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ABSTRACT: Density functional theory/Becke’s three-param-
eter hybrid functional combined with the Lee−Yang−Parr
correlation functional (DFT/B3LYP) was used to examine the
radical scavenging potential of resveratrol, piceatannol, and
their dehydro/dihydro counterparts. For this reason, the values
of molecular descriptors predicting the hydrogen atom transfer
(HAT) and the single electron transfer preceding (SET-PT)
or following a proton transfer (SPLET) were computed in the
gas and liquid (benzene, water) phases. The double bond,
resulting in molecular planarity, was predicted to favor the
single hydrogen or electron transfer. The triple bond, resulting
in a linear backbone, was predicted to decrease the ease of
these transfers, whereas the saturation, resulting in loss of planarity, was expected to decrease the activity even more. The impact
of saturation was predicted to be detrimental for resveratrol. However, for piceatannol, an enhancement of activity was proposed
only under stepwise HAT because allylic hydrogen atoms could be prone for abstraction after the formation of quinone. The
predictions (gas, liquid phase) were in agreement with experimental evidence for resveratrol and its derivatives. The lipophilicity,
which may affect antioxidant activity in real systems, increased according to partition coefficient (log P) values as follows:
dihydrostilbene > stilbene > dehydrostilbene. On the basis of dipole moment values, no clear trend was observed.

1. INTRODUCTION

Hydroxystilbenes are one of the important classes of bioactive
phenols found in grape, and consequently in wine.1 The most
well-known one is trans-resveratrol, which presents various
biological properties, including the scavenging of harmful free
radicals2,3 as it has been shown both experimentally4−11 and
theoretically.12−20 However, it seems that the Cα−Cβ double
bond in its backbone is labile under certain conditions. More
specifically, it can be reduced or oxidized, forming, thus, the
dihydro or the dehydro counterpart, respectively. The dihydro,
though identified in wine,21 is usually formed after trans-
resveratrol ingestion, likely due to the activity of the intestinal
microflora,22 whereas the dehydro counterpart is expected to be
produced when trans-resveratrol is exposed to UV radiation, as
suggested by the findings on irradiated solutions.23 Despite the
fact that similar exposure studies have not been carried out for
grapes to verify such an observation, recently, a glucosylated
form of deoxyresveratrol has been tentatively identified in wine
with the aid of LC-MS.21 Another grape stilbene being prone to
similar structural transformations is the 3-hydroxyresveratrol,
better known as piceatannol.21 The respective compound, a
more efficient radical scavenger than resveratrol,19,20 is formed
via resveratrol hydroxylation in vivo.24 The data on the effect of
such structural changes in the backbone of hydroxystilbenes to
their radical scavenging activity are limited and are available
only for resveratrol. More specifically, Stivala et al.,25 using

citronellal thermoxidation, lipid peroxidation (rat liver micro-
somes/cell cultures), and DPPH• (2,2-diphenyl-1-picrylhydra-
zyl) assays, showed in terms of static parameters (e.g., efficient
concentration, EC50 values) that the double bond hydro-
genation in resveratrol resulted in a 2−4.5-fold decrease of
antioxidant activity. For the same structural change, Mikulski et
al.,14 employing density functional theory (DFT) calculations
in the gas and water phases, predicted a decrease in the single
hydrogen atom and electron donation efficiency. Regarding
deoxygenation, the knowledge is limited to the recent
experimental findings of Antus et al.26 The authors, by means
of cell-free and cell-based assays reported a lower antioxidant
activity for deoxy-resveratrol, but a stronger inhibitory effect on
nuclear factor k-B activation, cyclooxygenase-2, tumor necrosis
factor α, and interleukin-6 production.
Taking into consideration the usefulness of theoretical

