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ABSTRACT: In this work, we have carried out a systematic study of the antioxidant activity of
trans-resveratrol toward hydroxyl (•OH) and hydroperoxyl (•OOH) radicals in aqueous
simulated media using density functional quantum chemistry and computational kinetics
methods. All possible mechanisms have been considered: hydrogen atom transfer (HAT),
proton-coupled electron transfer (PCET), sequential electron proton transfer (SEPT), and
radical adduct formation (RAF). Rate constants have been calculated using conventional
transition state theory in conjunction with the Collins−Kimball theory. Branching ratios for the
different paths contributing to the overall reaction, at 298 K, are reported. For the global
reactivity of trans-resveratrol toward •OH radicals, in water at physiological pH, the main
mechanism of reaction is proposed to be the sequential electron proton transfer (SEPT).
However, we show that trans-resveratrol always reacts with •OH radicals at a rate that is diffusion-controlled, independent of the
reaction pathway. This explains why trans-resveratrol is an excellent but very unselective •OH radical scavenger that provides
antioxidant protection to the cell. Reaction between trans-resveratrol and the hydroperoxyl radical occurs only by phenolic
hydrogen abstraction. The total rate coefficient is predicted to be 1.42 × 105 M−1 s−1, which is much smaller than the ones for
reactions of trans-resveratrol with •OH radicals, but still important. Since the •OOH half-life time is several orders larger than the
one of the •OH radical, it should contribute significantly to trans-resveratrol oxidation in aqueous biological media. Thus, trans-
resveratrol may act as an efficient •OOH, and also presumably •OOR, radical scavenger.

■ INTRODUCTION
trans-Resveratrol (trans-3,5,4′-trihydroxystilbene) is a triphe-
nolic phytoalexin found in a variety of plant species,1,2 such as
grapevines, mulberries, peanuts, and the dried roots and stems
of Polygonium cuspidatum (Japanese knotweed), and it is one of
the most important polyphenols found in red wine. Its
synthesis is triggered by plant stress conditions such as fungal
infection, UV irradiation, and exposure to ozone or heavy metal
ions.1

One of the most important biological activities of trans-
resveratrol, and one that has been intensely investigated for the
past few years, is its antioxidant behavior in biological
systems.3,4 It is associated with a surprising number of health
benefits, most notably the mitigation of age-related diseases,
including neurodegeneration, carcinogenesis, and atheroscle-
rosis.5

The mitochondrial theory of aging, originally proposed by
Harman in the early 1970s,6 postulates that mitochondrial
oxidative stress and the consequential free-radical reactions
underlie aging. According to this theory, an increased
production of ROS results in the accumulation of oxidative
damage to proteins, lipids, and DNA, which is the primary
causal factor of the aging process. There is clear evidence that
aging in mammals is associated with mitochondrial oxidative

stress in virtually every tissue studied, including blood
vessels.7−14 Recent studies suggest that longevity is associated
with increased vascular resistance to high glucose-induced
mitochondrial oxidative stress.15 Recently, using animal models
of diabetes mellitus, it has been shown that resveratrol could
extend the life span by conferring vasoprotection.16−20 Similar
protective effects of resveratrol treatment were observed in
aged mice.12,16 Moreover, the consumption of Mediterranean-
style diets, which are rich in resveratrol, is associated with a
reduced risk of cardiovascular mortality in humans.21,22

In addition, trans-resveratrol has shown activity as an
effective anticarcinogenic agent against several tumor cells,
both in vitro and in vivo.23,24 Data suggest that trans-resveratrol
inhibits the proliferation of carcinogens through its interaction
with the cytochrome P450 enzyme system.24

At the present time, lipid peroxidation is considered to be
one of the basic mechanisms involved in reversible and
irreversible cell and tissue damage. This chain-reaction process,
which can be induced by a free-radical source, continually
produces lipid peroxide radicals. In order to counterbalance the
ROS, antioxidants act as biological bodyguards for essential
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molecules and combat oxidative stress by either neutralizing
ROS or by repairing damage. trans-Resveratrol has the ability to
break the chain-reaction process of lipid peroxidation by
scavenging free radicals and forming phenoxy radicals that are
stabilized by resonance. This results in the suppression of
harmful self-propagating reactions induced by various free-
radical sources.25,26

Many biologically relevant compounds exhibit second order
•OH reaction rate constants of 109−1010 M−1 s−l, which
constitute essentially diffusion-limited reactivity.27,28 It is
generally believed that an indiscriminate attack on membranes,
proteins, and other tissue constituents is a major reason for
tissue damage during X-ray irradiation,29 during exposure in
vivo to OH-generating cellular toxins,30 or in the presence of
•OH-generating biochemical systems in vitro.31 Previous
studies have shown that •OH radicals are responsible for the
ring-hydroxylation of a variety of aromatic compounds
including phenol and substituted phenols such as tyrosine.32−34

