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CONFORMATIONAL SPACE AND ELECTRONIC
ABSORPTION PROPERTIES OF THE TWO
ISOMERS OF RESVERATROL
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ABSTRACT. The present study analyses the trans and cis conformations
of resveratrol, aiming to get clear experimental and computational
evidences that can be used to differentiate between the two isomers.
Three conformers for each isomer have been considered and their
characteristic geometrical parameters, relative free energies, Boltzmann
populations and electronic transitions have been calculated at B3LYP/6-
31+G(2d,2p) level of theory in gas phase, as well as in water, ethanol and
DMSO. The experimental UV-Vis spectra of the two isomers have been
explained by using the time dependent density functional theory (TD-DFT)
formalism.
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INTRODUCTION

Resveratrol (3, 5, 4'- trihydroxystilbene - RESV) has been proven to be
a strong antioxidant and anti-inflammatory compound, showing also beneficial
effects for treating diseases like heart failure, breast and prostate cancers,
stroke, brain damage, etc. [1-4]. RESV is found in red grapes and wine [5]
and it is widely believed to be responsible for the “French Paradox” which
describe the low incidence of heart disease and obesity among the French
in contrast to their relatively high-fat diet [6]. The structure of RESV consists of
two phenols linked by a double bond which facilitates two isomeric forms,
called trans- (E) - and cis- (Z) resveratrol (Fig. 1). The biological activity of
RESV seems to be primarily due to its trans-isomer, while the cis isomer is
obtained by UV-irradiation of the trans-RESV [7].

In spite of its structural simplicity and of a wealth of spectroscopically
data reported in the literature about RESV, its structural isomers, particularly
the cis form, have not been yet fully characterized.

The solid state structure of trans-resveratrol was studied by X-Ray
technique [8] being shown that these molecules in solid phase are
interconnected by an extensive hydrogen bond network. On the other hand,
to the best of our knowledge, no information related to structural parameters
of the cis isomer has been reported so far.

The spectroscopic response of various isomers of a compound can
be significantly different. This is particularly important for UV-VIS spectra,
but also for other spectroscopic techniques. That's why we analyzed in this
study the two isomeric forms of resveratrol, aiming to get clear experimental
and computational evidences that can be used to differentiate between the
two conformers. In order to obtain new information about the structure and
the electronic properties of both isomers, this study has been conducted using
the UV-VIS spectroscopy coupled to methods of computational spectroscopy
based on DFT and TD-DFT formalisms. Molecular structures of the isomers
and their energetic stability was investigated in gas phase, as well as in
liquid phase (ethanol, water and DMSO).
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EXPERIMENTAL AND COMPUTATIONAL DETAILS

The two isomeric forms (trans (E-) and cis (Z-)) of RESV compound
were purchased from Cayman Chemical and used as received. Trans-resveratrol
was supplied in powder form with a purity > 98 % and cis-resveratrol as a
solution in ethanol with a purity > 98 %.

Optical absorbance spectra of the two isomers were recorded at room
temperature using a Jasco V-630 UV-Vis double beam spectrophotometer
with a slit width of 2 nm. The spectra of both isomers have been recorded
in ethanol at different concentration.

Geometry optimizations and single point calculations were performed
with the Gaussian 09, revision E.01 software package [9] by using DFT
approaches. The hybrid B3LYP exchange-correlation functional [10-12] was
used in conjunction with Pople’s split valence 6-31+G(2d,2p) basis set [13-14].
Absorption spectra for both isomer of RESV were calculated using the time-
dependent DFT (TD-DFT) methodology [15], implemented in the Gaussian09
package. The simulated UV-vis spectrum of RESV in the 180-500 nm range
has been obtained by summation of the contributions from transitions to
the first 30 singlet excited electronic states. The UV spectral line-shapes
were convoluted with Gaussian functions with the full width at half maximum
of 0.33 eV. The nature of the excited states has been analyzed using the
Natural Transition Orbitals (NTO) formalism [16].

Solvent effects on the vertical excitation energies were also considered
by using the implicit Polarizable Continuum Model (PCM) of solvation [17].