calculations, especially DFT ones, usually employing the
B3LYP (Becke, three-parameter, Lee−Yang−Parr) functional,
to complement experimental findings on the radical scavenging
activity of phenolic compounds, as well as to predict such an
efficiency,27,28 resveratrol, piceatannol, and their corresponding
hydrogenated and dehydrogenated derivatives I−VI (Figure 1)
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were comparatively examined theoretically. Piceatannol and
related compounds were included considering past findings,
experimental29 and theoretical30 ones, indicating that the
presence of a catechol moiety could mask the effect of
hydrogenation on the activity of other natural phenols with
extended conjugation. For the tested compounds, molecular
descriptors characterizing their potency to donate hydrogen
atom/s or electron to free radicals according to the different
mechanisms proposed for phenols were computed.28 The
calculations were first carried out in the gas phase to obtain a
good approximation of predicted activity but also to acquire
knowledge on the role of these structural changes to the
antioxidant efficiency without any external influence. Implicit
solvent effects (benzene, water) were considered, where
appropriate, aiming to approximate the activity in lipid or in
aqueous media. The possible contribution of allylic hydrogen
atoms to the antioxidant activity of tested phenols was also
examined. Moreover, the findings are discussed with regards to
the conformation and polarity of tested compounds because
both may affect activity in real systems.31

2. COMPUTATIONAL DETAILS
All calculations for compounds I−VI and phenol (used as
reference) were performed by the Gaussian 09W rev. A.02-
SMP program.32 The B3LYP functional was used for geometry
optimization and computation of harmonic vibrational
frequencies using the 6-31G basis set (unrestricted B3LYP
for the resulting radicals). Single-point electronic energies were
then obtained using the 6-311++G(2d,2p) basis set. Employing
the electronic energies (298 K) at 6-311++G(2d,2p) and
thermal contributions to enthalpy obtained at 6-31G, the bond
dissociation enthalpy (BDE) values that characterize hydrogen
atom transfer (HAT) activity were determined according to the
equation:

= + −BDE Hr Hh Hp (1)

where Hr is the enthalpy of the radical generated by H atom
abstraction, Hh is the enthalpy of the H atom (−0.499897
hartree at this level of theory in the gas phase), and Hp is the

enthalpy of the parent molecule. The ionization potential (IP)
values that characterize single electron transfer−proton transfer
(SET-PT) efficiency were determined according to the
equation:

= + ‐ −IP Hcr He Hp (2)

where Hp and Hcr stand for the enthalpy of the parent
molecule and the corresponding cation radical generated after
electron transfer, whereas He- is the enthalpy of the electron
(0.00119787 hartree in the gas phase33). The O−H PDE values
were calculated by using the formula

= + −PDE Hr Hpr Hcr (3)

in which Hr is the enthalpy for radical generated after proton
dissociation, Hpr is the enthalpy for proton (0.00236 hartree in
the gas phase), and Hcr is the enthalpy for the cation radical.
Proton affinity (PA) values that define the first step of SPLET
(sequential proton loss electron transfer) mechanism were
calculated according to the formula:

= + −PA Ha Hpr Hp (4)

where Ha is the enthalpy of the anion generated after
deprotonation, Hpr is the enthalpy of the proton, and Hp is
the enthalpy of the parent molecule. Then, electron transfer
energy (ETE) values for the anions were obtained via the
equation:

= + ‐ −ETE Hr He Ha (5)

where Hr, Ha, and He- refer to the enthalpy of the phenoxy
radical, the anion, and the electron, respectively. No spin
contamination was found for radicals, the ⟨S2⟩ values being
about 0.750 in all cases. Implicit solvent effects (benzene,
water) were taken into account with the aid of integral equation
formalism of the polarized continuum model (IEF-PCM) and
the united atom for Hartree−Fock (UAHF) solvation radii.34,35

Structure optimization of the parent molecules and derived
species was carried out in the liquid phase using the above
model at the 6-31G level of theory. Then single-point
electronic energies were obtained using the 6-311++G(2d,2p)
basis set. For the calculation of the various molecular
descriptors, the enthalpy values of hydrogen atom (benzene,
−0.50227197 hartree; water, −0.50228348 hartree) were
computed, whereas the experimental values were adopted for
hydrogen cation (water, −0.41516 hartree) and electron
(water, −0.0492478 hartree).36,37 All the computed values of
molecular descriptors were expressed in kcal/mol (1 hartree =
627.509 kcal/mol). Dipole moment values were obtained by
employing DFT/B3LYP, whereas calculation of the log P
values, an index of partitioning of the tested phenols in an n-
octanol/water system, was obtained through typical chemical
structure software.38

