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Abstract Accurate quantum-chemical calculations based
on the second-order Moller—Plesset perturbation method
(MP2) and density functional theory (DFT) were performed
for the first time to investigate the electronic structures of
trans-resveratrol and trans-piceatannol, as well as to study
the stacking interaction between trans-resveratrol mole-
cules. Ab initio MP2 calculations performed with using
standard split-valence Pople basis sets led us to conclude
that these compounds have structures that deviate strongly
from planarity, whereas the DFT computations for the same
basis sets revealed that the equilibrium geometries of these
bioactive polyphenols are planar. Furthermore, the results
obtained at the MP2(full)/aug-cc-pVTZ and B3LYP/aug-cc-
pVTZ levels indicated that the geometries of #trans-resvera-
trol and trans-piceatannol are practically planar at their
absolute energy minima. The relative energies of the equi-
librium geometries of frans-resveratrol on its potential en-
ergy surface were computed at the MP2(full)/aug-cc-pVTZ
level. According to the results obtained, a T-shaped
(edge-to-phase) conformer of trans-resveratrol dimer is
the most stable in vacuum. This T-shaped conformer is
mainly stabilized by strong hydrogen bonding and weak C—
H...7t interactions. Stacked structures with parallel-displaced
trans-stilbene skeletons were also found to be energetically
stable. The vertical separation and twist angle dependencies of
the stacking energy were investigated at the MP2(full)/aug-cc-
pVTZ, B3LYP/aug-cc-pVTZ, and HF/aug-cc-pVTZ levels.
The standard B3LYP functional and the Hartree—Fock method
neglect long-range attractive dispersion interactions. The MP2
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computations revealed that the London dispersion energy
cannot be neglected at long or short distances. The stacked
model considered here may be useful for predicting the quan-
tum nature of the interactions in 7t-stacked systems of other
naturally occurring stilbenoids, and can help to enhance our
understanding of the antioxidant and anticancer activities of
trans-resveratrol.
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Introduction

Due to the existence of the French Paradox (i.e., that French
people have a surprisingly low incidence of coronary heart
disease considering that their diets tend to be rich in satu-
rated fats), polyphenolic derivatives of trans-stilbene—such
as trans-resveratrol (trans-3,4',5-trihydroxystilbene, #-RES)
and trans-piceatannol (trans-3',4',3,5-tetrahydroxystilbene,
t-PIC)—have been studied with great intensity by many
scientists, from chemists to medical researchers. These com-
pounds are common phytoalexins that act as toxins to the
attacking pathogens of plants. They can be found in fruit
and vegetables, which are important dietary components.
Over the past twenty years, many experimental studies have
provided interesting insights into the ground-state geome-
tries of #-RES and #-PIC.

Trans-resveratrol (Fig.1a) can be found mainly in grapes,
mulberries, and peanuts [1, 2]. The bioactivity of +-RES has
been widely investigated. This compound is a significant
antioxidant, anticarcinogenic, and anti-inflammatory agent
[1]. The structural features of this compound were studied
by X-ray diffraction and reported by Caruso et al. [3]. The
results obtained indicated that at room temperature, -RES
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Fig. 1 Structures of frans-resveratrol (a) and trans-piceatannol (b)

was almost planar in the solid phase, with dihedral angles of
3.0° and 8.0°. Its crystal structure revealed the richness of
the dynamics its hydrogen bonds. The distances associated
with these intermolecular interactions for some oxygen
atoms indicates high disorder in the crystal form. Moreover,
the three-dimensional solid-state structure of #-RES shows
flip-flop motions of three hydroxyl groups. Numerous spec-
troscopic experiments on ~-RES have been performed, pro-
viding infrared [4], resonance Raman [5], and low-
temperature fluorescence [6] spectra.