RESULTS AND DISCUSSIONS
Our first interest was to investigate the stability of the possible

conformers of RESV in both isomeric forms. The starting geometries of
trans-RESV used for geometry optimizations were derived from the X-ray
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diffraction data reported by Caruso et al. [8]. For cis-RESV the starting
geometries were obtained by a dihedral distortion of the trans isomer
around the C7-C8 olefin bond (see atom numbering scheme in Fig. 1).

Depending on the mutual orientation of the OH bonds in RESV,
three different conformers have been analyzed for each isomer and they
are shown in Fig. 1. A good agreement is observed between the solid state
structure of trans-RESV and that of its c2 conformer in gas-phase. Thus, the
shortest calculated bond for the c2-trans-RESV (1.348 A) is the olefin C7=C8
bond, as it was also observed in solid state, where the corresponding bond
length is 1.333 A [8]. It remains the shortest bond for all conformers of
the two isomers, with values in the 1.349-1.350 A interval. The calculated
aromatic CC bond lengths are between 1.387 — 1.409 A (1.37 — 1.40 A -
experimental) and the calculated longest bonds correspond to the olefin-
phenyl bonds, 1.466 A for the C1-C7 bond and 1.463 A for the C8-C9 bond
(experimental values are 1.468 A and 1.460 A, respectively [8]). All the C-O
bonds are predicted longer by calculations and this fact can be explained
by the extended network of hydrogen bonds in which the OH groups are
involved in solid state.

The calculations reproduce also very well the non-planarity of this
isomer. Thus, the calculated dihedrals that give the non-coplanarity of the
olefin moiety with the two phenyl rings are 5.97° and 4.97° for di-m-OH and p-
OH rings, respectively. The calculated dihedral angle between the planes
defined by the two rings is 11.06 A, slightly larger than the experimental value
(5.30 A [8]). Solid state structure of trans-RESV shows that the two
hydroxyl groups in the di-m-OH phenyl are almost coplanar with the ring,
while in case of p-OH phenyl ring the OH bond is out of plane by 51.09° [8].
However, since the intermolecular hydrogen bond interactions were not
considered in this study, for the isolated trans-RESV molecule, the three OH
bonds are predicted coplanar with the phenyl rings, for all the conformers
of trans-RESV, both in gas-phase and in solution.
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Fig. 1. PCM-B3LYP/6-31+G(2d,2p) optimized geometries of trans- (left) and
cis- (right) resveratrol in ethanol

The calculated geometrical parameters for all the three conformers
of the trans- and cis-RESV in ethanol are shown in Fig. 1. Computational
data show that for the conformers of both isomers, the bond lengths as
well as the valence and dihedral angles suffer minor changes between the
gas and solution phases.

Comparing the geometrical parameters of the two isomers, as
expected, the most pronounced differences were observed for the C1-C7
and C9-C10 bonds which become slightly longer for the cis isomer. It is
worth noting that the C7=C8 double bond remains practically unchanged
between the isomers and does not change also as a result of transition
between the gas and liquid states.
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Moreover, the most important changes of the valence angles (however,
less than 5°) are predicted by calculations for the C2-C3-015 and C1-C7-C5
angles. The first one decreases by 5°, while the latter increases by about 4°
when going from the trans- to the cis isomer.

Obviously, the largest changes between the isomers are observed for
the dihedral angles defining the orientation of the two phenyl rings relative
to olefin moiety. Thus, the C1-C7-C8-C9 dihedral angle changes from 180° for
the trans isomer to 7° in case of cis conformation. In ethanol, the deviation
from the Ph-olefin coplanarity, characteristic for the trans isomer, is predicted
to be of 37.8° for the di-m-OH phenyl and 27.1° for the p-OH phenyl, in case
of the cis isomer. Similar distortions were predicted in gas phase.

2D and 1D potential energy surfaces (PESs) of Resveratrol

The relaxed 2D PES of resveratrol in gas-phase (Fig. 2) has been
calculated at B3LYP/STO-3G level of theory, by varying the C6-C1-C7-C8 and
C7-C8-C9-C10 dihedrals (marked with a star in the left upper corner of
Fig.2) in steps of 10°, within the 0 + 180° interval.