3. RESULTS AND DISCUSSION
The selection of the 6-31G basis set for structure optimization
was made on the basis of various considerations: (i) It has been
used for structure optimization of resveratrol by Leopoldini et
al.,13 who discussed the hydrogen atom versus electron transfer
of widely investigated phenolic antioxidants. (ii) The adequate
accuracy for bond length and angles obtained in past studies for
flavonoids39 and phenolic acids40 on the basis of comparison of
optimized bond length and angle values in the gas phase with
experimental (crystal X-ray analyses) and/or theoretical ones.
(iii) The comparison of theoretical values with available

Figure 1. Structure of test compounds.
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crystallographic data for resveratrol,12 which showed that the
mean difference in the bond length values was 0.015 Å, whereas
the one for angles formed by carbon atoms was 0.5° and 1.3°
when angles with oxygen atoms were included (Table S1).
Additionally, the adopted methodology has been shown as
suitable to elucidate the structure−activity relationship of
various phenolic antioxidants.39−41

3.1. Conformation Analysis. Prior to the calculation of
the values of the various molecular descriptors, the conforma-
tional space of the studied molecules has been explored. This
was made by optimizing all the possible conformers in the gas
phase, to find the one with the lowest energy. In the case of I,
II, IV, and V the range of conformers studied was determined
by the combinations of the possible orientation of the hydroxyl
groups, whereas, in the case of III and VI the configuration of
the backbone was first determined because the absence of
extended conjugation provides flexibility. Then an approach
similar to that for the conjugated compounds was adopted. The
gas-phase optimized structures are presented in Figure 2, and
their coordinates are provided as Supporting Information
(Table S2−S7).
The optimized structures for I and IV are a bit different from

those presented in the literature on the basis of X-ray analysis of
their crystals.11,12 Even so, those presented in Figure 2 were
found to be more stable by only 0.08 and 0.57 kcal/mol
respectively than the corresponding structures proposed
experimentally. Such a finding suggests that both these isomers
can coexist because the aforementioned differences in enthalpy
were negligible. Despite this, the compounds having an
extended conjugation were planar, as expected. The oxidation
to a triple bond (II, V) had as a consequence the loss of the z-

configuration, and therefore, the ability of the molecule to
change from trans- to cis-conformation, due to the formation of
a rigid linear backbone. On the contrary, saturation (III, VI)
resulted in the loss of planarity and to a folded structure with a
dihedral angle between each aromatic ring and the backbone to
be 89° and 91°, respectively (89.9° and 88.3° in benzene, 87.2°
and 85.2° in water). In general, differences in enthalpy among
conformers of the three resveratrol-related compounds did not
exceed 1 kcal/mol. On the contrary in the case of piceatannol,
the maximum difference was up to ∼7−8 kcal/mol. Obviously,
the least stable were the conformers with the “away” orientation
of the hydroxyl groups of the catechol moiety, highlighting,
thus, the importance of intramolecular hydrogen bonding to
the stability of phenols. Findings for the conformation of
resveratrol and its dihydro counterpart were in agreement with
those of past studies in the gas phase.14

3.2. Hydrogen Atom Transfer (HAT). The hydrogen
atom transfer is the most widely accepted mechanism of radical
scavenging activity of phenols.28 The first approach followed
was to calculate the BDE value for each of the available
hydroxyl groups, in the gas phase, whereas the values in the
liquid phase (benzene, water) were provided only for the most
active ones. Water and benzene were used as models to
simulate environments (physiological fluids and lipids) found in
body tissues and many foods.13 The corresponding values are
provided in Table 1. In the same table, the BDE values
calculated for the allylic hydrogen atoms in the case of the
dihydro derivatives (III, VI) are also included, as well as the
values for the catechol moiety of piceatannol in case the “away”
conformation was adopted for the hydroxyl groups. Those BDE
values that are lower than that of phenol, a molecule that is

Figure 2. Optimized structures of test compounds at the B3LYP/6-31G level in the gas phase (T = 298 K).

