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Abstract H-atom transfer from caffeic acid phenethyl ester
(CAPE), MBC (3-methyl-2-butenyl caffeate), BC (benzoic
caffeate), P3HC (phenethyl-3-hydroxycinnamate), and
P4HC (phenethyl-4-hydroxycinnamate) to the selected free
radicals *HO, and °O, was studied. Such a transfer can
proceed in three different ways: concerted proton-coupled
electron transfer (CPCET), electron transfer followed by pro-
ton transfer (ET-PT), and proton transfer followed by electron
transfer (PT-ET). The latter pathway is sometimes competitive
with SPLET (sequential proton loss electron transfer) in polar
media. Analyzing the thermodynamic descriptors of the reac-
tions of CAPE and its derivatives with co-reactive species—in
particular, the free energies of reactions, the activation barrier
to the CPCET mechanism, and their rate constants—appears
to be the most realistic method of investigating the H-atom
transfers of interest. These analyses were performed via DFT
calculations, which agree well with the data acquired from
experimental studies (ICso) and from CBS calculations. The
CPCM solvation model was used throughout the work, while
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the SMD model-—employed as a reference—was used only
for CAPE. The main conclusion drawn from the analysis was
that SPLET is the mechanism that governs the reaction of
phenolic acids with *HO,, while PT-ET governs the reaction
of phenols with *O, . In kinetic investigations of the CPCET
process, the rate constant decreases as the solvent polarity
increases, so the reaction velocity slows down.

Keywords CAPE - H-atom transfer - CPCM - SMD - Solvent
effect - Rate constant - DFT - CBS

Introduction

Phenolic compounds or polyphenols constitute one of the
most numerous and ubiquitously distributed groups of plant
secondary metabolites, with more than 8,000 phenolic struc-
tures currently known [1]. One group of phenolic com-
pounds—phenolic acids (PhAs) and their derivatives—are
widely present in plants (vegetables, fruits, grains, and spices),
and several functions are attributed to them [2, 3]. For exam-
ple, PhAs may contribute to the dark color, bitter taste, and
objectionable flavor of some fruits, leaves, and seeds. They
have been considered possible influences on the toxicological,
nutritional, sensory, and antioxidant properties of foods [2, 3].

Caffeic acid phenethyl ester (CAPE) is a phenolic acid
isolated from propolis (a substance that honeybees use to
reduce entrance size and to seal holes in their hives [4-8]).
This molecule is known to have antioxidative [2, 3],
antiatherosclerotic [6], antiviral [9], antibacterial [10], anti-
inflammatory [11, 12], and immunostimulatory [13] proper-
ties. Sud’ina et al. [14] studied the inhibitory effect of CAPE
on the superoxide generated by stimulated neutrophiles. A
crystallographic analysis of CAPE was performed by Son
et al. [5]. Recently, Sestili et al. [7] studied the effects of some
polyphenols, including CAPE and some of its derivatives, on
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damage to DNA. Many studies [14-25] have been carried out
to search for and to develop antioxidants of natural origin. The
potential use of CAPE and its derivatives as natural com-
pounds has drawn substantial attention because of their oc-
currence in nature.

Free radicals that can be scavenged by CAPE or its deriv-
atives are produced by exogenous (ionizing radiations, UV
light, or pollution) or endogenous (e.g., the production of
*0,") processes. Different cascades of events, such as the
oxidation of lipids in cell membranes, produce a huge variety
of free-radical species. In 1954 Gershman, Gilbert, and
Fridovich suggested that the superoxide anion radical (°O,")
is responsible for oxygen toxicity. However, although it is
highly reactive, it was found to be unreactive in aprotic
environments and towards amino acids and lipids [26].
Michelson et al. [27] showed in 1977 that these species are
present in biological cells at the level of about 10" mol/L,
and that this level is kept essentially constant by superoxide
dismutase (SOD). Hydroperoxyl *HO, is the protonated form
of *0, (pK,=4.88). It is a much stronger oxidant than *O,",
and was initially thought to be responsible for the toxic effects
of oxygen and for cell membrane damage by Liochev and
Fridovich in 2001 [28]. *HO, has a relatively long lifetime
and so can diffuse to neighboring structures. At the physio-
logical pH of 7.4, about 1 % of superoxide exists in its
protonated form [26]. Imbalances of these free radicals in
the physiological environment can damage DNA, proteins,
and lipids. All of this information led us to focus on the
radicals *HO, and *O,~ in our study.

The structure—activity relationships of the antioxidant ca-
pacities of CAPE and its derivatives have been established
theoretically and rationalized on the basis of quantum-
chemical studies [8]. The calculated thermodynamic descrip-
tors for these molecules, such as their O—H bond dissociation
enthalpies (BDEs), proton affinities (PAs), ionization poten-
tials (IPs), and 7t-electron conjugation, fit perfectly with their
free-radical scavenging activities, particularly when these pa-
rameters are calculated at the DFT (density functional theory)
level using a hybrid functional (B3LYP). Those calculations
confirm (i) the important role of the —O3H; group of CAPE
and its derivatives, (ii) the important role of the double bond
and the catechol moiety, and (iii) the significant effect of the
solvent on all of the parameters that influence the antioxidant
activities of the molecules (see Fig. 1).