The antioxidant activity of trans-resveratrol is related to its
hydroxyl (OH) groups, which can scavenge free radicals
produced in vivo.35 Experimental data demonstrate that if the
OH groups are eliminated or replaced by OCH3, the molecule
loses its activity. In addition, as demonstrated in experimental
studies on the reactions of trans-resveratrol and its derivatives,
the 4′-hydroxyl group is the most reactive one.36−39

Parallel to experimental studies, the antioxidative activity of
trans-resveratrol has also been studied theoretically. On the
basis of DFT computations of the OH reactions of trans-
resveratrol and its hydroxylated derivatives in the gas phase,
Queiroz et al.40 have shown that it is related to the stabilization
energy of the formed free radicals, which in turn depends on
their π-electron system and on the number of possible
resonance structures.
Bond dissociation energies (BDE) and ionization potentials

(AIP) for trans-resveratrol and other phenolic antioxidants have
been determined both in the gas phase44 and in solution.41,42

They found that it reacts with free radicals preferentially by a
hydrogen-transfer mechanism (HAT) rather than by an
electron transfer. However, Caruso et al.43 proved that proton
transfer is the dominant mechanism of the reaction of free
radicals with various antioxidants and that the para 4′-OH
group is more acidic than the other hydroxyl groups; this
observation correlates with its scavenging free-radical ability.
Unfortunately, in this study, the influence of the solvent was
not taken into consideration.
A theoretical study of the antioxidant activity of trans-

resveratrol was also performed by Cao et al.44 based on a spin
density analysis and single electron distribution. The authors
show that the strong antioxidant action is due to the formation
of radicals with a semiquinone structure, in which the unpaired
electron is mainly localized on the O-atoms at the para and
ortho positions. In agreement with other authors, they found
that the 4′-hydroxyl group is the preferred reaction site,
although the other hydroxyl groups and the double bond
contribute to the free-radical scavenging ability. However, the
computations reported in this work were only performed in the
gas phase, and the results may not be valid in a cellular
environment. Furthermore, the gas- and liquid-phase acidity of
trans-resveratrol have been determined at DFT level of
theory.45 No kinetic data were reported.
There are numerous types of free radicals that can be formed

within the body. The hydroxyl radical is the most electro-
philic46 and most reactive of the oxygen-centered radicals, with

a half-life of ∼10−9 s.47 Compared with the •OH radicals, the
hydroperoxyl (•OOH) radical is a relatively slow-reacting
species with half-lives of the order of seconds,48 capable of
diffusing to remote cellular locations.49 The •OOH radical is
the protonated form of the superoxide radical anion, O2

•−.50

Since the protonation/deprotonation equilibrium exhibits a pKa
of 4.8, only about 0.3% of any superoxide present in a typical
cell is in the protonated form. However, O2

•− is not a very
reactive species, so the chemistry of superoxide in living
systems is probably dominated by •OOH radical reactions.47

Moreover, the behavior of •OOH is probably similar to the one
of larger peroxyl radicals, RO2

•, which are abundant in
biological systems. Thus, the studying of •OOH may yield
insight on the reactions of other important radicals.
In order to help understand the global reactivity of trans-

resveratrol toward free radicals in biological media, we have
carried out a systematic study of the reactivity of trans-
resveratrol toward hydroxyl (•OH) and hydroperoxyl (•OOH)
radicals in aqueous simulated media, using density functional
quantum chemistry and computational kinetics methods. All
possible mechanisms have been considered: hydrogen atom
transfer (HAT), proton-coupled electron transfer (PCET),
sequential electron proton transfer (SEPT), and radical adduct
formation (RAF). Rate constants have been calculated using
conventional transition state theory in conjunction with the
Collins−Kimball theory. Branching ratios for the different paths
contributing to the overall reaction, at 298 K, are reported.

■ COMPUTATIONAL METHODOLOGY
All electronic calculations were performed with the Gaussian 09
system of programs.51 Geometry optimizations and frequency
calculations have been carried out using the M05-2X functional52 in
conjunction with the 6-311++G(d,p) basis set. The M05-2X functional
has been recommended for kinetic calculations,52 and it has been
successfully used by independent authors for that purpose.53

Unrestricted calculations were used for open-shell systems. Local
minima and transition states were identified by the number of
imaginary frequencies: local minima have only real frequencies, while
transition states are identified by the presence of a single imaginary
frequency that corresponds to the expected motion along the reaction
coordinate. Relative energies are calculated with respect to the sum of
the separated reactants. Zero-point energies (ZPE) and thermal
corrections to the energy (TCE) at 298 K are included in the
determination of energy barriers.