Table 1. Bond Dissociation Enthalpy (BDE) Values of Test Compounds at the B3LYP/6-311++G(2d,2p)//B3LYP/6-31G Level
in the Gas Phase, Benzene, and Water (298 K)a

BDE (kcal/mol)

AH −O−H or C−H bond gas phase benzene water

I C-4′/C-3/C-5 80.4/86.8/85.6 74.8 75.8
II C-4′/C-3/C-5 81.7/86.7/85.7 80.7 82.3
III C-4′/C-3/C-5/Cα−H/Cβ−H 83.8/84.4/85.6/84.2/84.7 82.1 83.7
IV C-3/C-5/C-3′/C-4′/C-4′ away 86.1/85.3/76.2/72.0/80.8 71.1 73.9
V C-3/C-5/C-3′/C-4′/C-4′ away 86.7/85.8/77.0/73.7/82.2 73.4 77.1
VI C-3/C-5/C-3′/C-4′/C-4′ away/Cα−H/Cβ−H 85.7/86.9/77.1/76.3/86.0/85.8/86.2 75.5 78.1

aThe BDE values for phenol in the gas phase, benzene, and water were 84.3, 82.2, and 81.7 kcal/mol.
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generally inactive unless the oxidizing species are strong,39 are
highlighted. The lowest one in the gas phase is also underlined.
Obviously, piceatannol was predicted to be a more efficient

hydrogen atom donor than resveratrol due to the presence of
the catechol moiety. Such an observation is clear considering
that the difference between the lowest gas-phase BDE values
was 8.4 kcal/mol. This is in agreement with the findings of gas-
phase calculations of Peŕez-Gonzaĺez et al.20 who reported a 7.4
kcal/mol using, however, the PBE0 (Perdew−Burke−Ernzer-
hof) hybrid functional and a different basis set or those of
Cordova-Goḿez et al.,19 who calculated rate constants with
certain free radicals (•OOH, •O2

−). Still, resveratrol was a good
hydrogen atom donor considering that the BDE value was 3.9
kcal/mol lower than that of phenol, which was lower than the
one (5.58 kcal/mol) reported by Leopoldini et al.13 Such a
difference should stem from the use of a significantly higher
basis set by these authors for single-point energy refinement
because the structures of the involved species were optimized at
the same level of theory with the one adopted in the present
study.
As evidenced in all the compounds examined, the hydrogen

atom is preferably donated by the C-4′ hydroxyl group, in
accordance with the most literature reports.12−18 The C-3′
hydroxyl group has been proposed by Peŕez-Gonzaĺez et al.20

who, however, used a different configuration in the catechol
moiety. Regarding the hydroxyl groups of the A ring, these are
not supposed to be reactive (Table 1) taking into account that
the computed BDE values were equal or higher than that of
phenol. Dehydrogenation (II) of resveratrol resulted in an
increase of the BDE value by 1.3 kcal/mol, probably due to the
higher electron withdrawing effect of the triple bond than that
introduced by the double bond. Such a remark, at least on the
basis of hydrogen atom donation, is in line with the
experimental findings of Antus et al.26 On the contrary,
saturation (III) caused a significant reduction of the ease of
hydrogen atom donation because the BDE value at C-4′ was
predicted to be 3.4 kcal/mol higher than the corresponding one
for resveratrol. Such an observation was in close agreement
with the one of Mikulski et al.14 in the gas phase (3.76 kcal/
mol) using DFT/B3LYP but at a higher level of theory. The
calculated BDE values for the allylic hydrogen atoms showed
that they cannot compete with the hydroxyl group at C-4′ for
the radical scavenging. Additionally, present findings indicated a
poor antioxidant activity in terms of hydrogen atom donation
for III because the BDE value was ∼0.5 kcal/mol lower than
that of phenol. This may explain the 2- and 4-fold decrease in
the activity of III (in terms of EC50 values) under intense

citronellal thermo-oxidation and DPPH• scavenging assays,25

assuming that the HAT mechanism is followed in both of them.
The negative effect on the ease of hydrogen atom donation