In parallel with such experimental studies, theoretical
calculations of the molecular structure of #~RES have also
been performed. Caruso et al. [3] presented results
obtained with density functional theory (DFT) and com-
pared them with experimental data. They optimized the
geometry of ~-RES in the gas state by energy minimization.
A similar procedure was also applied to the anions. The
authors used the Perdew—Wang (PWC) [7] functional and
double numerical basis sets with polarization functions
(DNP) [8] for all atoms in the molecule studied. Based
on the optimized structure, they determined the rotational
(energy) barrier for the phenyl rings containing hydroxyl
groups. It was also shown that its maximum single-point
energy is 7.3 kcal mol " higher than that of the totally planar
structure. This observation indicates that the ground-state
conformation of #~-RES in a vacuum is practically planar, and
that there is a good correlation between theoretical results and
the X-ray diffraction data.

An attempt to determine the molecular structure of trans-
resveratrol was also undertaken by Bernard et al. [9]. In their
work, the structure of frans-resveratrol was studied using
Hartree—Fock (HF) and DFT calculations. For the molecule
analyzed, the geometry obtained at the B3LYP/6-31 G(d,p)
level was strictly planar. Furthermore, an investigation per-
formed at the HF/6-31 G(d,p) level predicted that the dihe-
dral angles « and 6 of this molecule are approximately 24°.
This value is in agreement with the value of 23° obtained
previously with the 6-31 G(d) basis set. Also, Andreev et al.
[10] obtained 46.6° for the dihedral angles o and 6 by
applying a restricted HF method.
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Trans-piceatannol (Fig.1b) is found in grapes [11], pea-
nuts [12], berries [13] and various species with #-RES [14]. In
human cells, #-PIC is the main product of the metabolism of -
RES, which involves cytochrome P450 enzymes [15, 16].
This compound shows antioxidant [17], antimicrobial [18],
and anti-inflammatory [19] activities. Recently, the molecular
structure of -PIC was solved by Rossi et al. [20] using X-ray
diffraction. Their studies demonstrated that -PIC is character-
ized by a strictly planar geometry. Very strong intermolecular
hydrogen bonds in its crystal structure were noted. Moreover,
these authors claimed that the strong antioxidant activity of
this polyphenol is due to hydrogen-bond formation. As well as
obtaining experimental data, Rossi et al. performed a theoret-
ical investigation of the structural features of #-PIC using DFT
and the COSMO solvation model [21] for the effect of water
solvent. This demonstrated that #~PIC has a planar geometry,
and is a more efficient scavenger of hydroxyl and peroxyl
radicals than ~RES [20].

All of the abovementioned experimental data and promis-
ing potential applications of these two compounds motivated
us to investigate them theoretically, using MP2 perturbation
theory for geometry analysis. Our work represents the first
time that this method has been used to perform an ab initio
investigation of the molecular structures of these two poly-
phenols. Note that MP2 is a correlation method, and MP2
geometries are usually quite accurate. Furthermore, for the
chemical species investigated, accurately accounting for the
electron correlation is crucial to accurately predicting their
geometrical features. One of the objectives of the work de-
scribed in the present paper was to investigate the nature of the
stacking interaction between two TR molecules mainly from
the viewpoint of the dispersion, induction, and electrostatic
forces. Another aim of this work was to compare the results
obtained using the quantum description of the stacking inter-
action with those obtained using the B3LYP functional, the
Hartree-Fock method, and MP2 perturbation theory. Quan-
tum calculations were applied to study the vertical separation
and twist angle dependence of the stacking energy and to
identify the most energetically stable conformer of the ~RES
dimer on the potential energy surface (PES).
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Quantum-chemical computations