These thermodynamic parameters are now utilized to pre-
dict the capacity of polyphenols to act as antioxidants in vitro
(outside of the organism). However, the thermodynamic ap-
proach cannot accurately predict free-radical scavenging ac-
tivities in organisms. To be a satisfactory antioxidant, a poly-
phenol must react by H-atom transfer faster than at least one of
the reactions of the free-radical production cascades, so an
accurate description of the kinetics of H-atom transfer be-
tween polyphenols and free radicals is a crucial step towards
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predicting their biological activities in vivo (in the organism).
The experimental exploration of antioxidant kinetics is rather
too delicate to be systematically performed for a large series of
compounds under various conditions (different media)
[15-17]. Quantum chemistry is therefore a useful way to
logically evaluate kinetic aspects in which the rate constants
are directly calculated. Nevertheless, to achieve sufficient
accuracy, the theoretical methodology applied must be care-
fully chosen. A suitable qualitative description would prove
useful to establish structure—activity relationships in terms of
kinetics. An accurate quantitative description would allow
antioxidant activities to be predicted in vivo.

The antioxidants PhOH are powerful free-radical scaven-
gers. During this scavenging, H-atom transfer (HAT) occurs
from their ~OH groups to the free radicals (R®). This H-atom
transfer can proceed through the following pathways:

(i) The HAT or CPCET mechanism:

PhOH + R*—PhO" +RH  (A) (1)

(i) The ET-PT mechanism:

PhOH + R"—PhOH'" + R~ (B') —PhO"+RH  (B?)

(i) The PT-ET mechanism:

PhOH +R'—PhO™ +RH'"  (I'') —PhO"+RH  (I?)

(3)
(iv) The SPLET mechanism:
PhOH —PhO™ +H'  (A')
PhO™ +R*—>PhO" + R~ (4%) (4)
R"+ H —>RH (A%)

It is noticeable that the two first pathways start with
PhOH + R°® and end with PhO® + RH. ET-PT is a two-step
mechanism involving an electron transfer (B followed by a
proton release (B?). PT is so fast that ET-PT can be considered
a HAT process; this was proven in the literature [15-17]. PT-
ET is the reverse mechanism with respect to the ET-PT mech-
anism; it is described by the two steps I'' and I'2. This
pathway is, according to the literature [18-21], likely to occur
in the presence of neutral free radicals, so it can happen via the
SPLET mechanism, which involves proton loss (A") followed
by electron transfer from the polyphenol anion (A?). SPLET is
favored when the anion (PhO") is stable enough to allow
electron transfer before reprotonation. All of those pathways
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Fig. 1 Equilibrium geometries of
the supermolecules formed in
reactions A, B, C, D, E, and F
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are solvent dependent [23-25], and they may co-exist in some
chemical or biological systems [29].

To characterize each pathway, the reaction free energy was
evaluated as the free energy in each reaction A, B!, B2, "', I'?,
A!, and A%

AG (A) = A¢G (PhO") + A¢G (RH)-A:G (PhOH)-AG (R*) (5)
AG (B') = A¢G (PhOH™") + A:G (R")-A¢G (PhOH)-A(G (R") (6)
ArG (B?) = A¢G (PhO") + A(G (RH)-A(G (PhOH'")-A;G (R") (7)
ArG (I'') = A¢G (PhO") + A¢G (RH')-A(G (PhOH)-AG (R") (8)
A¢G (I'?) = A¢G (PhO") + ArG (RH)-A;G (PhO")-A:G (RHT) (9)
A¢G (AY) = A¢G (PhO") + A¢G (H")—A;G (PhOH) (10)
A¢G (4%) = A¢G (PhO") + AG (R)-A:G (PhO)-A(G (R°)  (11)

It is known from the literature [8, 24, 25, 30] that, in the
absence of any co-reactive species, the homolytic hydrogen
atom transfer (HHAT) pathway is favored in nonpolar sol-
vents. This pathway is dictated by the bond dissociation
enthalpy (BDE). In strongly polar solvents, the pathway fa-
vored is sequential electron transfer followed by proton trans-
fer (SET-PT), which is governed by the ionization potential
(IP). In addition, the four mechanisms (Eqgs. 1-4) have the
same reaction free-energy balance because the reactants and
products are the same (AGPCET=AGFTPT=AG"™

ET=AGSPYET), so the competition between the different

mechanisms is described by either the reaction free energy
or the kinetics of the rate limiting step of each mechanism
(atom transfer for CPCET, proton transfer for PT-ET, and
electron transfer for both ET-PT and SPLET).

In the work reported in the present paper, we computed the
reaction free energy AG of the limiting step of each H-transfer
mechanism (CPCET, ET-PT, PT-ET, and SPLET) employed
by CAPE and four of its derivatives (MBC, BC, P3HC, and
P4HC) in the presence of neutral ROS (HO,®), taking into
account the results for the kinetics of the CPCET process for
each molecular system with the radical *HO,, in order to
evaluate the activation energy and corresponding rate con-
stant. The same investigation was performed for the reaction
free energies of the CPCET and PT-ET processes in the
presence of ionic ROS (*0O,"). Finally, the preferred mecha-
nism involved in the H-atom transfer of each molecule in the
family of antioxidants listed above was determinied. Since the
damage caused by free radicals occurs in the physiological
environment, these studies were carried out in a vacuum as
well as in nonpolar and polar solvents (cyclohexane, benzene,
dichloromethane, methanol, and water).