We have assumed that reactions take place according to the
complex two-step typical mechanism of radical−molecule reactions, in
which the initial step leads to the formation of a prereactive complex
(RC) that is in equilibrium with the reactants (R), and the second step
is the irreversible formation of the products.54

Solvent effects are introduced using the SMD continuum model.55

Although the dielectric constant of cellular environments is somewhat
reduced by the presence of macromolecules and cosolvents, it is clear
that water is, by far, their major component. Thus, in this work, water
has been used as the cellular solvent.

Solvent cage effects have been included according to the corrections
proposed by Okuno56 and taking into account the free volume
theory.57 These corrections are in good agreement with those
independently obtained by Ardura et al.58 In this work, the expression
used to correct the Gibbs free energy is

Δ ≅ Δ − − −−G G RT n n{ln[ 10 ] ( 1)}n
sol
FV

sol
0 (2 2)

(1)

where n represents the molecularity of the reaction. According to
expression 1, the cage effects in solution cause ΔG to decrease by 2.54
kcal/mol for bimolecular reactions at 298.15 K. The packing effects of
the solvent reduce the entropy loss associated with any chemical
reactions with molecularity equal to, or larger than, 2.
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Rate constants have been calculated using conventional transition
state theory (TST)59−61 as implemented in TheRate program62 at the
Computational Science and Engineering Online website (www.cseo.
net)63 and 1 M standard state as

= σκ − Δ ⧧
k

k T
h

e G RTB ( )/
(2)

where kB and h are the Boltzman and Planck constants; ΔG⧧ is the
Gibbs free energy of activation; σ represents the reaction path
degeneracy, accounting for the number of equivalent reaction paths;
and κ accounts for tunneling corrections. The latter are defined as the
Boltzman average of the ratio between the quantum and classical
probabilities, and they were calculated using the zero-curvature
tunneling (ZCT) method using an Eckart barrier.64,65 The energy
values, partition functions, and thermodynamic data were taken from
the quantum-mechanical calculations.
Direct reaction branching ratios (Γ), are computed as

Γ = ×
k

k
100path

path
overall (3)

For the mechanisms involving single-electron transfers (SET), the
Marcus theory was used.66−68 Within this transition-state formalism,
the SET activation barrier (ΔGSET

⧧ ) is defined in terms of the free
energy of reaction (ΔGSET

0 ) and the nuclear reorganization energy (λ):

Δ = λ +
Δ

λ
⧧

⎛
⎝⎜

⎞
⎠⎟G

G
4

1SET
SET
0 2

(4)

Reorganization energy (λ) has been calculated as

λ = Δ − ΔE GSET SET
0 (5)

where ΔESET has been calculated as the nonadiabatic energy difference
between reactants and vertical products. This approach is similar to the
one previously used by Nelsen and co-workers69,70 for a large set of
self-exchange reactions.
Some of the calculated rate constants (k) values are close to (or are,

in fact) diffusion-limit rate constants. Accordingly, the apparent rate
constant (kapp) cannot be directly obtained from TST calculations. In
the present work, the Collins−Kimball theory is used for that
purpose71

=
+

k
k k

k kapp
D

D (6)

where k is the thermal rate constant, obtained from TST calculations,
and kD is the steady-state Smoluchowski72 rate constant for an
irreversible bimolecular diffusion-controlled reaction

= πk RD N4D AB A (7)

where R denotes the reaction distance, NA is the Avogadro number,
and DAB is the mutual diffusion coefficient of the reactants A (free
radical) and B (resveratrol). DAB has been calculated from DA and DB
according to ref 73, and DA and DB have been estimated from the
Stokes−Einstein approach74

=
πη

D
k T

a6
B

(8)

where kB is the Boltzmann constant, T is the temperature, η denotes
the viscosity of the solvent (in our case water, η = 8.91 × 10−4 Pa s),
and a is the radius of the solute.
A recent work on the reaction between OOCH3 radical and

quercetin75 demonstrated that kinetic data coming from TST and
CVT computations are very similar. The computational methodology
used in this manuscript has been successfully employed for similar
studies76,77