All calculations reported in this work were performed within
the GAUSSIAN 03 computational package [22]. Structural
and total molecular energy optimizations were carried out in
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a restricted Hartree—Fock (HF) method combined with the
6-311+G(d,p) basis set. In the next step, the most stable HF
geometries of #-PIC and #-RES were fully optimized at the
restricted MP2(full)/6-31 G(d), MP2(full)/6-31+G(d), MP2
(full)/6-31 G(d,p), MP2(full)/6-31+G(d,p), MP2(full)/6-
311 G(d,p), MP2(full)/6-311 G(d,p), MP2(full)/6-311+G(d,p),
MP2(full)/6-311++G(d,p), and MP2(full)/aug-cc-pVTZ
levels. To confirm the positions of the minima, HF geometry
optimization was performed, starting from the most stable
conformations obtained from a scan of the PES with partial
optimization. Potential energy surfaces (Fig. 2) were built
by varying the dihedral angles « (Cs—C4—C5—Cg) and 6 (C—
Cg—Co—Cjp) in the compounds studied. The conformational
energy maps were obtained through discrete rotation of
these selected dihedral angles in 10° increments from 0° to
180°. At each point, the total energy of +-RES was computed
at the HF/6-31 G(d) and MP2(full)/6-31 G(d) levels of
theory (Fig. 2), while the total energy of #~-PIC was computed
atthe B3LYP/6-31 G(d) and HF/6-31 G(d) levels. Afterwards,
the most stable structures obtained from the energy profiles
were fully optimized without any geometrical and symmetry
constraints around each potential minimum.

Since the relative orientations of the hydrogens in OH
groups comprise another very important geometrical param-
eter, potential energy surfaces describing the relation be-
tween these orientations and the total energy were built for
the most stable geometries obtained from the full optimiza-
tions. These surfaces were generated at the restricted HF/6-
31 G(d) and MP2(full)/6-31 G(d) levels by varying the
dihedral angles 6 (C6—C1—O4’—H4'), Y (Clo—C11—03—H3), "2}
(C14—C13—05—H5), and § (CII—C12—O4'—H4f) in 60° incre-
ments, constraining all other geometrical parameters. In the
calculations, we varied the angle by 60° in order to find out
whether the hydrogen atoms in the OH groups in the most
stable conformations are oriented in the plane of the mole-
cule or out of the plane.

Finally, for each fully optimized structure, frequency
analysis at the same level of theory was used to verify
whether the structure corresponded to a stationary point on

Fig. 3 The fully optimized
structure of trans-resveratrol
calculated at the MP2(full)/6-
311G(d,p) (a) and MP2(full)/
aug-cc-pVTZ (b) levels

:ﬁﬂ

the potential energy surface. In this way, the structures of ¢-
RES and #-PIC corresponding to absolute energy minima
were determined. Harmonic vibrational frequencies for all
optimized structures were calculated analytically, checking
that the eigenvalues of the Hessian matrix were positive;
that is, that the geometries were true energetic minima. The
harmonic vibrational frequencies and zero-point energy cor-
rections were scaled by a factor of 0.973.

Full optimization of the geometry of the +-RES dimer was
performed at the B3LYP/6-311+G(d,p) level of theory. Fi-
nally, to more accurately predict the total energies of the
fully optimized geometries of these dimeric conformers,
single point energy calculations were performed at the
MP2(full)/6-311 G(d,p), MP2(full)/6-311+G(d,p), MP2
(full)/6-311++G(d,p), MP2(full)/aug-cc-pVDZ, MP2(full)/
aug-cc-pVTZ, and MP2(full)/aug-cc-pVQZ levels. The rel-
ative stabilities of the dimeric conformers were evaluated
via these single point energies. Employing the MP2 theory
(with the frozen core approximation), we evaluated the
influence of electron correlation effects on the stabilization
energies. All MP2 calculations were performed with all
electrons active. The stabilization energies AF,, of +-RES
dimers were computed in a supermolecular approach using
the following formula reported by Pavelka et al. [23]:

B 1n0§ersE(i)> ’ (1>

i

AEgp, = — <Edimer

where Eponomer 18 the total energy of the fully optimized
geometry of an individual subsystem (-RES). The intermo-
lecular energies of the conformers studied were computed as
the sum of the Hartree-Fock and Coulomb electron corre-
lation contributions. The full function counterpoise method
developed by Boys and Bernard [24] was employed for both
energy components to eliminate the basis set superposition
error (BSSE). The stabilization energies of the selected
dimeric conformers were determined at the MP2(full)/6-
311 G(d,p), MP2(full)/6-311+G(d,p), MP2(full)/6-311++G
(d,p), MP2(full)/aug-cc-pVDZ, MP2(full)/aug-cc-pVTZ,
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Fig. 4 The fully optimized a
structure of frans-piceatannol
calculated at the MP2(full)/6-
311G(d,p) level

MP2(full)/aug-cc-pVQZ, and B3LYP/6-311 G(d,p) levels. It
is well known that hydration effects can have a considerable
influence on the formation of the ~RES dimer. Considering
the complexity of these computations, hydration effects and
the polarized continuum solvation model will be investigated
in detail in future studies.