Two stationary points have been identified on the 2D PES; the
global minimum (GMyp) is four-fold degenerate due to the symmetry of the
molecule and it corresponds to the trans isomer. The same is true for the
saddle point (SP2p) which adopts a structure with the two phenyl rings
making a dihedral angle of 80.1°. The global maximum (MAXzp) has a stair-
like structure, with the planes of the phenyl rings being parallel and the
plane containing the olefin bond perpendicular to the phenyl rings.

The energetic difference between the GMyp and SP4p is 5.65 kcal/mol,
and the MAXzp structure is 6.28 kcal/mol above the SP2p.

However, none of the points of the 2D PES corresponds to the cis
isomeric form. Such a structure can only be obtained by performing a
rotational scan around the C=C bond. The relaxed 1D PES in ethanol has
been obtained by varying the H23-C7-C8-H24 dihedral with a step of 10°,
within the -180° + 180° interval (see Fig. 3).
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B3LYP/STO-3G relaxed PES of resveratrol
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Fig. 2. Relaxed 2D PES of trans-RESV (c2 conformer) calculated at
B3LYP/STO-3G level of theory, in gas-phase
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Fig. 3. Relaxed 1D PES of trans-RESV (c3 conformer) calculated at
PCM-B3LYP/STO-3G level of theory, in ethanol
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The step was reduced to 1° for the -30° + 0° interval, where the
transition from trans to cis occurs. We used the ¢3 conformer of the RESV
because it is the lowest energy conformer in liquid phase for both isomers
(see Table 1). Again, two stationary points have been obtained on the 1D
PES, the global minimum (GMip) corresponding to the trans-RESV and
another, local minimum (LM1p), for the value of -5° of the H23-C7-C8-H24
scanning dihedral angle, which corresponds to the cis isomer. The maximum
energy structure on the 1D PES in ethanol (MAXip) is 106.67 kcal/mol
higher in energy than the trans isomer and 99.77 kcal/mol than the cis-RESV.
The angles between the phenyl rings of the cis isomer and MAXip structures
are 48.64° and 84.07°, respectively. Even though the cis and trans isomers
are separated only by 6.9 kcal/mol, the energetic barrier between the two
isomers is 106.67 kcal/mol which corresponds to a wavelength of 268 nm.
This value is in excellent agreement with the results of Figueiras et al. [7] who
used a wavelength of 260 nm for inducing the trans-cis photo-isomerization of
resveratrol.

As shown in Table 1, our calculations predict a small change of the
relative energies of the conformers when going from gas phase to liquid
phase. The three studied conformer of both isomers are very close in
energy in gas phase, as well as in liquid phase (ethanol, water and DMSO).
The conformer c2 of both isomeric forms are the most stable in gas phase,
but, contrary to the trans isomer, in case of the cis isomer, the c3 conformer is
very close in energy to c2. On the other hand, in solutions, the c3 conformers
are most stable, but c2 conformers also have comparable Boltzmann
populations, particularly for the trans isomer.

The calculated UV-Vis spectra for the three conformers of trans (or
cis) isomer (not shown) are very similar. Thus, for instance, in case of trans-
RESV in ethanol, the calculated Amax varies between 342.89 nm for c1 and
343.97 nm for c3, that is, in the limit of experimental errors. For the cis
conformers, Amax Was calculated between 327.55 nm for c2 and 328.25 nm
for c3.
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Table 1. Relative Gibbs energies (AG, kcal mol™) and Boltzmann populations (%)
of the three conformers of trans- and cis-RESV optimized in gas phase, ethanol,
water and DMSO solutions, at room temperature

gas-phase ethanol water DMSO
AG Population AG Population AG Population AG Population

trans-RESV

cl 0.648 17.95% 0.239 25.42% 0.285 24.27% 0.270 24.61%
c2 0.000 53.59% 0.024 36.52% 0.043 36.48% 0.036 36.54%
c3 0.375 28.46% 0.000 38.06% 0.000 39.25% 0.000 38.85%
cis-RESV

cl 0.894 10.26% 0.380 21.94% 0.352 22.88% 0.362 22.56%
c2 0.000 46.38% 0.080 36.40% 0.089 35.67% 0.087 35.88%
c3 0.040 43.36% 0.000 41.66% 0.000 41.45% 0.000 41.57%

For this reason we calculated the electronic absorption of both isomeric
forms of resveratrol molecules considering the most stable conformation and
those with the highest relative populations in ethanol.