when the double bond was modified was also observed when
IV and related compounds (V, VI) were examined. Contrary to
experimental and theoretical findings presented for other
conjugated phenols and their hydrogenated analogs,29,30 the
presence of the catechol moiety is not expected to mask the
effect of Cα−Cβ bond type with regard to hydrogen atom
donation. As a matter of fact, the influence was more
pronounced in the catecholic compounds because for the
dehydro (V) and dihydro (VI) counterparts the predicted
difference of BDE values from that of IV were 0.4 and 0.9 kcal/
mol higher than the corresponding difference of I from II and
III, respectively. Even so, all the three catecholic compounds
were likely to be efficient radical scavengers given that the BDE
value for each hydroxyl group of the catechol moieties was
lower than that of phenol by 7.2−11.4 kcal/mol. Verifying the
observations made for III, the allylic hydrogen atoms in VII
were not predicted to compete with C-4′ hydroxyl group for
abstraction.
Examination of the spin density (Figure 3) in the

corresponding phenoxy radicals of all the tested compounds
indicated that the modification of the double bond affects the
radical stability. Thus, in the case of the dehydro derivatives (II,
V), despite the fact that an extended conjugation is maintained,
the delocalization is not similar to that observed in I and IV.
More specifically the spin density at the oxygen attached to C-
4′ slightly increased (∼1.07-fold). The lack of conjugation in
the saturated counterparts (III, VI) clearly results in less stable
phenoxy radicals because the spin density at the oxygen
increased by ∼1.27-fold. Findings on the spin density difference
(0.11) between I and III are in agreement with those presented
by Mikulski et al.14 (0.12), although the authors used a different
level of theory.
The above comments were made on the basis of the ease of

single hydrogen atom donation; therefore, it may be helpful for
a ranking in terms of reactivity. Nevertheless, in an environ-
ment where the concentration of the free radicals may
outnumber that of the phenols, additional hydrogen atom
transfer can take place. Thus, further calculations were carried
out to comment on the effect of Cα−Cβ bond type to such a
stepwise hydrogen atom transfer process. As evident, in the
case of I, no further hydrogen atom is likely to be available for
abstraction because an unstable biradical has to be produced.
Consequently, the derived phenoxy radical at C-4′ can form
either a dimer or adduct with an oxidizing radical. The same is

Figure 3. Spin density distribution in the phenoxy radical formed at C-4′ of the test compounds at B3LYP/6-311++G (2d,2p)//B3LYP/6-31G in
the gas phase (T = 298 K).
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expected to apply for II. In the case of III, a strong oxidizing
species is required to abstract the hydrogen atom of the
hydroxyl group at C-4′ so that an allylic hydrogen atom
abstraction from Cβ to follow. Regarding IV, after the relatively
fast atom donation from the hydroxyl group at C-4′, the second
one at C-3′ can be donated leading to the formation of a
quinone. The predicted BDE value was higher (77.4 kcal/mol),
contrary to some reports for other studied catechols for their
stepwise-HAT ability40,42 but still adequate for efficient radical
scavenging. Further scavenging is difficult because the lowest
BDE value found for the C-5 hydroxyl group was computed to
be 86.6 kcal/mol. As a result, only in the case of a strong
oxidizing radical the stepwise hydrogen atom donation from the
specific compound can continue and lead to an increase in the
reaction stoichiometry. The same was predicted for V, where
the corresponding BDE values for quinone formation and then
a hydrogen atom donation from the hydroxyl group at C-5,
were predicted to be 76.8 and 87.1 kcal/mol, respectively. In
the case of VI, the predicted findings were different. As shown
in Figure 4, the quinone formation was easier because the BDE
value was 73.6 kcal/mol, which is 3.8−4.4 kcal/mol lower than
that computed for IV and V. Additionally, allylic hydrogen
atoms could now become abstractable without the requirement
of a strong oxidizing radical. Thus, a third hydrogen atom
donation could take place from Cβ to form a carbon-centered
radical. The computed BDE value was similar to that of an O−
H bond of an active hydroxyl group. Donation of the fourth
one from Cα at an even lower expense of enthalpy may be also
feasible on a theoretical basis. The low value is certainly related
to the fact that a neutral, fully conjugated system can be
formed, which matches the structure of the piceatannol
quinone. In view of the fact that for dihydro-caffeic acid an
almost 2-fold higher stoichiometry than that for caffeic acid has
been determined when reacting with a mild oxidizing agent
such as DPPH•,30 the proposal that more hydrogen atoms can

be donated by IV, could be possible. This is further supported
by the fact that after quinone formation for dihydrocaffeic acid,
the allylic hydrogen atoms were found to be prone for donation
according to recent theoretical findings in the gas phase.28