Results and discussion
Geometry analysis of ~-RES and #-PIC

Geometrical parameters of the fully optimized structures of
t-RES (Fig. 3) calculated in vacuum at the MP2(full)/6-
311 G(d,p) and MP2(full)/aug-cc-pVTZ levels, and those
of +-PIC at the MP2/6-311 G(d,p) level (Fig. 4), are dis-
played in Tables 1 and 2. Optimization of the structures of #-
RES and #-PIC leads to the true energy minima on the
potential energy surfaces, as confirmed by the lack of imag-
inary frequencies. The bond lengths obtained are consistent
with experimental values, while the calculated angles dis-
agree with the experimental data [3, 18]. Some are reasonable

Table 1 The optimized bond lengths (in A) of trans-resveratrol and
trans-piceatannol, as calculated by the MP2 method

Bond Trans-resveratrol Trans-piceatannol
MP2/6-311G  MP2/aug-cc-pVTZ MP2/6-311G
(d.p) (d.p)
04")-C(1) 1.366 1.380 1.377
O0@3-C(6) — - 1.361
O(3)-C(11) 1.368 1.382 1.369
O(5)-C(13) 1.367 1.382 1.368
O(4'-H(4") 0.962 0.968 0.961
O@3'-H@3E) — - 0.965
O(3)-H(3) 0.962 0.968 0.961
O(5)-H(5) 0.962 0.968 0.961
C(1)-C(2) 1.400 1.406 1.393
C(2)-C@3) 1.396 1.405 1.398
C4)-C(7) 1.466 1.469 1.465
C(7)-C(8) 1.354 1.364 1.354
C(8)-C(©9) 1.467 1.471 1.468
C(10)-C(11) 1.398 1.404 1.395
C(12)-C(13) 1.396 1.403 1.399

while others have errors of several degrees. If we consider the
results obtained using the 6-31 G(d), 6-31+G(d), 6-31 G(d,p),
6-31+G(d,p), 6-311 G(d,p), 6-311+G(d,p), and 6-311++G
(d,p) basis sets, it is clear that the dihedral angles « and 6
have large values. Hence, the geometries of -RES and #-PIC
deviate strongly from planarity. This result does not correlate
with DFT calculations performed previously [25-27]. The
MP2 finding obtained for #~RES in this study is in good
agreement with previous HF computations.

However, using the correlation-consistent polarized va-
lence triple zeta basis set proposed by Dunning (aug-cc-
pVTZ), the dihedral angles « and 6 of -RES and #-PIC are
practically zero (Table 2). Thus, the result obtained at the
advanced MP2(full)/aug-cc-pVTZ level proves that, using a
very large correlation-consistent basis set, the geometries of
t-RES and #-PIC are planar. This result is in excellent agree-
ment with B3LYP computations performed with the 6-31 G
(d), 6-31+G(d), 6-31 G(d,p), 6-31+G(d,p), 6-311 G(d,p), 6-
311+G(d,p), 6-311++G(d,p), and aug-cc-pVTZ basis sets.
The DFT computations performed using this spectrum of
basis sets demonstrate that the equilibrium electronic geom-
etry of #-PIC is also strictly planar. Taking into account the
fact that a planar structure is highly preferable in biological
systems (planar compounds are effective intercalators and
antioxidants), we can conclude that the results obtained at

Table 2 The optimized angles (in degrees) of trans-resveratrol and
trans-piceatannol, as calculated by the MP2 method