The UV-Vis spectra of trans-resveratrol in ethanol (Fig. 4) were
recorded at four concentrations, ranging from 7-10°> M to 10 M. As can be
seen in Figure 4, the UV-Vis spectrum of trans-resveratrol consists of four
peaks (218, 234, 307 and 321 nm) and their position does not change by
varying the concentration.

The calculated transition energy values and the transition types of
trans-resveratrol are summarized in Table 2. The first excited state of the
trans-resveratrol isomer results from the HOMO - LUMO transition (99%).
The calculated value for the electron transition with the smallest energy
corresponds to Amax=344 nm, which is higher than the experimentally
determined value by cca. 30 nm. Such differences are frequently reported
in the literature [18] and they are due to the approximations used in these
calculations. On the other hand, the peak at 218 nm is in excellent agreement
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with the experimental value and corresponds to a HOMO-4 - LUMO
transition. The other experimentally determined peaks are displaced from
those theoretically predicted by less than 15 nm. Thus, the experimental
bands at 321, 307 and 234 nm correspond to the calculated value of 314 nm,
287 and 232 nm, respectively. The theoretical absorption spectrum of the
trans-resveratrol molecule (Figure 4, dashed line) reproduces satisfactory
all the features of the experimental spectra, both the bands positions and
their relative intensities.
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Fig. 4. Experimental UV-VIS spectrum of the trans-resveratrol in ethanol at
different concentration and the simulated UV-VIS spectrum of its c3 conformer
in ethanol at PCM-TD-B3LYP/6-31+G(2d,2p) level of theory
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Table 2. PCM-B3LYP/6-31+G(2d,2p) calculated electronic transitions for

the c3 conformer of trans-resveratrol in ethanol

Excited
state

A (nm)

Transitions

Contributions
* (%)

NTOs**
Coefficient/Shape

343.97

1.0709

H->L

98.99

0.999

312.36

0.0391

H-1->L

92.90

286.60

0.0782

H->L+1

82.62

248.27

0.1278

H->L+3

71.01
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Excited N ‘ . Contributions NTOs**
state (nm) Transitions * (%) Coefficient/Shape
0.480

Ao
%

0.784

0 . bd
e od
» e
19 210.66 | 0.3182 H-1->L+3 75.90

A .
> 2@
A
*Only the largest contribution is included

**HOTO - left and LUTO — right (isovalue 0.02 a.u.); The NTO coefficients represent
the extent to which the excitation can be written as a single configuration [19].

16 217.40 | 0.1342 H-4->L 42.45
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9
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As shown in the last column of Table 2, the first excited state appears as
a result of a m->mt* transition, while the transitions to the excited states 2, 3
and 6 correspond to intra-molecular charge transfers, in each case, the
HOTOs and LUTOs being localized on different parts of the molecule. The
last two calculated transitions are mainly due to a redistribution of electronic
charge within the molecule.

Analogously was studied the cis-resveratrol isomer, its absorption
spectrum being shown in Figure 5. Four absorption bands can be identified in
the experimental spectrum at 204-208 nm, 211 nm, 232 nm and 285-286 nm.
Compared to the trans isomer, the experimental Amax for cis-RESV is blue-
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shifted by 30 nm and less intense than the bands observed in the 204-232 nm.
The two isomers show distinct UV-Vis spectra, differing both in the positions of
the bands, but also in their relative intensities.
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Fig. 5. Experimental UV-VIS spectrum of the cis-resveratrol in ethanol at different
concentration and the simulated UV-Vis spectrum of its c3 conformer in ethanol
at PCM-TD-B3LYP/6-31+G(2d,2p) level of theory

