedure
was compared to regular molecular mechanics (MM) conformation-
al searches, and both gas-phase and polarizable continuum model
(PCM) vibrational optical activity calculations.

2. Results and discussion

The doublet at § 4.95 (J=1.5Hz, DMSO-dg) observed by Mota
et al. [8] in the '"H NMR spectrum of 1 was originally assigned to
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H-1"" and interpreted as the o linkage between p-glucose and -
rhamnose. As carbohydrates in aqueous solution are favorable
samples for ROA studies providing rich and informative band
structure over a wide range of the vibrational spectrum, the
Raman/ROA spectra of 1 was obtained (Fig. 1) in order to confirm
the NMR assignment. The backscattered scattered circular
polarization (SCP) ROA spectrum of 1 in water revealed the
presence of characteristic carbohydrate bands, including the +,—
(low to high wavenumber) couplet centered at 885 cm™?, as well as
the band pattern +— (low to high wavenumber) at around
400 cm™!, which are considered spectral markers for the o (1 —4)
glycosidic link in p-maltose [ 7]. However, many bands in the region
of aromatic skeleton vibrations as well as C=C stretches were also
observed, even though the flavone moiety contained no additional
chiral centers. In order to interpret the complex ROA patterns
observed for 1 in water, and also to confirm the origin of the
couplet centered at 885cm™!, theoretical calculations were
performed.

The first approach involved a regular conformational search at
the MM level of theory using the Monte Carlo algorithm for both
anomers of 1. Then, the lowest-energy conformers identified were
geometry optimized at the B3LYP/6-31G(d) level in water using
PCM followed by Raman/ROA calculations (“one-step” [9] B3LYP/
PCM(water)/TZVP). Fig. 2 shows the comparison between experi-
mental Raman/ROA for 1 and the Boltzmann-averaged calculated
spectra for the o and 3 epimers. Interestingly, no calculation was
capable of reproducing the large —,+ (low to high wavenumber)
couplet-like signal centered at 1600cm~! in the experimental
spectrum (bands k and 1). Additionally, only the 3-anomer gave
rise to a couplet at around 885 cm~! with the same sign pattern
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observed experimentally (bands e and f). At this point, it was not
clear whether 1 had a 3 link between the two sugar molecules or if
the +,— couplet around 885 cm~! was a result of the presence of an
L-configured sugar. Therefore, to answer these questions, a new
computational approach based on hybrid QM/MM calculations
was used. Recent literature reports show that the use of the two-
layer ONIOM [10] method with electronic embedding scheme
improves significantly the agreement between experimental and
calculated ROA spectra for monosaccharides [10,11]. This is
particularly useful when the conformational search is carried
out using MD with explicit water molecules.

For the conformational search of 1, MD simulations under
periodic box conditions with explicit water molecules were carried
out for both anomers. Snapshots were taken at every 10 ps, and the
geometry optimization and harmonic frequency calculations for
different conformers were performed using the two-layer ONIOM
method. The high layer/QM region included compound 1 and was
treated at the B3LYP/6-31G(d) level of theory. The low layer/MM
region was comprised of all water molecules and was treated with
AMBER force field. All optimized conformers for both glycosidic
linkage configurations were then selected for “two-step” [9]
Raman/ROA calculations at the B3LYP/rDPS level of theory also
employing the ONIOM method. As a large variance in calculated
energies is expected in systems containing multiple solvent
molecules, which in turn results in inaccurate Boltzmann
weightings, in this stage we decided to analyze the Raman and
ROA features of each individual conformer in order to find the best
agreement with experimental data.

For the a-anomer, three conformers (a-c) were found to
populate the sample in water solution (Fig. 3 and Table S1). Out of
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Fig. 1. (Left) Observed Raman and ROA spectra in water. (Right) Chemical structure of isoswertisin-4’-methyl-ether-2" a-.-rhamnoside (1).
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Fig. 2. Observed and calculated (B3LYP/TZVP//B3LYP/TZVP in water using PCM) Raman and ROA spectra for the Boltzmann average of a- and 3-configured 1. Please refer to
Supplementary material (Figs. S1 and S2) for lowest-energy conformers. Lowercase letters represent band assignments. Scale bars indicate relative intensities in arbitrary units.
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Fig. 3. (Left) Optimized structures of conformers a, b, and c identified for -1 using
the two-layer ONIOM method at the B3LYP/6-31G(d) level. (Right) Optimized
structures of conformers d and e identified for 3-1 using the two-layer ONIOM
approach at the B3LYP/6-31G(d) level. Percentages represent contributions of
individual conformers to the final spectra of - and -1 (Please see Fig. 4). Explicit
water molecules were omitted for the sake of clarity. Please refer to Supplementary
material (Figs. S3 and S4) for solvated molecules.