Computational methods
DFT, basis sets, and solvation method description

CAPE and its derivatives (PhOH), as well as their correspond-
ing radicals (PhO®), cations (PhOH®"), and anions (PhO"),
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were found to be accurately described by DFT calculations
[8]. The B3LYP functional permits a particularly accurate
evaluation of the thermodynamics of the reactions between
polyphenols and free radicals [8].

Computations were carried out using density functional
theory (DFT) implemented in the Gaussian 03W computational
package [31]. The choice of DFT was supported by the excel-
lent compromise observed between the computational time and
the description of the electronic correlation. The B3LYP hybrid
functional was used throughout the computations. This func-
tional consists of Becke’s three-parameter exact exchange func-
tional (B3) [32] combined with the nonlocal gradient-corrected
correlation functional (due to Lee—Yang—Parr, LYP) [33]. The
split valence double zeta basis sets 6-31G(d,p) and 6-31+G(d,p)
were used throughout the computation process. These basis sets
consist of the standard Gaussian basis 6-31G of Pople et al.
[34-39] supplemented by two sets of polarization functions (a
set of d functions acting on heavy atoms and a set of p functions
acting on light atoms) [40].

Geometry optimizations (B3LYP/6-31G(d,p)), followed by
frequency (B3LYP/6-31+G(d,p)) calculations, were carried
out without constraints up to convergence (largest component
of the nuclear gradient was equal to 107 a.u./bohr, and the
change in total energy was less than 1077 a.u.).

All of these calculations were undertaken in vacuum and in
five solvents. Solvation was taken into account in a hybrid
manner, considering some explicit interactions between the par-
ticle to be transferred (during the scavenging mechanism) and a
solvent molecule. The rest of the solvent was treated implicitly
using the conductor-like polarized continuum model (CPCM);
the solute was assumed to be placed into a cavity created in a
dielectric continuum. Due to the charge distribution of the solute,
the continuum is polarized and creates an electric field inside the
cavity that polarizes the solute in return. The solvents considered
were cyclohexane, benzene, dichloromethane, methanol, and
water. The universal solvation model (SMD) based on the sol-
ute’s electron density and on a continuum model of the solvent
[41] was also used for the calculations of CAPE in the presence
of benzene or water. This extra calculation was done due to a lack
of experimental data and also because the SMD method has been
proven elsewhere to be more realistic than the CPCM [42], so it
could be used as a reference. Since the SMD method is not
available in the Gaussian 03 package, these computations were
done with the Gaussian 09 computational package.

CBS (complete basis set) calculations were performed for
reactions involving *O, due to the fact that this method has
been proven in previous calculations [43] to yield highly
accurate free energies.

Rate constant computation

Rate constants were computed as a function of temperature 7
via the zero-order semi-classical transition state theory
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[44—46]. The rate constant for the canonical transition state
theory (TST) is given by

k(T) = ktunnel(T) X kTST(T)7 (12)

where krsr(7T) for the bimolecular reaction A+B—C+D is
given by

o OXT)

_ 7 —BAV*
RGO (13)

krst(T)

Here, krgr is the standard TST rate constant at temperature
7, without tunneling correction. 3=1/kgT, Oa(T), O(7T), and
Q*(T) are, respectively, the partition functions (per unit vol-
ume) of the reactants A and B and the transition state at
temperature 7. /# and kg are, respectively, the Planck and
Boltzmann constants. o is the number of indistinguishable
ways the reactants may approach the activated complex re-
gions, as defined by Duncan et al. [45]. AV7 is the difference
in zero points, including the potential energies of the reactants
and the transition state (TS) structure. kynnel(7) is the ground-
state transmission coefficient at temperature 7, which primar-
ily accounts for the tunneling correction.

Canonical variational transition state theory

Canonical variational transition state theory (CVT) is an ex-
tension of TST. It minimizes the recrossing effects and pro-
vides a framework for a more accurate description of quantum
tunneling effects. In this approximation, the transmission co-
efficient is a zero-order interpolated approximation [45, 47,
48]. By “zero order,” the authors mean that no ab initio or
DFT calculations at points other than the reactants, saddle
points, and products are available. In addition, tunneling is
assumed to occur along the minimum energy path (MEP),
which is interpolated using an Eckart function [49]. Since it is
unclear whether the highest point in the MEP corresponds to
the highest free energy, the variational TST rate constant is
defined as

*(T
keyr(T) = min iMefﬁAV’*@) ) (14)

s [ Bh QA(T)Qp(T)

Here, s denotes the distance from the generalized transition
state along the MEP.

Quantum effects in this degree of freedom are included by
multiplying the CVT rate constant by a ground-state transmis-
sion coefficient kwnnei(7).