■ RESULTS AND DISCUSSION
The optimized structure of trans-resveratrol is shown in Figure
1, where we have indicated the atomic numbering scheme. The

results show that trans-resveratrol has an approximately planar
structure in which the dihedral angle between the two benzene
rings is about 0.34° (Figure 1).
In an aqueous environment, a large number of possible

reactions can occur, in principle, between trans-resveratrol and
free radicals. They can be grouped into two basic types of
mechanisms: (i) hydrogen atom abstraction and (ii) radical
addition (radical adduct formation, RAF). Hydrogen atom
abstraction can occur according to three different mechanisms:
sequential electron−proton transfer (SEPT), proton-coupled
electron transfer (PCET), and direct hydrogen atom transfer
(HAT). In this work, we have considered the three phenolic H-
abstraction paths (from positions 3A, 5A, and 4B), with the
subsequent formation of a water molecule and the correspond-
ing radical as well as all possible addition channels (addition to
the >CC< moiety and addition to the A and B aromatic
rings).
All these mechanisms could in principle occur in parallel,

although at different rates. One of the objectives of the present
work is to determine which mechanism has the faster rate
constant, in the reactions of trans-resveratrol with both
hydroxyl (•OH) and hydroperoxyl (•OOH) free radicals.

•OH-Initiated Oxidation of trans-Resveratrol. Once
•OH radicals are formed in a biological environment, they
react instantaneously at essentially diffusion-controlled rates,
indicating very low barriers and large exothermicity. The
reaction products can be either OH-adduct radicals, as in the
case of addition to the various nucleotide bases, or net
dehydrogenation radicals produced by water elimination.
In order to study the reactivity of trans-resveratrol toward

•OH radicals in aqueous media, we have considered all
hydrogen atom transfer (HAT), proton-coupled electron
transfer (PCET), sequential electron proton transfer (SEPT),
and radical adduct formation (RAF) pathways, according to the
following reactions:

+ → − +• •RV OH RV( H) H O (HAT/PCET)2

+ → + ↔ − +• +• − •RV OH RV OH RV( H) H O

(SEPT)
2

+ →• •RV OH RV(OH) (RAF)

We have recently shown that, for dopamine,75 the •OH
hydrogen abstraction is barrierless and it occurs preferentially
via PCET; i.e., the proton transfer is coupled to an electron
transfer. This seems to be the general mechanism for phenols

Figure 1. Optimized structure of trans-resveratrol in water.
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that are capable of reacting by single electron transfer (SET),
and it is the case, also, for trans-resveratrol. Using partial
optimization with constrained O---H---OH bonds, we have
obtained a saddle-point structures with an imaginary frequency.
However, a subsequent unfreezing of the two distances
involved, followed by optimization to a saddle point, produces
an increase of the H---OH distance, and a corresponding
decrease of the imaginary frequency and of the gradient, leading
to the separated reactants. A relaxed scan, obtained by
decreasing the H---H distance, produces an equivalent result:
in this case, the energy decreases until the H atom is completely
transferred. This result means that the reaction is strictly
diffusion-controlled; i.e., every encounter results in a reaction.
At this point, it is important to mention that when the •OH
radical is relatively close to a phenolic H, the charge on the
•OH radical oxygen atom is approximately −1.27 electrons,
which is consistent with a PCET mechanism rather that a HAT
mechanism. Also, charge separation between the phenolic
group and the •OH radical is clearly favored by the polar
solvent.
The dominant structure of the corresponding formed radicals

is a semiquinone structure which favors their stability, and the
unpaired electron is mainly located on the O-atom at the ortho
and para positions. The formed radicals present large
exergonicity (−31.43, −31.97, and −37.84 kcal/mol, resvec-
tively) relative to reactants. The 4B-hydroxyl group is probably
the most reactive site because of the resonance effects that
occur between the two aromatic rings. This hydroxyl group is
located in a para position with respect to the styrene moiety,
which contains a benzene ring substituted by two other OH
groups in meta positions. The effect of the latter is to donate
electron pairs that can be transmitted, via the stilbene bridge, all
the way to the para position on the second benzene ring. The
relevance of this type of conjugation in electron transfer
processes has been reported previously.78

The optimized structures of the product complexes are
shown in Figure 2. In these structures, the water molecule
forms an hydrogen bond with the corresponding radical.
Although phenolic H-abstractions are PCET mechanisms,

the corresponding individual rate constants are diffusion-
controlled and equal to the diffusion rate constant 1.98 × 109