these, conformer b was predicted to make the largest contribution
to the final spectrum. Conformers a and c differed mainly with
respect to the O—H rotamers of the sugar molecules, while
conformer b presented an additional important difference. This
conformer was the only one to present a nearly planar arrange-
ment of rings B and C of the flavone moiety (w = —3.64° C3, C2, C1/,
C2'). Such an arrangement allowed for the coupling of the aromatic
ring skeleton vibrations of rings A and B with the C=C stretching
mode of C2 and C3, resulting in the couplet observed at around
1600cm~! (bands k and 1). Based on the analysis of all other
conformers identified after MD simulations, departures of roughly
+25° from the above-mentioned planar arrangement still lead to
coupled vibrations, however, the ROA intensities do not splitina —,
+ couplet. Instead, either a positive or negative band is observed at
around 1600 cm ™! with its sign directly related to the sign of the
dihedral angle C3, C2, C1/,C2'. Avery similar trend was observed for
the two conformers identified for the 3-anomer (d and e) (Fig. 3
and Table S1). Interestingly, the nearly planar arrangement of rings
B and C was found only after MD simulations followed by QM/MM
geometry optimization using the two-layer ONIOM approach with
explicit solvation. All other conformational searches and geometry
optimization steps resulted in rotated B and C rings and,
consequently, in poor reproduction of experimental data at higher
wavenumbers. The same rotated geometry was also observed after
the geometry optimization of conformer b containing the first
solvation shell (see Supplementary material). This latter finding
evidences the role of the whole water hydrogen bond network
topology in stabilizing the planar conformation of the flavone
moiety.

Once the importance of explicit solvation in the conformational
preferences of 1 was demonstrated, the next step was to evaluate
the possible influence of explicit water molecules in the ROA
spectrum of 1. To that end, conformers b (a-anomer) and d
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Fig. 4. Observed and calculated Raman and ROA spectra for a- (conformers a, b and ¢) and (3-configured 1 (conformers d and e) using the two-layer ONIOM method at the
B3LYP/rDPS level. Lowercase letters represent band assignments. Scale bars indicate relative intensities in arbitrary units.

(B-anomer) had their Raman and ROA properties calculated
without the presence of water molecules at the B3LYP/rDPS level.
The same calculations were also performed with implicit solvation
by using PCM. The calculated Raman/ROA spectra for both
anomers, with and without explicit water molecules, were
significantly different (see Supplementary material). It indicates
the importance of incorporating MM partial charges in the QM
Hamiltonian. Therefore, for water-soluble natural product mole-
cules, MD simulations and QM/MM are the methods of choice for
chiroptical property calculations, as opposed to classic single
molecule gas-phase or PCM approaches.

Following the identification of the most abundant conformers
for a- and -1, thorough analyses of their experimental and
calculated Raman and ROA spectra were performed in order to
determine the stereochemistry of the glycosidic linkage in 1
(Fig. 4). The analysis was first focused on the region around
885cm ™! (bands e and f). As described above, a +,— (low to high
wavenumber) couplet in this part of the spectrum is considered as
amarker for the o (1 —4) glycosidic link in p-maltose [7]. The band
around 400cm~! (band a) was not further investigated since it
contained large contributions from ring torsion modes of ring B. As
can be seen in the calculated spectra for a- and [3-1, the +,— couplet
at 885 cm™! is common to both anomers, rendering it not useful for
this assignment. The couplet in question was shown to arise from
breathing vibrations of the aromatic rings coupled with CH,
rocking motion and small deformations of the glucose ring. The
same pattern was observed for both diasteroisomers since they
share similar conformations for the flavone moiety and the same
configuration for the C-linked bp-glucose molecule. Curiously,
however, this region contains small-amplitude ROA intensities
with +,— signs (low to high wavenumber) for the a-anomer and —,
+ for the 3-configured isomer, which arise from C—C stretches and
CH; deformation modes of L.-rhamnose. Therefore, this region of

the spectrum would possibly be useful for the stereochemical
assignment of the glycosidic link between p-glucose and L-
rhamnose in the absence of the flavone molecule. The —,+,—
(low to high wavenumber) band pattern centered at around
630cm~! (bands b, ¢, and d), on the other hand, contains large
contributions from C—C—0 and C—O—C bendings involving the
glycosidic linkage. These bands are observed for the a-configured
isomer only.

Finally, the focus was directed towards the fingerprint region at
around 1330 cm™!, where significant differences between the ROA
spectra of a- and 3-1 could be identified. The +,— (low to high
wavenumber) couplet-like ROA band (bands h and i), which was
also observed only for the a-configured molecule, originated from
C—H bendings of the glucose moiety as well as C—H bendings and
C—C stretches of r-rhamnose. Even though, some of these
vibrational modes involved C—H bendings from the flavone rings,
the sugar bending and stretching modes described above included
the anomeric carbon of L-rhamnose (C-1"") as well as C-2" of b-
glucose, which are the atoms that form the glycosidic bond in
question. Therefore, the configuration for the 1-Rha-(1 — 2)-3-p-
Glc linkage in 1 was securely confirmed to be o (1'”-S), which is in
accordance with the NMR analysis in DMSO-de.