Tunneling corrections

Usually, tunneling is considered only in the degree of freedom
corresponding to the reaction coordinate. In our work, we
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used the Wigner tunneling approximation for the transmission
coefficient, which is known as the parabolic approximation
[50, 51]:

2

. (15)

1
24

/v*

ktunnel(T) = kBT

1+

We have written a Fortran 90 program to calculate the rate
constant; it uses the CVT approximation to interpolate the
MEP using the Eckart function, and Wigner tunneling for
the transmission coefficient.

Results and discussion

It was necessary to determine the antioxidant activities of CAPE
and its derivatives in the presence of the free-radical oxygen
species (ROS) *HO, or °0, ", which are neutral and ionic,
respectively, as described in the “Introduction,” in order to eval-
uate the thermodynamic balance of each reaction. These ROS
can provide insight into the antioxidant activities when PhAs are
in the presence of neutral ROS or in the presence of ionic ROS,
as described in the literature [15-22]. Figure 1 shows CAPE in
the presence of *HO, or in the presence of *O, . It also shows
each of MBC, BC, P3HC, and P4HC in the presence of *HO». It
is worth mentioning that all of these geometries were derived at
the B3LYP/6-31+G(d,p) level of theory.

Relaxed potential energy surfaces of reactions involving PhA
and ROS

In order to find the transition state (TS), we performed simul-
taneous relaxed scans of the O;—Hj distance and the angle C;—
O;-H;. This was to localize the saddle point, which is the
point at which the two curves generated by these scans meet.
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Figure 2 (see also Fig. 2.s in the “Electronic supplementary
material,” ESM) shows the relaxed potential energy surface
(RPES) of CAPE in the presence of *HO, and the RPES of
CAPE in the presence of *O, . The RPESs of MBC, BC,
P3HC, and P4HC in the presence of *HO, are also shown. Itis
clear that there is a potential barrier to the reaction involving
the neutral radical "HO,, but no barrier to the reaction involv-
ing the ionic radical *O, . This conclusion is in good agree-
ment with remarks made in the literature [2, 3, 22, 24, 25,
34-39]. Therefore, the scavenging of the hydroperoxide rad-
ical *HO, and the superoxide radical *O,~ by a PhA can be
summarized by Egs. 16 and 17, respectively:

PhOH+ HO,—PhO’...H'..."HO,—PhO" + H,0, (16)

PhOH+"0,”—PhO +"HO, (17)

For reactions of PhAs with neutral ROS (*HO,), the tran-
sition state is the saddle point of the RPES. At that point, the
O-H distance at site 3 is 1.40 A for CAPE, MBC, and BC,
while that at position 4 is 1.45 A. The O-H distance at the TS
for P3HC and P4HC is 1.50 A. The angle C5-O3—Hj is 109°,
114.1°, and 113.2°, respectively, for CAPE, MBC, and BC,
whereas the angle C,—04—H, is 123.1° at the TS for CAPE,
MBC, and BC. Nevertheless, the angle C;—O5-Hj3 is 113.2°
for P3HC and the angle C4—O4—H,4 is 112.3° for PAHC at the
TS.

Difference between the HHAT and CPCET mechanisms

The HHAT mechanism is a pure H-atom transfer in which the
proton and the electron of the H atom are transferred to the
same atomic orbital in the free radical. In contrast, the CPCET
mechanism involves several molecular orbitals [17-20].
CPCET occurs in an H-bonding pre-reaction complex
(PhOH:--*HO») in which proton transfer occurs along the H-
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Fig. 2 3D-RPES for the reaction of B-CAPE with *HO, (leff) and the 3D-RPES for the reaction of B-CAPE with *O, " (right)
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Fig. 3 SOMO distributions on
the transition states associated
with the reactions: (4;) B-CAPE
with *HO,, (4,) B-MBC with
*HO,, (43) B-BC with *"HO», (4,
B-P3HC with *HO,, and (45) B-
P4HC with *HO,
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bond to one of the lone pairs of the O atom of the free radical.
This transfer is coupled to the electron transfer that
occurs from a lone pair of the antioxidant to the
SOMO (singly occupied molecular orbital) of the free
radical [2, 3, 17, 21, 22].

We will proceed as Mayer et al. [19] did in their work
published in 2000, by analyzing the SOMO distribution on the
transition state (PhO°®--H*-*HO,) and defining the mecha-
nism that occurs (CPCET or HHAT). Figure 3 reveals that the
orbitals on the donor—acceptor axis (the zone within the ellipse
in each subfigure) are perpendicular, leading in this case to the
CPCET mechanism. Therefore, the proton and the electron are
transferred through two different orbitals from the studied
molecules to *HO,.

Scavenging of *HO, by CAPE and its derivatives

The free-radical scavenging action is governed by atom trans-
fer (CPCET), proton transfer (PT-ET), or electron transfer
(ET-PT and SPLET). These processes can proceed by over-
coming the free-energy barrier or by tunneling along the
reaction coordinate. In addition, as already pointed out in the
“Introduction,” a polyphenol must react by H-atom transfer
faster than at least one of the reactions of the free-radical
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production cascades, so an accurate description of the kinetics
of H-atom transfer between polyphenols and free radicals is
required to be able to predict biological activities in vivo. This
means that, at the very least, the rate constants of CPCET
mechanism must be evaluated.