M−1 s−1 at 298 K. Thus, the total PCET rate constant,

calculated as the sum of the individual rates of the PCET
phenolic H-abstraction, is 5.94 × 109 M−1 s−1 at 298 K.
The sequential electron−proton transfer (SEPT) process

also occurs in polar solutions, since the polar environment is
expected to promote solvation of the intermediate ionic species
formed, thus favoring electron transfer. In this mechanism, the
radical cation is first formed, followed by rapid and reversible
deprotonation.
It is well-known that phenolic compounds are oxidized to

quinones via semiquinones formation in SEPT processes that
eliminate protons from the phenolic groups.79 In the SEPT
mechanism, the sequential transfer can take place in two
different ways: (i) a single-electron transfer (SET) process
followed by deprotonation of the formed radical cation or (ii) a
deprotonation followed by a SET process from the formed
anion. Since the polar environment is expected to promote
solvation of the intermediate ionic species formed, the electron-
transfer process is expected to be favored.
Because the three hydroxyls of trans-resveratrol show

dissimilar activity in scavenging free radicals, three H-atom-
transfer reactions between an •OH radical and hydroxyl groups
at different positions were studied. The proposed two-step
SEPT mechanism for trans-resveratrol oxidation is represented
in Scheme 1. In the SET process, a radical cation (RV•+) is

obtained; the phenolic groups of the radical cation (RV•+)
obtained via SET is relatively acidic: the calculated pKa for the
3A, 5A, and 4B sites are −0.03, −0.43, and −4.73, respectively.
In the second step, in principle, there are three possible
pathways, corresponding to the deprotonation at the 3A, 5A,
and 4B phenolic groups. The final products are the same as the
ones obtained via HAT direct H-abstractions, and therefore, the
overall ΔG values are the same. However, the Gibbs free energy
values of the second step are calculated relative to the RV•+

intermediate obtained in the SET process, and we find that the
Figure 2. Optimized structures of the HAT/PCET product
complexes.

Scheme 1. SEPT Mechanism for trans-Resveratrol Oxidation
by •OH radicals
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most exergonic pathway is 4B (ΔG = −10.60 kcal/mol), while
3A and 5A positions are almost equivalent, and their ΔG are
very close (−4.20 and −4.74 kcal/mol, respectively). Therefore,
the 4B radical is expected to be the major product in the SEPT
reaction.
At physiological pH, an equilibrium exists between the

radical cation and the radical deprotonated form (RV•), which
is identical to the HAT/PCET product. Therefore, the radicals
obtained via H-abstraction from the phenolic groups are in
equilibrium with the radicals cations (RV•+) obtained via the
SET mechanism. The equilibrium between the cation (RV•+)
and neutral trans-resveratrol depends on pH. However, because
of the small OH− anion concentration, at neutral pH, (RV•+) is
favored.
The reorganization energy (λ), the Gibbs activation free

energy (ΔG⧧), the SET rate constant (kSET), and the apparent
rate constant (kapp

SET) of the initial single-electron transfer
between trans-resveratrol and an •OH radical are reported in
Table 1. ΔESET has been calculated as the nonadiabatic energy

difference between reactants and vertical products, i.e., RV•+

and OH− at the neutral RV and •OH geometries. ΔG⧧ has
been evaluated using the Marcus theory. Since the subsequent
proton transfer is known to be very fast, the SET and SEPT
rate constants are the same.
Our computations show that the SEPT process in Scheme 1

is diffusion-controlled. The diffusion rate constant kD has been
calculated according to eq 6 and is also included in Table 1 for
comparison. The products obtained in the SEPT reaction are
the same as in the PCET channels.
The radical adduct formation (RAF) process may also occur,

with •OH addition either to the >CC< moiety (at positions
Cα and Cβ), or to the A and B aromatic rings. Optimized
structures for transition states (TS) and adducts in the OH-
addition reactions to the >CC< moiety and to the A and B
aromatic rings are presented in Figures 3, 4 and 5, respectively,
and relative energies (including ZPE) and Gibbs free energies
(including TCE at 298 K), calculated at the M05-2X/6-311+
+G** level, are reported in Table 2. The TST thermal (kRAF)
and diffusion-corrected apparent (kapp

RAF) rate constants for the
different OH-addition channels, calculated at 298 K, are also
reported in Table 2.
All additions occur in a similar way and destroy the

aromaticity of the ring. The •OH radical oxygen atom
approaches either a >CC< carbon atom or one of the
aromatic rings. The transition vector in the transition-state
structures corresponds to the vertical movement of the OH
group in the direction of the carbon site. The H atom or −OH
phenolic groups attached to the carbon atom fold back slightly
to accommodate the incoming •OH radical. Cartesian
coordinates of all the RAF transition structures are given in
Table S1 of the Supporting Information.
All of the RAF pathways were found to be exergonic (ΔG <

0). The largest exergonicity corresponds to the Cα and Cβ

addition pathways: −26.74 and −26.34 kcal/mol, respectively.
Moreover, almost all •OH-addition channels are diffusion-
controlled, except to the 3A and 5A positions, which are less
favored. The diffusion rate constant in water for trans-
resveratrol is 1.98 × 109 M−1 s−1 at 298 K. Thus, a mixture
of adducts are expected to occur under equilibrium conditions.
The total rate constant for the RAF OH-addition pathways is
2.26 × 1010 M−1 s−1 at 298 K.