Angle Trans-resveratrol Trans-piceatannol
MP2/6-311G MP2/aug-cc- MP2/6-311G(d,p)
(d,p) pVTZ
C(5)-C(4)-C(7)-C(8) 255 0.7 22.4
C(7)-C(8)-C(9)-C(10) 282 0.8 25.7
C(2)-C(1)-0@’-H@4) 03 0.3 17.8
C(1)-C(6)-O(3’-H(3*) — - 33
C(10)-C(11)-O(3-H(3) 1.8 0.7 176.0
C(14)-C(13)-O(5)-H(5) 0.0 0.3 179.5
O(4")-C(1)-C(2) 1232 123.1 124.8
O(4")-C(1)-C(6) 117.3 116.9 114.9
O(3)-C(11)-C(10) 122.5 122.5 117.2
O(3)-C(11)-C(12) 116.7 116.2 122.1
O(5)-C(13)-C(12) 116.8 116.5 122.3
O(5)-C(13)-C(14) 122.6 122.572 117.3

Energy (hartrees) —764.39630851 —764.94262842 —839.47320043
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Fig. 5 B3LYP/6-311+G(d,p) a
optimized geometries of the
parallel-displaced conformers

of the #-RES dimer
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the MP2(full)/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ
levels are reflected in the biomedicinal activities of #RES
and #-PIC.

It should be emphasized that Kwasniewski et al. [28]
have proven that frans-stilbene is a strictly planar molecule
in its absolute minimum energy form. This result has been
confirmed by MP2 and DFT optimization through the use of
the aug-cc-pVDZ basis set [28]. However, in our study, we
found that the geometry of #-RES is planar at the MP2(full)/
aug-cc-pVTZ and B3LYP/aug-cc-pVTZ levels.

It should be emphasized that this result obtained at the
MP2(full)/6-311 G(d,p) level (Table 2) does not agree with

Fig. 6 B3LYP/6-311+G(d,p) a
optimized geometries of the

T-stacked conformers of

the #-RES dimer

/‘N—&*f

s

the experimental data obtained by Caruso et al. [3], who, on
the basis of X-ray diffraction spectra, claimed that -RES
deviates slightly from planarity in the solid phase at room
temperature. In our opinion, the crystalline and isolated
structures of each molecule investigated can differ substan-
tially from each other because their molecular environments
are different.

In both of the compounds studied, the optimal values of
the O—H and C—C bond lengths are similar (Table 1). The
optimized values of the dihedral angles C2—-C1-04'-H4'
and C10—C11-0O3-H3 in ¢-PIC (Table 2) prove that the
hydrogen atoms of the O4'H4' and O3H3 groups do not

b

X
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lie in the plane of the phenyl rings. However, according to
the optimized values of these dihedral angles in -RES, we
can conclude that the H atoms of all OH groups lie in the
plane of the phenyl rings. The energy barrier to the rotation
of the hydrogen atom of the OH group in #-RES computed at
the MP2(full)/6-311 G(d,p) level is 1.2 kcal mol™". Hence,
this atom is very labile at room temperature. Based on the
conformational MP2(full)/6-31 G(d) (Fig. 2b) profile, we
calculated the relative energies of the planar conformations
of +-RES versus their nonplanar minima. For each stationary
point on the PES, single point energy calculations were
carried out using the MP2(full)/aug-cc-pVTZ method. The
results obtained indicate that the most significant value of
this energy is 1.88 kcal mol ', This barrier is smaller than
the value of kT'at 298.15 K, and so the geometry of #-RES is
very susceptible to rotation about the single C—C bond
linked to the vinyl bond.

The stacking interaction between #-RES molecules

Conformational analysis (B3LYP/6-311+G(d,p)) of +RES
dimers reveals 30 stable stacked conformers at the true
energy minima on the potential energy surface (PES). How-
ever, only six conformers have considerable relative ener-
gies, so those conformers were analyzed. Some of the
energy-minimized structures were discarded because they
corresponded to saddle points or because their energies were
>10 kJ mol ' above the average energy of the local minima.
Three parallel-displaced and three T-stacked conformers
were identified with regard to nonbonded interactions be-
tween the aromatic rings. To obtain more reliable intermo-
lecular energies, in the next step, MP2 single point energy
calculations were employed for these six minimized geom-
etries. It should be stressed that the B3LYP/6-311+G(d,p)
method satisfactorily reproduced the geometries of the
parallel-displaced (Fig. Sa—c) and T-shaped conformers
(Fig. 6a—c). The relative energies of the -RES dimeric con-
formers obtained at various levels of theory are given in
Table 3. The relative MP2 single point calculations demon-
strated that conformer 6a is the most energetically stable,