Atom transfer process: CPCET

As already described [2, 3, 15-17, 22], CPCET occurs when
the pre-reaction complex PhOH--*HO, is formed; H-bonds
arise between the free radical and one of the —OH groups of
the molecule under study (see Fig. 1). Thermodynamic and
kinetic descriptions are necessary to understand this scaveng-
ing process.

(i) Thermodynamic investigations

Table 2 displays the results for the free energies of
reactions A, where n=3, 4 denotes the position of the
—OH group on the ring of the molecule that reacts with
*HO,. The reported numerical values show that AG(A3)
< AG(A4) in a vacuum as well as in the solvents.
Therefore, site 3 (—O3H3) remains favorable to scavenge
free radicals, as noted recently [8]. The data also reveal
that the free energy of reaction Aj; increases in the order
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Fig. 4 Free energies of reactions Aj (leff) and A4 (right) for B-CAPE, B-P4HC, P3HC, B-MBC, and B-BC in the presence of the radical *HO, in

different media
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Table 1 Parameters characterizing O-H cleavage in selected media: krst/zct is the rate constant (in A3 mol™ sﬁl), AE, is the calculated activation
energy (in kI mol "), and v* is the imaginary frequency

System Solvent Related to the H; atom Related to the Hy atom
AE, 7 krstizer AE, V¥ krstizer
B-CAPE Vacuum 207.5 -2399.7 737x10" 264.9 -2523.9 2.15x10"
Benzene 210.5 -1522.8 8.33x10" - - -
Water 225.1 -1595.5 2.57x10" - - -
B-MBC Vacuum 202.9 —2442.5 8.21x10" 253.6 -2524.9 1.08x10™
Benzene 208.0 ~1745.4 6.77x10" - - -
Water 236.4 -1679.4 1.09x 10" - - -
B-BC Vacuum 2184 —2466.5 6.98x10" 263.2 —2524.4 7.48x10"
Benzene 229.7 -1981.6 0.52x10" - - -
Water 253.6 -1668.7 7.42x10" - - -
B-P3HC Vacuum 255.6 —2482.9 9.23x10" - - -
B-P4HC Vacuum - - - 246.0 —2441.1 1.30x10"

(if)

A3;(MBC) < A3(CAPE) < A3(BC) < A3(P3HC), which
agrees with the order found using the BDE; [8]. In
solvents, BC has the lowest value of AG(A3), so its
antioxidant capacity is higher than those of the others.
On the other hand, from site 4, we have A4(MBC) <
A4(P4HC) < A4(CAPE) ~ A4BC) in a vacuum, which
again indicates that MBC is the strongest antioxidant. In
strongly polar solvents (dichloromethane, methanol, and
water), we have A4(CAPE) ~ A4(BC) < Ay(P4HC) <
A4(MBC) (See Fig. 4).

To complete the above thermodynamic description, a
kinetic investigation of A, (n=3,4) was performed in
various media at the B3LYP/6-31G(d,p) level of theory
for the TS and the B3LYP/6-31+G(d,p) level of theory for
the reactants and products. The media considered were a
vacuum, benzene, and water. Rate constants were com-
puted at 7=298.15 K using the TST/ZCT method.
Height of the potential barrier

The height of the potential barrier (see Fig. 2 and
Fig. 2.s of the ESM) is the activation energy AFE,. The
activation energy of a reaction (i.e., the parameter that
appears in the Arrhenius equation) is directly related to
the difference in enthalpy between the TS and the free
reactants. The results for these parameters are collected
in Table 1, and reveal that the height of the potential
barrier increases with solvent polarity. This suggests that
increasing the solvent polarity slows down the CPCET
mechanism. From site 3, the barrier height increases in
the following order: AE,(MBC) < AE,(CAPE) <
AE,(BC) < AE,(P3HC). Therefore, the transfer of H;
from MBC to the radical *HO, occurs more rapidly than
it does from the other molecular systems. From site 4, the
barrier height is such that AE,(MBC) < AE,BC) <
AE,(CAPE), while all of these are greater than

(iif)

Free energy of reaction B" in kJ/mol

AE,(P4HC) (see Table 1). Among the molecules studied,
P3HC has the highest barrier at site 3, meaning that the
hydrogen atom requires more energy to leave its initial
site. Moreover, it is also apparent that the barrier heights of
CAPE, MBC, and BC at site 4 are higher than those at site
3; therefore the time taken for the H; atom to leave its
initial site is longer than the time taken for Hy to leave.
Imaginary frequency and rate constant

The movement of H; (or Hy) between the Os (or Oy) of
each molecular system studied and the oxygen atom O4 of
the radical *HO, (see Fig. 1) is described by the imaginary
frequency v*. The absolute value of the imaginary fre-
quency of O—H decreases with solvent polarity (see
Table 1), slowing down the motion of the hydrogen atom.
We can argue that the movement of the hydrogen atom
slows down because it strikes some solvent molecules.