Table 1. Reorganization Energy (λ, kcal/mol), Gibbs Free
Energy of Activation (ΔG⧧, kcal/mol), Diffusion Rate
Constant (kD, M

−1 s−1), SET Rate Constant (kSET, M−1 s−1),
and Apparent Rate Constant (kapp

SET, M−1 s−1) in the •OH
Radical SET Mechanism

λ ΔG⧧ ΔG kD kSET kapp
SET

10.08 0.33 −6.41 7.95 × 109 8.71 × 1013 7.95 × 109

Figure 3. Transition structures (TS) and adducts in the •OH addition
to the >CC< moiety.

Figure 4. Transition structures and adducts in the OH-addition
channels to the A aromatic ring.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo3002134 | J. Org. Chem. 2012, 77, 3868−38773872



The overall rate constant, which measures the rate of •OH
disappearance, has been estimated by summing up the total rate
coefficients calculated for all the competing mechanisms:

= + +•k k k k(water)OH
app
PCET

app
SCET

app
RAF

Each term includes all channels of the same type. Thus, the
calculated overall diffusion-corrected apparent rate constant in
trans-resveratrol + •OH in aqueous solution is equal to 3.65 ×
1010 M−1 s−1. Direct reaction branching ratios (Γ), are
computed according to eq 3 and are reported in Table 3.

The branching ratios of the viable reaction channels, which
represent the percent of their contribution to the overall
reaction, show that the OH scavenging activity of trans-
resveratrol takes place predominantly by a RAF mechanism (∼
61.9%). However, the rate constant of the SEPT reaction (7.95
× 109 M−1 s−1) is larger than any individual RAF rate constant.
In addition, it is interesting to point out that, because single
electron transfer can occur when the reactants are at much
larger distances than in either direct H atom transfer (HAT) or
•OH-addition, the corresponding calculated diffusion limit for
SET is larger.

•OOH-Initiated Oxidation of trans-Resveratrol. As in
the previous section, in order to study the reactivity of trans-
resveratrol toward •OOH radicals, we have considered all H-
abstraction, proton-coupled electron transfer (PCET), sequen-
tial electron proton transfer (SEPT), and radical adduct
formation (RAF) pathways, according to:

+ → − +• •RV OOH RV( H) H O (HAT/PCET)2 2

+ → + ↔ − +• +• − •RV OOH RV OOH RV( H) H O

(SEPT)
2 2

+ →• •RV OOH RV(OOH) (RAF)

The transition structures corresponding to the phenolic H-
abstraction pathways are shown in Figure 6. The terminal
oxygen atom of the •OOH radical approaches the hydrogen

Figure 5. Transition structures and adducts in the •OH addition
channels to the B aromatic ring.

Table 2. Relative Energies (Including ZPE) and Relative Gibbs Free Energies (Including TCE at 298 K), in kcal mol−1, and TST
Thermal (kRAF, M−1 s−1) and Diffusion-Corrected Apparent (kapp

RAF, M−1 s−1) Rate Constants Calculated at 298 K, in the RAF
•OH Addition Pathways

path ΔE⧧ ΔE ΔG⧧ ΔG kRAF kapp
RAF

Cα −3.54 −33.27 1.58 −26.74 2.11 × 1013 1.98 × 109

Cβ −2.68 −32.62 3.06 −26.34 1.74 × 1012 1.98 × 109

C1A 3.66 −10.38 9.38 −3.82 4.04 × 107 3.96 × 107

C2A −3.77 −21.80 1.86 −15.01 1.32 × 1013 1.98 × 109

C3A 2.04 −16.64 8.44 −10.14 1.98 × 108 1.80 × 108

C4A −3.31 −24.47 3.01 −17.66 1.89 × 1012 1.98 × 109

C5A 0.63 −16.88 7.06 −10.57 2.03 × 109 1.00 × 109

C6A −4.59 −23.10 0.90 −16.05 6.65 × 1013 1.98 × 109

C1B −0.76 −13.71 5.39 −6.90 3.40 × 1010 1.87 × 109

C2B −0.63 −19.08 5.18 −12.52 4.85 × 1010 1.90 × 109

C3B −1.16 −17.06 4.97 −10.56 6.91 × 1010 1.92 × 109

C4B −1.10 −25.28 4.71 −18.73 1.07 × 1011 1.94 × 109

C5B −0.99 −16.54 5.05 −9.94 6.04 × 1010 1.92 × 109

C6B −1.16 −21.70 4.71 −14.79 5.33 × 1010 1.92 × 109

Table 3. Diffusion-Corrected Apparent Rate Constants, in
M−1 s−1, and Direct Branching Ratios (Γ) at 298 K, in the
trans-Resveratrol Oxidation by •OH Radicals in Water

path kapp Γ (%)