Table 3 Computed relative energies (kcal mol ') of the energetically
stable dimeric conformers

Quantum method Ta 7b 7c 8a 8b 8c

B3LYP/6-311g(d,p) 466 403 458 751 543 740
MP2/6-311g(d,p) 473 416 471 768 555 753
MP2/6-311+g(d,p) 421 382 432 7.04 521 720
MP2/6-311++g(d,p) 4.13 3.69 414 685 502 7.07
MP2/aug-cc-pVDZ 6.79 534 647 835 683 787
MP2/aug-cc-pVTZ 691 555 685 898 7.04 798
MP2/aug-cc-pVQZ 724 651  7.17 956 736 822

Table 4 Computed stabilization energies including the BSSE contri-
bution (kcal mol ") of the energetically stable dimeric conformers

Quantum method Ta 7b Te 8a 8b 8c

B3LYP/6-311g(d,p) 2.85 349 293 0.00 208 0.03
MP2/6-311g(d,p) 333 379 337 000 226 026
MP2/6-311+g(d,p) 254 321 327 000 194 0.11
MP2/6-311++g(d,p) 226 3.03 3.12 0.00 1.81 0.09
MP2/aug-cc-pVDZ 468 497 424 000 389 1.87
MP2/aug-cc-pVTZ 481 521 432 000 392 198
MP2/aug-cc-pVQZ 512 538 487 0.00 415 212

and this has a T-stacking (edge-to-phase) geometry. It
should be stressed that the distorted T-shaped structure is
among the most stable structures of benzene dimers [29].
The MP2 stabilization energies (Table 4) show the same
trend in dimeric conformer stability. Relatively large values
of AEg,, prove that the ~-RES molecules in these dimers are
strongly bonded. It should be mentioned that the charges
localized on the O(3) and O(5) atoms are slightly more
negative than that on the O4’ atom (Table 5). The presence
of these electronegative oxygen atoms facilitates the inter-
action between #-RES molecules via O...HO hydrogen
bonding. In the -RES dimer (see Fig. 7), the charge on the
0O(54) atom is lower than it is in the monomer. This is
probably the result of the hydrogen-bonding interaction
between the two ~-RES stacked molecules. Due to the fact
that the O...HO electronic interaction is the result of dona-
tion from the lone pair of the oxygen atom into the empty
o(O-H)" orbital, NBO (natural bond orbital) analysis is
needed to estimate the occupation number of o(O-H)".

It should be pointed out that in dimer 6a, the trans-
stilbene skeletons deviate from planarity. This result is

Table 5 NBO partial

atomic charges in -RES ~ Atom Charge

computed at the

B3LYP/6-311+G(d,p) o4 ~0.358

level 03 -0.361
05 —-0.363
C1 0.156
C2 —-0.122
C4 —-0.075
C7 —0.061
C8 —0.085
C9 —0.052
C10 —-0.071
Cl11 0.152
C12 —-0.151
C13 0.156
Cl4 —0.088
C3 —-0.075

@ Springer



3262

J Mol Model (2012) 18:3255-3266

Fig. 7 Partial charges
computed for the #-RES dimer
(a) and monomer (b), computed
at the B3LYP/6-311+G(d,p)
level

confirmed by the optimized values of the dihedral angles: «
(Cs—C4—C7—C8):3.97O and 6 (C7—C8—C9—C10):8.950.
Moreover, this dimer includes favorable C—H...7t (3.88 A,
3.33 A) interactions and a strong hydrogen bond (1.90 A)
between the H(27) atom of the #~RES molecule and the O
(54) atom of the second interacting molecule (Fig. 8). From
this result, we can see that these interactions provide the
greatest contribution to the stability of this conformer. C—
H...7t interactions are observed between the H(35) and H
(43) atoms in ring A of one ~RES molecule and the aro-
matic ring B of the other molecule (Fig. 8). The distances
3.88 A and 3.33 A are in accord with typical T-stacked
geometries reported in the literature [30, 31]. To provide
unambiguous evidence that a C—H...7t interaction occurs
in the most energetically stable T-shaped geometry, we
will calculate 'H NMR shifts and the J(C—H) coupling
constant in our next study. In the conformer 6a, the H(35)