The rate constant highlights the correlation pointed

out above. It was computed as shown in TST/ZCT in

- —=— B-CAPE
‘ —e— B-MBC
500 s
—v— B-P3HC
400 o
o] X\X
—_— \
200
- \'&v\'
\\;‘%l
04
T T ! I I I |
Solvent
- O\Jo\oy\e"‘"‘“e 3e“"e“e o0 “\g\‘(\a“e Nmemano\ waet
1\

Fig. 5 Free energies of reaction B! of B-CAPE, B-P4HC, P3HC, B-
MBC, and B-BC in the presence of the radical *HO, in different media
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Table 3 Effects of selected polyphenols on DNA damage and toxicity
caused by /B-OOH in U937 cells [7]

Phenolic compound ICs0" (UM) lC50b (uM)
CAPE 0.0203+0.0017 0.0062+0.0005
BC 0.0305+0.0021 0.0130+0.001
MBC 0.0502+0.0038 0.0150+0.001

# Concentration of the compound that leads to a 50 % reduction in /B-
OOH (3 mM)-induced cytotoxicity

® Concentration of the compound that leads to a 50 % reduction in B-
OOH (200 IM)-induced DNA single-strand breakage

A® mol™" s™'. The vibrational and rotational partition
functions of the reactants (PhOH and °*HO,), those of
the products (PhO® and H,0,), and finally those of the
transition state (PhO®-~-H®---*HO,) were computed in
Gaussian 03, but the translational partition function was
computed using a homemade Fortran 90 program. The
rate constant was found to decrease with solvent (benzene
and water) polarity, and the motion of the hydrogen atom
slows down (see Table 1). Exceptions are seen in ben-
zene. In this medium, the rate constant is less than that in
water for BC, and it slightly increases for CAPE. These
results may be useful for studies of the kinetics of the
destruction of large biomolecules such as DNA, proteins,
etc. by the radical *HO,.

Electron transfer process: ET-PT

The ET-PT mechanism is the reaction labeled B in the
“Introduction.” In this mechanism the H atom is transferred
sequentially: electron transfer (reaction B') is followed by
proton transfer (reaction B?). It is worth noting that this
mechanism is more favorable in solvent than in vacuum, and
in more polar solvents than in less polar ones. The free
energies of reactions involving only electron transfer (B')
are plotted in Fig. 5. From Table 2, we can see that the free
energy of reaction B' increases in the following order:
B'(CAPE) < B'(MBC) < B'(BC) < B'(P4HC) < B'(P3HC)
in a vacuum and B'(CAPE) ~ B'(BC) < B'(MBC) in solvents,

in accord with ICso data (see Table 3). These results are
consistent with the earlier explanation regarding the ability
of the solvent to separate charged species. They are also
consistent with the conclusions drawn based on the ionization
potential (IP) and —Eomo (the energy of the highest occupied
molecular orbital) values of the molecules described in [8].
Moreover, from Table 2, AGB') > AG(B?,) (n=3, 4), re-
gardless of the molecular system studied. This leads us to the
following conclusion: the first step of the reaction requires sub-
stantial energy to initiate the electron transfer mechanism, while
the second step requires only a very small amount of energy.

Proton transfer process: PI-ET/SPLET

The PT-ET mechanism is the reaction denoted I' in the
“Introduction.” In this, the H atom is transferred sequentially:
proton transfer (reaction I'") is followed by electron transfer
(reaction I'?). Such a reaction is always unfavorable, especial-
ly in a vacuum. This can be explained by noting that the
fragmentation of a neutral molecule into a charged species is
more difficult to achieve in a vacuum than in a solvent, since
the solvent makes the molecule more polar and thus easier to
fragment into charged species. In addition, the data for the
reaction of *HO, with H' (see Table 4) show that the neutral
free radical *HO, cannot easily interact with a proton, so it is
very difficult for PT-ET to happen through this route, espe-
cially in a solvent. However, we have still plotted the free
energies of reactions involving only proton transfer (I',,, n=3,
4) in the presence of *HO, in Fig. 6.s of the ESM. It is clear
that the free energy decreases with the increasing dielectric
constant. This correlates with the conclusion drawn upon
checking the proton affinity (PA) [8] and AG(A',) (n=3, 4)
data in Table 2. Moreover, AG(I"',) > AG(I?,) (n=3, 4),
regardless of the molecular system studied. Thus, the second
step of the reaction requires only a very small amount of
energy for electron transfer; in other words, electron transfer
occurs very easily.

The data for the reaction of *HO, with an ¢ (see Table 4)
show that the neutral free radical *HO, can easily interact with
an electron, so PT-ET can happen through SPLET, as shown in
Eq. 4. We are interested in the second equation (A?). Figure 6

Table4 Free energies (in kJ mol ') of reactions involving co-reactive species and an abstracted or transferred particle (H®, H', and ¢), calculated at the

B3LYP/6-314++G(d,p) level

Medium °HO, + H®* — H,0, *HO, + H" — *H,0," *HO, +e — °HO, °0, +H®* —> HO, °0, +H" — °*HO,
Vacuum —-310.6 —498.3 —96.6 -216.8 —1436.9
Cyclohexane —295.8 80.5 —252.5 —206.3 -518.7

Benzene —296.3 258.2 —254.5 —207.9 —308.6
Dichloromethane -301.9 587.6 —33.5 —223.6 234.7