The assignments of the electronic transitions of cis-RESV are given
in Table 3. The lowest excited state for cis-RESV appears as a result of
HOMO - LUMO transition (97.08% contribution), similar to the case of trans
isomer. Again, a discrepancy of 37 nm was noted between the experimental
and calculated Amax band.
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Table 3. PCM-B3LYP/6-31+G(2d,2p) calculated electronic transitions for the c3
conformer of cis-resveratrol in ethanol

Excited 2 (nm) f Transitions Contributions* NTOs**
state (%) Coefficient/Shape
0.996
1 328.25 | 0.4145 H->L 97.08
2 302.25 | 0.0914 H-1->L 89.48
3 279.34 | 0.1054 H->L+1 80.12
6 245.20 | 0.1196 H->L+4 28.28
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Excited A (nm) f Transitions Contributions* NTOs**
state (%) Coefficient/Shape
0.489
2 2
el
19 |210.96 | 0.1230 | H-1->L+4 39.28 e’

>

0.719
25 201.17 | 0.1910 | H-2->L+3 47.16 ﬁ
s\: ' ra -‘.;' .
TR v"o‘

*Only the largest contribution is included
**HOTO - left and LUTO — right (isovalue 0.02 a.u.). The NTO coefficients represent
the extent to which the excitation can be written as a single configuration [19].

The first absorption band experimentally determined at 204-208
nm was not reproduced by calculations. On the other hand, a very good
agreement was obtained between the experimental and theoretical
excitation energies (especially at 216 nm and 234 nm), the differences
being within the limit of the experimental errors. The 216 nm and 234 nm
experimental absorption bands are in excellent agreement with those
determined theoretically (211 nm and 245 nm, respectively). The first
corresponds to the HOMO-1-> LUMO+4 transition and the second results
from the HOMO-> LUMO+4 transition.
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Like in the case of trans isomer, the lowest excited state of cis-RESV
is due to the HOMO-LUMO transition of m-nt* type. However, as seen in
Tables 2 and 3, while the LUTO of the trans-RESV is bonding with respect to
the C=C double bond, it becomes anti-bonding for the cis isomer. This
character leads to an increase of its energy for cis and, consequently to a
higher energy HOMO-LUMO gap and lower Amax.

The next three transitions with appreciable oscillator strength are
due to an intra-molecular charge transfer in the molecule. Also, the last
two calculated transitions are again due to a redistribution of electronic
charge within the molecule.

CONCLUSIONS

Here we analyzed the stability of the two isomers of resveratrol, as
well as the relative energies of their possible conformers, determined by
the relative orientation of the OH groups, in gas-phase as well as in ethanol,
water and DMSO solutions at the B3LYP/6-31+G(2d,2p) level of theory.

Three conformers have been identified for each isomer, withina 0 +
0.65 kcal/mol and 0 + 0.29 kcal/mol energy window, in gas-phase and
liquid phase, respectively for the trans isomer, while for the cis partner the
corresponding Gibbs free energy intervals were 0 + 0.89 kcal/mol in gas-
phase and 0 + 0.38 kcal/mol in solutions. The geometrical parameters of
the conformers of each isomer are slightly affected when passing from the
gas- to liquid phases.

Conformer 2 is the most stable for both isomeric forms in gas-phase,
while the conformer c3 become the most stabilized in water, ethanol and
DMSO. However, either in gas-phase or in solutions, the other two conformers
are also appreciably populated at room temperature. On the other hand,
the conformers of the the cis isomer are more than 6 kcal-mol™? higher in
energy than those of the trans- partner.
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Two stationary points have been obtained on the 1D PES of RESV in
ethanol, corresponding to the trans and cis isomers, separated by 6.9
kcal/mol. Nevertheless, the energetic barrier between the two isomers is
106.67 kcal/mol, a value which corresponds to a wavelength of 268 nm.

The two isomers show distinct UV-Vis spectra differing in the
positions of the Amax, Which is red-shifted for trans by 30 nm, but also in its
relative intensity with respect to the other absorption peaks. Experimental
absorption spectra have been accurately reproduced by TD-DFT calculations
and using the NTO it was proved that the lowest excited states are due to
n-nt* transitions. However, the LUMO orbital changed from bonding to
antibonding with respect to the C=C double bond when passing from trans
to cis isomer, causing a lower Amax for the cis isomer.
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