Fig. 8 The stacking and
hydrogen bonding interactions
in the energy minimum
geometry of the T-stacked
t-RES dimer
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and H(43) atoms tend to be oriented perpendicular to the
aromatic ring of the second molecule (Fig. 8). This obser-
vation indicates that a T-stacking interaction can occur in
the #-RES dimer.

Dependence of the -RES—#-RES stacking interaction energy
on the vertical separation of the molecules

Recently, Caruso et al. [3] studied the X-ray structure of
t-RES. Their results indicated that the crystal structure of
t-RES exhibits a packing effect. The stacking distance be-
tween the molecules studied was close to 4.1 A. Based on
their experimental data, we studied the dependence of the
stacking energy on the vertical distance between the inter-
acting planar ~RES molecules. The stacked geometries of
t-RES were prepared in the following way. Two #-RES
molecules were located in the coplanar plane [sandwich

C-H(35)aromatic
ring interaction

' C-H(43)aromatic
ring interaction

4

pitas

Hydrogen bonding interaction H(27)~0(54)
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Fig. 9 Stacked models used to
study the dependence of the
stacking interaction energy on
the vertical separation of the
-RES units: a sandwich
configuration (S structure),

b parallel-displaced configura-
tion (PD structure) . 2

(S) structure and parallel-displaced (PD) structure] in such a
way that the axes of the main system were parallel. Then,
the intersystem separation (vertical) was optimized at the
MP2(full)/aug-cc-pVTZ level. The value of AE,, for each
optimized distance was determined at the MP2(full)/aug-cc-
pVTZ, B3LYP/aug-cc-pVTZ, and HF/aug-cc-pVTZ levels.
The use of the highly computationally intensive MP2(full)/
aug-cc-pVTZ method was dictated by the need to correctly
estimate the correlation energy contribution, which can be
large for S-stacked conformers. The stacked models are
presented in Fig. 9, while Figs. 10 and 11 provide stacking
energy curves obtained by varying the separation between
the +-RES molecules. From the results obtained, it is evident
that the minimum of the MP2 curve occurs at around 4 A,
which is in excellent agreement with the distance in the
crystal [3]. The MP2 curves properly describe the interac-
tion energy in the long-range attraction region and repulsive
effects at short distances. The dominant long-range forces
are expected to be London dispersion forces. In further
work, the decomposition of the total interaction energy into
physically defined energy components will be performed
using the symmetry adapted perturbation treatment (SAPT)
[32]. Moreover, we will estimate the electrostatic, exchange,

Fig. 10 Potential energy curves
for the sandwich configuration
of the +-RES dimer 3,5 3,6

—AEstab [kcal/mol]
E~

repulsion, charge transfer, and dispersion contributions to
the total interaction energy using the energy decomposition
analysis (EDA) recently developed by Su and Li [33].

However, the B3LYP and HF curves are completely
different from the MP2 data. It should be stressed that these
curves do not have an energy minimum. This result proves
that DFT and HF methods do not include a London disper-
sion term. We can see that the repulsive term predominantly
appears in the HF and B3LYP methods. In a subsequent
study, we will use the DFTB-D method, which is a combi-
nation of the approximate tight-binding DFTB with the
empirical dispersion energy. Recent computational studies
have shown that this method, when extended to include a
London dispersion energy term, yields satisfactory stacking
energies. Moreover, we will use recently developed XC
(exchange correlation) functionals to obtain a more reliable
description of the stacking interaction. These functionals
allow long-range dispersion effects to be properly estimated.
Additionally, for the ~-RES stacked model, we will test a
dispersion-corrected MP2 method recently developed by
Tkatchenko et al. [34]. This inexpensive dispersion correc-
tion scheme brings MP2 binding energies into remarkable
alignment with CCSD(T) reference data.