Calculations in the presence of the solvent did not change
the prioritization of the compounds found in the gas phase
within each group but affected the magnitude of the differences.
However, VI presented higher BDE value at the C-4′ hydroxyl
group than I. In addition, III presented equal or higher BDE
values than phenol in the liquid one and II but only in water.
Contrary to the gas phase, in the liquid one, the type of Cα−Cβ

bond affected to a greater extent the monophenols, than those
bearing a catechol moiety. Thus, the increase of the BDE value
of II and III from that of I was 1.3 and 3.4 kcal/mol,
respectively, in the gas phase, 5.9 and 7.3 kcal/mol in benzene,
and 6.5 and 7.9 kcal/mol in water, whereas, in the case of IV
and its derivatives, the increase in the difference of the BDE
value from that of V was only 2.3 and 3.2 kcal/mol in benzene
and water (1.7 kcal/mol in the gas phase) and regarding VI the
difference was almost the same (∼4.1−4.4 kcal/mol). Mikulski
et al.14 also found an increasing tendency in BDE value
difference between I and III when calculations were made in
water; however, the increase was smaller (from 3.72 kcal/mol
in the gas phase to 4.72 kcal/mol in water).
In the case of stepwise hydrogen atom transfer, the required

enthalpies for the formation of quinone were comparable for IV
and V in both solvents (73.8−74.8 kcal/mol) and lower for VI
(Figure 4). Such a trend was in agreement with findings in the
gas phase. Moreover, the formation of the carbon radical was
favored in polar media and the opposite was predicted for the
formation of the conjugated quinone.

3.3. Electron Transfer (ET). Except for HAT, two
additional mechanisms of radical scavenging have been
proposed, both taking place through electron transfer. The
latter may occur in parallel with HAT but is facilitated in polar

Figure 4. Possible stepwise hydrogen atom transfer pathway for dihydropiceatannol (VI) on the basis of gas-phase BDE calculation at the B3LYP/6-
311++G(2d,2p)//B3LYP/6-31G level in the gas phase, benzene, and water (T = 298 K).
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environments that enhance charge separation.28 The values of
appropriate descriptors proposed to depict the steps of electron
transfer through SET-PT and SPLET in the gas phase and in
water are presented in Table 2. The gas-phase IP values that
describe the rate-determining step in case SET-PT were not
only lower than that of phenol (192.6 kcal/mol) by 16.1−28.5
kcal/mol but also lower than that of certain hydroxylbenzoic
acids and corresponding aldehydes.40 Even so, only the value
for piceatannol was close to that of flavonoids like
maritimetin.39

Similar to HAT, piceatannol (IV) and related compounds
(V, VI) were more efficient electron donors than resveratrol
and the corresponding derivatives (I−III) in the gas phase,
although the differences were rather small (1.5−2.6 kcal/mol).
Larger differences were observed in the PDE values (5.0−6.9
kcal/mol). Regarding the effect of the Cα−Cβ bond type, the
conversion to a triple bond caused an increase in the IP values
to the same extent in both II and V (by 3.6 and 3.5 kcal/mol
respectively). Despite the fact that conjugation is electron
withdrawing, when there was a lack of it in the molecules, the
IP value increased further (10.9 and 9.8 kcal/mol for III and
VI, respectively). The effect followed the reverse trend in the
case of PDE values. Nevertheless, the order obtained on the
basis of the sum of kcal/mol needed to complete the two steps
of the mechanism was similar to that derived according to IP
values. Likewise in HAT, the differences among the compounds
within each group were of the same magnitude and no masking
effect was observed. The trend observed in IP was in line with
the one based on the energy difference of the frontier orbitals
(Table S8).
SPLET may take place in case ionization of hydroxyl groups