3. Conclusions

The combination of Raman/ROA spectroscopy with state-of-
the-art theoretical calculations for a water-soluble flavone C-
diglycoside confirms the exquisite sensitivity of vibrational optical
activity to molecular chirality. However, the enhanced sensitivity
of ROA requires very accurate DFT calculations in order to interpret
experimental data. These calculations are, in turn, highly depen-
dent on the correct description of the conformational ensemble in
solution. In this work, we demonstrated the advantage of using MD
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simulations with explicit solvation followed by a hybrid QM/MM
method in order to describe the correct conformations and the
absolute configuration of the glycosidic link of isoswertisin-4’-
methyl-ether-2" a-.-rhamnoside in water solution. The presence of
a nearly planar conformation for the flavone moiety, which
accounts for important ROA observables, was detected only by
applying the computational protocol presented above. Classic MM
conformational searches and geometry optimizations without
explicit water molecules failed to reproduce experimental find-
ings. On top of that, the results presented herein evidence the risks
of interpreting ROA spectra of (di)saccharides based solely on
empirical analysis, especially for sugar molecules containing chiral
or achiral large substituents.

4. Materials and methods
4.1. Experimental

Isoswertisin-4’-methyl-ether-2”a-.-rhamnoside (1) was isolat-
ed and purified from the aerial parts of Peperomia obtusifolia
(Piperaceae) following chromatographic procedures previously
described [12]. Its structural identification was based on NMR and
MS analyses, which were in accordance with literature values [8].
Fluorescence background was removed by leaving the sample in
the laser beam for 2 h (photobleaching) under the same conditions
used for Raman/ROA measurements. The Raman and ROA spectra
of 1 were recorded with a BioTools ChiralRaman spectrometer
operated via Critical Link LLC software. The instrument was set up
with a scattered circular polarization strategy in backscattering
geometry using a SpectraPhysics Millenium Pro Nd:VO4 laser with
an excitation wavelength of 532 nm, laser power of 600 mW at the
sample, spectral resolution of 7cm~!, sample concentration at
35 mg/mL in water, and spectral acquisition time of 24 h. Raw ROA
data was used without any preprocessing; however, the Raman
data was baseline-corrected by applying an asymmetric least
squares algorithm using MatLab software v, R2012a.

4.2. Calculations

All DFT calculations were carried out at 298 K in gas phase or in
water by using PCM in its integral equation formalism version
(IEFPCM) incorporated in Gaussian 09 software [13]. In a second
approach, DFT calculations were performed using the two-layer
ONIOM method. The high layer/QM region was treated at the
B3LYP/6-31G(d) level of theory for geometry optimizations and
harmonic frequency calculations, and at the B3LYP/rDPS for the
calculations of ROA tensors. The low layer/MM region was treated
with AMBER force field with electronic embedding scheme. The
first set of calculations were performed for the arbitrarily chosen
(1""S)- and (1"’R)-1 (- and [-anomers, respectively). The
conformational searches were carried out at the molecular
mechanics level of theory with the Monte Carlo algorithm
employing the MM+ force field incorporated in HyperChem
8.0.10 software package. Initially, 29 (o-anomer) and 19
(B-anomer) conformers with relative energy (rel E.) within
6kcalmol~! of the lowest-energy conformer were selected and
further geometry optimized at the B3LYP/6-31G(d) level. The 3
(a-anomer) and 4 (-anomer) conformers with rel E. <1.6 kcal
mol~!, which corresponded to more than 90% of the total
Boltzmann distributions, were selected for Raman and ROA
spectral calculations. Raman and ROA calculations were carried
out using the so-called “one-step” (2n+ 1) approach at the B3LYP/
PCM/TZVP level in water. The incident light frequency was 532 nm.
Each spectrum was plotted as a sum of Lorentzian bands with half-
widths at half-maximum of 10 cm~". The calculated wavenumbers

were multiplied with a scaling factor of 0.978 and the Boltzmann-
averaged composite spectra were plotted using Origin software.
Molecular dynamics simulations were performed for the - and
3-anomers of 1 in periodic box conditions with 298 explicit water
molecules for a-1 and 300 water molecules for (3-1 using the
AMBER force field as implemented in Hyperchem 8.0.10 software
package. A single molecule of a- or 3-1 was placed at the center of
the box. The lowest-energy conformer of each anomer found
during the first MM conformational search was selected as input
for MD simulations using the following parameters: run time of
1ns, time step of 0.001 ps, simulation temperature of 300 K. The
different conformers obtained from individual snapshots taken at
every 10 ps were geometry optimized and had harmonic frequen-
cies and ROA tensors calculated using the two-layer ONIOM
approach described above. Final Raman and ROA spectra were
generated using the “two-step” (n+1) procedure. The incident
light frequency was 532 nm. Each spectrum was plotted as a sum of
Lorentzian bands with half-widths at half-maximum of 10cm™".
The calculated wavenumbers were multiplied with a scaling factor
of 0.978 and the spectra were plotted using Origin software.
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