r [A]

3,7 3,8 3,9 4 4,1 4,2 4,3 4,4 4,5

—o—MP2(full)/aug-cc-
pvTZ
—=—B3LYP/aug-cc-
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Fig. 11 Potential energy curve

for the parallel-displaced

configuration of the

t-RES dimer 2

3,5 3,6

-AEstab[kcal/mol]

Twist angle dependence of the stacking energy

It is known that the stacked molecules can adopt different
orientations with respect to one another. Hence, we investi-
gated the twist dependence of the #~RES—#-RES stacking
interaction via the MP2(full)/aug-cc-pVTZ method. The
vertical separation of two interacting -RES molecules was
assumed to be 4.1 A, and these molecules were localized in
the coplanar plane (the sandwich configuration). We then
twisted this initial system along the ~RES—#RES axis in a
right-handed manner. For each twisted angle, this axis
passes through the center of mass of the interacting molecules.
The stacking energy was computed for the whole range ¢ €
(0; 360°). Figure 12 presents the MP2 values of the stacking
energy (stabilization energies) for increments of 60° in the
twist angle. From this curve, we can see that this energy is
greatly dependent on the twist angle, and there are three
energy minima. We can conclude that, for this system, the
dispersion attraction depends on the overlap of the stacked

Fig. 12 Potential energy curve

for the twist angle dependence

of the stabilization energy 0
of the +-RES dimer 0

-AEstab [kcal/mol]
IS
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system, and the dispersion is the greatest contributor to the
twist-dependent stacking energy. In particular, when the
stacked #-RES molecules overlap fully, the dispersion contri-
bution can be significant. Moreover, it interesting to note that
for a parallel orientation of the +~RES molecules, the disper-
sion term appears to be dominant. The attractive induction
term is also non-negligible, and depends strongly on the
overlap of the -RES molecules.

Conclusions

In order to determine reliable structures for trans-resveratrol
and trans-piceatannol in a vacuum, accurate quantum chem-
ical calculations were performed utilizing MP2 and DFT
methods. The geometric properties of isolated +-RES mole-
cules and the stacking interaction between them were ex-
amined. The geometry optimization procedure was carried
out with the aid of a wide spectrum of basis sets. The results

¢ [deg]

120 180 240 300 360

—o— MP2(full)/aug-cc-pVvVTZ
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obtained indicate that #rans-resveratrol and frans-piceatan-
nol have planar geometries at the MP2(full)/aug-cc-pVTZ
and B3LYP/aug-cc-pVTZ levels. MP2 potential energy
curves demonstrated that the London dispersion contribu-
tion to the stacking energy cannot be neglected. Further
computations are needed to determine the quantitative con-
tributions of the London energy to the total stabilization
energies of the dimeric systems studied. However, the
B3LYP exchange-correlation functional and the HF method
completely failed to localize any energy minimum on the
potential energy curve. Thus, the use of the B3LYP func-
tional and the HF method to study the stacking interaction
between planar polyphenolic derivatives of trans-stilbene is
not recommended. It was found that the most stable dimer of
t-RES 1is characterized by T-stacking interactions, and is
mainly stabilized by hydrogen bonding and favorable C—
H...mtinteractions. Our computations predict that, except for
amino acids in proteins [35, 36] and carbon aromatic cycles
(benzene and naphthalene), stilbenoids are able to form T-
shaped structures. Energetically stable parallel-displaced
conformers were found on the potential energy surface.
The computed value of the stacking distance between strict-
ly planar +~RES molecules is in excellent agreement with X-
ray data. It has been shown that the dispersion energy
contribution plays a crucial role in the twist-dependent
stacking process. Summarizing, the results presented here
prove that there is a 77—t stacking interaction between #-RES
molecules. This observation has been experimentally con-
firmed by Bonechi et al. [37]. We hope that the stacking
interactions studied here will help to explain the numerous
biological properties of -RES.
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