is facilitated. Even if ion formation is not complete but only
partial, a considerable increase in the rate of scavenging can be
observed.43 In all cases, the most acid hydroxyl groups were
those at C-4′, in accordance with the work of Leopoldini et al.44
in both gas and liquid phases. On the basis of the computed PA
values (Table 2), it is predicted that piceatannol and its
derivatives (IV−VI) should be more acidic than their
corresponding monophenols (I−III). There is no available
experimental pKa value for IV, whereas for I the range 8.1−9.49
has been reported by Cordova-Gomez et al.19 The same
authors on the basis of quantum chemical calculations
predicted for the two compounds pKa values of 7.86 and
9.16, respectively. Relying on these values it seems that at
physiological pH (7.4) a considerable amount of IV (∼35%)
will be in the form of the phenoxy anion, whereas for I these
forms are expected to be ∼2% or less. Taking into
consideration the gas-phase PA values, it seems that high
concentration of phenoxy ions will be formed also for V and
limited or no ions for the remaining compounds. Therefore,

only in the case of IV, the hydrogenation is expected to
significantly reduce the electron donating efficiency. Such a
reduction should be due to the negligible formation of the
phenoxy anions which are significantly more efficient electron
donors.
When calculations were carried out considering the implicit

effect of water, clearly the IP values, as well as the PA ones
decreased, verifying the ease of charge separation in such an
environment. In the case of SET-PT, the changes in the type of
the Cα−Cβ bond resulted in a trend in the order activity similar
to that obtained in the gas phase. However, the lowering in the
activity when the double bond was changed into triple or single
was predicted to be higher in both groups of compounds. The
difference in monophenols was larger because the correspond-
ing IP value of I was lower by 9.5 and 14.3 kcal/mol from that
of II and III, respectively. In the catecholic compounds (IV−
VI) the corresponding differences were lower (6.5 and 9.1 kcal/
mol), but still considerable. Furthermore, it should be stated
that in water I presented the lowest value, which was 1.2 kcal/
mol lower than that computed for IV, a finding opposite to that
in the gas phase.
In the case of SPLET, the differences in PA values became

small. Surprisingly, I presented the same tendency to ionize
with V, slightly lower than that of IV. However, the variation
was greater in the ETE values. What was certain is that
saturation of the double bond negatively affected the ionization.
Similarly to the SET-PT mechanism, the sum of kcal/mol
required for the fulfillment of SPLET steps was lower for I and
IV. When the implicit water effect was included in the
calculations, it was evidenced that the ionization efficiency was
decreased by conversion to a triple bond and even more by
conversion to a single. Nevertheless, the difference between I
and III, as well as IV and VI, were smaller than in the gas phase.
An opposite finding in water was that the saturated compounds
were found to be less potent electron donors than I and IV,
respectively, in the case full ionization was facilitated.

3.4. Polarity and Planarity Effect. Although calculations
in the liquid phase were carried out to simulate conditions in
real systems, the antioxidant efficiency of phenols is also
influenced by properties such as the polarity of the compound
and planarity. Both may define the location of an antioxidant in
a real system and, as a consequence, the capability to interact
with reactive free radicals at the site of formation.31 Antioxidant
activity studies in bulk oils and dispersed systems led to the
wording of the so-called “polar paradox” concept, which states
that polar phenols are expected to be more efficient in bulk oils,
whereas less polar are generally more potent in dispersed
systems.45 Except for the log P value, the most frequently
employed parameter in such studies to estimate the lipophilicity
of tested compounds macroscopically,46 the dipole moment

Table 2. Molecular Descriptor Values of the Test Compounds Related to Electron Donation at the B3LYP/6-311++G(2d,2p)//
B3LYP/6-31G Level in the Gas Phase and Water (298 K)a

IP (kcal/mol) PDE (kcal/mol) PA (kcal/mol) ETE (kcal/mol)