PCET 5.94 × 109 ∼16.3
SEPT 7.95 × 109 ∼21.8
RAF 2.26 × 1010 ∼61.9
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atom to be abstracted, as the energy increases to a maximum
along the reaction path.
In the transition-state structures, the •OOH radical is located

approximately perpendicular to the trans-resveratrol molecular
plane. The vibrational mode corresponding to the imaginary
frequency at the transition state indicates that this vibration is
essentially the characteristic H atom motion between the
Ophenolic and OOOH atoms. Cartesian coordinates of the
prereactive complexes and transition structures are given in
Table S2 of the Supporting Information. Relative energies
(including ZPE) and Gibbs free energies (including thermody-
namic corrections), calculated at the M05-2X/6-311++G**
level, are reported in Table 4.

Values of the rate coefficients for phenolic hydrogen
abstractions are reported in Table 5. Tunneling corrections
(k) have been estimated by using the prereactant complexes as
reactants, since these are collisionally stabilized in solution, and
are also reported in Table 5. This is especially important for
HAT channels, which are the ones susceptible to quantum
tunneling. In all cases, tunneling is very large, in agreement with

the calculated large imaginary frequencies, an indication of high
and narrow barriers. This is typical of a relatively large O---H---
O barrier due to hydrogen bonds present in the entrance and
exit complexes.80 Since rates are much slower than diffusion, it
is not necessary to make a diffusion correction, as in the case of
reaction with •OH. The observed high selectivity indicates that
the formed radicals are intermediates in the formation of the
final products. Again, the resveratrol C-4B hydroxyl group is the
most reactive site because of the resonance effects.
As calculated from data in Table 5, the total rate constant in

the HAT H-abstraction channels is approximately equal to 1.42
× 105 M−1 s−1 at 298 K, much lower than the diffusion limit
(1.86 × 109 M−1 s−1).
The SEPT mechanism has also been investigated. The

proposed two-step SEPT mechanism for trans-resveratrol
oxidation by •OOH radicals is analoguous to the one for the
•OH SEPT mechanism and is depicted in Scheme 2. The
diffusion limit rate constant, kD, has been calculated using eq 5.
As in the case of the •OH radical, ΔESET has been calculated as
the nonadiabatic energy difference between reactants and
vertical products, i.e., radical cation RV•+ and •OOH− at the
neutral RV and •OOH geometries, respectively. The calculated
Gibbs free energy of activation (ΔG⧧) in the SEPT mechanism
is 18.14 kcal/mol, which is lower than the phenolic C-3A and
C-5A H-abstraction pathways. Thus, the rate constant for this
mechanism is not negligible when compared to the one for
phenolic hydrogen abstraction, and it cannot be ruled out. The
calculated SEPT reaction rate constant is 7.65 M−1 s−1 at 298 K,
much lower than the HAT one. In this case, the HAT H-
abstraction pathway is probably favored over the SEPT process.
As in the case of the •OH radical, another process may also

occur, which leads to •OOH radical addition to either the
>CC< moiety (at positions Cα and Cβ) or to the aromatic
rings.
The thermochemical feasibility of the •OOH-addition

pathways was investigated first, since it determines the viability
of any chemical process. Relative energies (ΔE) and Gibbs free
energies of reaction (ΔG) for all addition channels are reported
in Table 6.
These results are very different than the ones obtained with

the •OH radical; as can be seen from Table 6, all •OOH-
addition channels are endergonic. Therefore, they will not be
considered in this work as, even if they took place at a
significant rate, they would be reversible, and therefore, the
formed products would not be observed. Moreover, since the
reverse reaction is a unimolecular process, the rate constants of
the direct and reverse reactions are not directly comparable.
The behavior of such a system would strongly depend on
reaction conditions, particularly on the reacting species
concentrations. Under experimental and physiological con-
ditions, such concentrations are far below the standard state 1
M, which means that the reverse process is largely favored, and
consequently, pseudo-first-order equilibrium constants should
necessarily be used. This methodology was recently successfully
employed to explain similar cases in atmospheric chemistry.81 It
should be noticed that addition channels might, in principle,
still be significant if their products rapidly react further and if no
fast parallel reactions occur. This would be particularly
important if these later stages were sufficiently exergonic to
provide a driving force, and if their reaction barriers were low.
This is not the case here.
The difference in reactivity between •OH and •OOH radicals

can be directly related to the electron-accepting character of the

Figure 6. Transition structures (TS) in the phenolic H-abstraction by
•OOH radicals.