Methanol —303.7 145.7 —313.2 —229.7 —-157.0

Water —351.7 122.9 —303.7 —278.9 —169.0
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Fig. 6 Free energies of the reactions A%; (leff) and A, (right) for B-CAPE, B-P4HC, P3HC, B-MBC, and B-BC with the radical *HO, in different

media

and Table 2 display the relevant results, which suggest that it is
more favorable in solvent than in a vacuum, and the more
polar the solvent, the more favorable the mechanism. This is
because the solvents, especially polar solvents, have the abil-
ity to separate charged species; the anion PhO " is more stable

in a polar environment, facilitating electron transfer.
Furthermore, it is easier for P3HC in a vacuum or a nonpolar
solvent to scavenge *HO, than it is for the other systems
studied here to do so. Therefore, BC and MBC are more
active in a polar solvent. The results in Table 2 show that this

Table 5 Free energies (in

Kimol ") of Ay, Ay, Ty, T%, T,  System  Solvent AG(A3)  AGT'3)  AGT%)  AGA)  AGTM)  AGT2)
and ">, reactions involving the
radical ®O,” in different media B-CAPE  Vacuum 55.7 —203.8 259.4 83.0 -179.1 262.0
Cyclohexane 57.0 -141.5 198.5 71.2 -126.3 197.4
Benzene 56.7 -139.7 196.4 69.3 -120.5 189.8
Dichloromethane ~ 39.1 -102.1 141.3 51.5 —-100.3 151.8
Methanol 49.1 -93.5 142.6 46.0 —94.5 140.5
Water 46.7 —88.5 135.2 43.1 -97.4 140.5
Vacuum/CBS 87.4 —68.5 156.0 - - -
Benzene/SMD 49.1 -162.0 211.1 - - -
Water/SMD 37.6 =77.7 115.3 — — —
B-MBC Vacuum 48.1 —204.5 268.3 74.8 -171.7 246.5
Cyclohexane 57.2 -123.9 181.2 70.1 -113.2 183.3
Benzene 57.0 -117.9 174.9 68.0 -107.4 175.4
Dichloromethane ~ 44.4 —88.2 132.6 59.3 -93.2 152.5
Methanol 323 —90.6 1229 52.5 —86.1 138.6
Water 39.7 —81.9 121.6 51.2 -78.0 129.2
B-BC Vacuum 56.2 -197.5 253.6 83.0 -174.6 257.6
Cyclohexane 53.0 -1394 192.5 72.7 —-120.0 192.7
Benzene 50.4 —134.4 184.8 69.6 -116.3 185.9
Dichloromethane 36.2 —104.5 140.7 51.5 —98.2 149.7
Methanol 33.1 -99.0 132.1 454 —95.6 141.0
Water 31.2 —85.1 116.3 44.1 -95.1 139.2
Vacuum 93.7 —143.4 237.1 81.4 —-181.4 262.8
Cyclohexane 92.0 —84.0 1759 80.1 -122.4 202.4
B-P3HC Benzene 91.1 -79.0 170.1 79.0 -114.2 193.2
B-P4HC Dichloromethane ~ 73.5 —60.7 134.2 54.4 —94.5 148.9
Methanol 67.0 =57.0 1239 47.8 —89.3 137.1
Water 67.7 -56.5 124.2 47.0 —82.2 129.2
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kind of scavenging at site 4 is facilitated in a vacuum, as well
as in polar solvents for CAPE and BC. The table shows that
AGT',) > AG(A?,) (n=3, 4), so the preferred mechanism is
SPLET, in agreement with the results from [52].

Scavenging of *O, by CAPE and its derivatives

This section focuses on reactions involving polyphenols (the
family of molecules chosen in this study) and superoxide *O, .
Since this radical is ionic, the only possible reactions are
CPCET and PT-ET (or simply proton transfer, PT) because
the ionic radicals have the same charge as an electron (i.e.,
repulsion occurs). Figure 2 presents the stationary states for H-
atom transfer process in the reaction involving CAPE and ®O, .
There is no barrier to overcome; the reaction is barrierless.

Atom transfer process: CPCET
The data for the reaction of *O,~ with H® (see Table 4) show

that the ionic free radical *O,  can interact with one H atom,
as predicted by Dhaouadi et al. [22]. It is therefore obvious

240

©
£ -604 v——"" v
£
5
= v/
-804 P
.Ew v .,7\77.%;
T~ -100 / _——— 4
c
S
= 120 o
g _ / —=— B-CAPE
A
2 1404 4 — —e— B-MBC
-
> 160 —4—BBC
= —v— B-P3HC
% -180
Q A
Lg_: -200 -
-220 T T T T T T S I t
e e e ) ¢ wolven
we® osc\O“"**a“ e \o(ome‘“a“ et wa®
o