AH gas water gas water gas water gas water

I 165.6 89.8 229.5 13.8 334.6 32.9 60.4 70.4
II 169.1 99.3 227.4 11.4 333.4 34.7 62.9 75.5
III 176.5 104.1 222.1 7.4 343.0 36.4 55.5 74.6
IV 164.1 91.0 222.6 9.8 325.8 32.2 60.8 67.8
V 167.7 97.5 220.7 7.4 325.7 33.1 62.6 72.0
VI 173.9 100.1 217.6 5.7 335.8 35.7 55.9 69.8

aThe IP values for phenol in the gas phase and water were 192.6 and 114.4 kcal/mol.
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values were also calculated to examine the effect of polarity on a
microscopic scale, because it has been proposed to influence
the electron transfer process from flavonoids in the water/lipid
interface.47 On the basis of the conformational findings, the
conjugated compounds should be able to penetrate membranes
(I, II, IV, V), and the dehydro analogs may do so more easily
because the molecules are expected to be linear. On the
contrary, dihydro derivatives (III, VI) are expected to be
located in the interface as reported for other nonplanar
phenols,48 which is of importance given that the oxidation in
systems like liposomes may occur at this site.
Regarding lipophilicity, the formation of a triple bond slightly

decreased the log P value [2.81 (II) vs 3.06 (I) and 2.42 (IV) vs
2.67 (V)], whereas the saturation of the double bond had the
opposite result [3.38 (III) and 2.99 (VI)]. Thus, in terms of
polar paradox, the dehydro derivatives can better orient in the
air/oil interface of a bulk oil, whereas the dihydro ones can be
more soluble in the lipid droplets of a dispersed system. In the
microscopic scale, differences were observed but the trend in
each group was different. Thus, I was found to present higher
gas-phase dipole moment value (2.6828 D), followed by its
dihydro counterpart III (2.5035 D), whereas the value
calculated for the dehydro one II was significantly lower
(0.7266 D). It is not easy to comment on the effect of the
backbone chain conformation because the orientation of the
hydroxyl groups was not always the same in the optimized
structures of the tested molecules. On the contrary, in
piceatannol and related compounds (IV−VI) it was found
that dehydrogenation slightly increased the dipole moment
(0.9500 vs 0.8438 D), whereas loss of planarity resulted in an
almost 2-fold increase (1.6229 D). The trend in benzene and
water was similar (Table S9). As evidenced, the log P trend and
that based on the dipole moment did not match. Bearing in
mind that various isomers may coexist in the same environment
and that hydroxyl group orientation may affect significantly
dipole moment, it is not easy to discuss this issue further.

4. CONCLUSIONS
Present findings suggest that the type of bond at Cα−Cβ is an
important structural feature in hydroxystilbenes that may affect
their conformation as well as their radical scavenging activity.
The presence of a double bond is essential for the planarity of
the compounds, the ease of hydrogen atom or electron transfer,
and the stability of the derived phenoxy radical. Oxidation into
a triple bond maintains the planarity of the compounds but
makes the backbone linear, a change that may influence the
membrane penetration. The hydrogen atom or electron
donation efficiency is expected to decrease, as well as
lipophilicity in the macroscopic scale. Saturation of the double
bond may have a greater impact. The planarity is lost and
penetration through membranes is not feasible. The hydrogen
atom transfer, the electron donation and the formation of
phenoxy ions are more difficult to occur. Thus, saturation may
be detrimental for resveratrol because a poor antioxidant
activity is likely under all possible mechanisms of action
examined. The predicted results in the case of piceatannol
suggest the opposite but only under conditions that favor
stepwise HAT. This can be attributed to the predicted
contribution of allylic hydrogen atoms following the formation
of the quinone. Lipophilicity, at least macroscopically, is
expected to increase and facilitate the solubility in lipids. The
accordance of theoretical findings with the limited experimental
evidence for resveratrol and its derivatives supports the

predictions made for piceatannol and related compounds.
The effect of the examined structural transformations of
resveratrol and piceatannol to their stereochemistry, as well
as their radical scavenging properties, should be considered
when using them for food, pharmaceutical, and cosmeceutical
applications.
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