Table 4. Energies (Including ZPE) and Gibbs Free Energies
(Including TCE at 298 K), in kcal mol−1, in the Phenolic H-
Abstractions by •OOH Radicals in Water

path ΔE1 ΔE⧧ ΔE ΔG1 ΔG⧧ ΔG

C-3A −0.84 12.45 1.97 6.53 20.25 −0.73
C-5A −1.44 12.12 1.36 6.24 19.77 −1.27
C-4B −1.28 9.67 −4.47 6.04 17.96 −7.14

Table 5. Imaginary Frequencies (ν*, cm−1), Tunneling
Coefficients (κ), and Thermal TST Rate Constants (k, M−1

s−1), at 298 K, in the H-Abstraction by •OOH Radicals in
Water

path ν* κ kHAT Γ (%)

C-3A −2788 2.07 × 103 9.10 × 102 ∼0.6
C-5A −2915 3.50 × 103 3.40 × 103 ∼2.4
C-4B −3092 6.70 × 103 1.38 × 105 ∼97.2
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reacting radical, which is in turn related to the much stronger
O−H bond energy in water, as compared with the one in
hydrogen peroxide.
Since the •OOH scavenging activity of trans-resveratrol takes

place almost exclusively by HAT H-abstraction from site 4B,
only one product of reaction is expected to be formed to a
significant extent.
The overall rate coefficient for the trans-resveratrol + •OOH

reaction in an aqueous environment is equal to the phenolic
HAT H-abstraction rate, 1.42 × 105 M−1 s−1, at 298 K. This
reaction rate is very fast, and taking into account the relative
concentrations of •OH and •OOH radicals in tissues, it can be
safely concluded that the reaction rate of resveratrol with
•OOH is even faster than the one with OH radicals. It is
important then to compare the rate constant of •OOH with
resveratrol with, for example, the rate constant of the •OOH
damage to unsaturated fatty acids that occurs at much slower
rate constants50 k = 1.18−3.05 × 103 M−1 s−1, i.e., 2 orders of
magnitude slower. Thus, we can conclude that trans-resveratrol
prevents cellular damage by directly trapping •OOH radicals.

■ CONCLUSIONS
In this work, we have carried out a systematic study of the
reactivity of trans-resveratrol toward hydroxyl (•OH) and
hydroperoxyl (•OOH) radicals in aqueous simulated media
using density functional quantum chemistry and computational
kinetics methods. All possible mechanisms have been
considered: hydrogen atom transfer (HAT), proton-coupled
electron transfer (PCET), sequential electron proton transfer
(SEPT), and radical adduct formation (RAF). Rate constants
have been calculated using conventional transition state theory
in conjunction with the Collins−Kimball theory. Branching
ratios for the different paths contributing to the overall reaction,
at 298 K, are reported.
For the overall reactivity of trans-resveratrol toward •OH

radicals in water at physiological pH, several mechanisms

contribute to the overall rate constant. Our results indicate that
almost all channels are diffusion-controlled, thus, a mixture of
all the possible products will be expected. The calculated overall
diffusion-corrected rate constant for RV + •OH in aqueous
solution is equal to 2.26 × 1010 M−1 s−1 at 298 K. The
calculated branching ratios show that the OH scavenging
activity of trans-resveratrol takes place predominantly by a RAF
mechanism (∼ 61.9%). However, the rate constant of the SEPT
reaction (7.95 × 109 M−1 s−1) is larger than any individual RAF
rate constant. In addition, it is interesting to point out that,
because single electron transfer (SET) can occur when the
reactants are at much larger distances than either in direct H-
abstraction or •OH-addition mechanisms. Thus, in the RV +
•OH reaction, in water at physiological pH, the main
mechanism is proposed to be the sequential electron proton
transfer (SEPT).
Regarding the reactivity of trans-resveratrol as an •OOH

radical scavenger, we find that HAT H-abstractions from the
phenolic groups are the only thermodynamically feasible
reaction channels in water. The total rate coefficient is
predicted to be 1.42 × 105 M−1 s−1, smaller than the ones
for reactions of trans-resveratrol with •OH radicals, but still
very fast. Since the •OOH half-life time is several orders larger
than the one of the •OH radical, these reactions should
contribute significantly to trans-resveratrol oxidation in aqueous
biological media. Thus, we can conclude that trans-resveratrol
acts as a very efficient •OOH (and probably other structurally
similar •OOR radicals) scavenger.
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