that CPCET can occur in any environment. Table 5 displays
the results for the free energies of the reactions A,,, where n=3,
4 denotes the position of —OH on the ring in each molecule
studied. Figure 7 displays the free energy values in different
media and the corresponding reported numerical values from
Table 5, and shows that AG(A3) < AG(A4) in a vacuum as
well as in the solvents. Therefore, site 3 remains susceptible to
radical attack, as discussed above. The results also reveal that
the free energy of reaction A in a vacuum increases in the
order A3(MBC) < A3(CAPE) < A3(BC) < A3(P3HC), which
agrees with the order established from the BDE; data [8] for
the case involving *HO, discussed above. In solvents, BC has
the lowest values of AG(A3), so its antioxidant capacity is
greater than those of the other systems among this family of
molecules. At site 4, we have A4(MBC) < A4(P4HC) <
A4(CAPE) ~ A4BC) in a vacuum, which confirms that
MBC is the most active antioxidant, whereas in strongly polar
solvents (dichloromethane, methanol, and water) A4(CAPE) <
A4(BC) < A4(P4HC) < A4(MBC). The results obtained in the
presence of the neutral radical *HO, agree with those gained
in the presence of the ionic radical *O, .
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Fig. 8 Free energies of the reactions I''5 (leff) and "'y (right) of B-CAPE, B-P4HC, P3HC, B-MBC, and B-BC in the presence of the radical *0, in

different media
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Proton transfer process: PI-ET

This sequential process is always favorable in any environ-
ment; the data for the reaction of *O, with H' (see Table 4)
show that the ionic free radical ®*O,  easily interacts with a
proton, as predicted by Dhaouadi et al. [22], so it is obvious
that PT-ET can happen in any environment. We have plotted
the free energies of reactions involving only proton transfer
(I'',,, n=3,4) in the presence of O, in Fig. 8. It is clear that
free energy increases with increasing dielectric constant.
Therefore, this process is more favorable in a vacuum.

In addition, AGI',) < AG(I'%,) (n=3, 4), regardless of the
molecular system studied. Thus, the second step of the reac-
tion requires more energy for electron transfer (ET); in other
words, it is very difficult for an electron to be transferred in the
second step. This means that, in reality, only proton transfer
(PT) occurs in this case.

Moreover, as concluded above, site 3 remains the most
likely site to engage in free-radical scavenging (since
AGT'5) > AG(I'',)). Furthermore, at site 3 in nonpolar
solvents and at site 4 in any environment, we obtained the
following order of free energy: I'',(CAPE) < I'' (BC) <
I'' (MBC) (n=3, 4); this is similar to the conclusion drawn
based on ICsq data (see Table 3).

The preferred mechanism

To evaluate the preferred mechanism of the molecular system
studied in the presence of the neutral free radical *HO, and in
the presence of the ionic free radical *O, ", we plotted the free-
energy values of reactions A, B!, and A? from site 3 on the right
hand side of Fig. 9 (see also Fig. 9.s of the ESM) and the free-
energy values of reactions A and I"' from site 3 on the left hand
side of the same figure (see Fig. 9.s of the ESM). The AG(A3)
values were found to be very low whatever the environment
and the molecular system studied in the presence of the radical
®HO,. It is therefore clear that the preferred mechanism is

@ Springer

CPCET. However, the SPLET data is close to the CPCET data
in polar solvents, so SPLET could occur rather than the CPCET
mechanism, meaning that these pathways are competitive in
polar environments. Nevertheless, the AG(I''5) values are very
low regardless of the environment and molecular system stud-
ied in the presence of the radical *O, ", so the preferred mech-
anism in this case is PT-ET. Tables 2 and 5 suggest that the same
conclusions can be drawn for site 4.

The above discussions allow us to assert that whatever the
environment, CPCET is the preferred mechanism when phe-
nolic acids are in the presence of neutral radicals, even though
the two pathways are competitive in polar solvents. Recently,
Bobrowski et al. [53] came to the same conclusion regarding
electron and proton transfer, although they studied the gener-
ation of reactive oxygen species from triplet oxygen and
semiquinone radicals. In contrast, PT-ET is the preferred
mechanism when phenolic acids are in the presence of ionic
radicals.

Conclusions

In quantum chemical calculations that were presented briefly
here, the B3LYP/6-31G(d,p) level of DFT was used for opti-
mizations and then the B3LYP/6-31+G(d,p) level was used
for frequency calculations. The CPCM was used to study the
effect of the solvent. Our calculations showed that, in the
presence of co-reactive species, the CPCET mechanism dom-
inates over the HHAT mechanism. In the presence of neutral
free radicals, CPCET is the preferred mechanism whatever the
environment, but the CPCET and SPLET processes remain
competitive in polar solvents. In the presence of ionic free
radicals, PT-ET is the preferred mechanism. From thermody-
namic investigations, we concluded that site 3 is more sus-
ceptible to radical attack than site 4. In addition, in a vacuum,
the antioxidant activity of MBC appears to be greater than
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those of the other systems in the family of molecules studied,
while CAPE presents the highest antioxidant activity accord-
ing to ICs data. This behavior was also seen in strongly polar
solvents in this study. The free energies AG(B') and AG(I"',)
only contradict the ICs, data in a vacuum, where MBC was
observed to have the highest antioxidant activity. Another
feature is that there are many changes in AG(A,) when we
move from a vacuum to solvents; however, AG(B') and
AG(A?,) as well as IP and PA,, [8] and AG(A',) (n=3, 4)
show that solvents increase the antioxidant capacities of the
PhAs. From a kinetics viewpoint, the higher the solvent’s
polarity, the slower the CPCET mechanism.
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