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The antioxidant ability of the flavanol catechin and its planar derivative, catechin 1 (PC1), was explored
using the DF/B3LYP theoretical approach. Their potentiality in the hydrogen abstraction and electron
transfer reactions, the main working mechanisms of antioxidants, was evaluated by computing the
values of two key parameters, which are the OH bond dissociation energy and the ionization potential.
Results indicated that the effect of a planar arrangement in the catechin molecule is small in the
case of the hydrogen abstraction but greater for the electron transfer, since the in vacuo ionization
potential value decreases by about 3 kcal/mol. The reaction of these molecules with the hydroperoxyl
radical "OOH indicated that the H" abstraction is faster with the planar catechin.
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INTRODUCTION

Flavonoids are a group of naturally occurring polyphenolic
compounds found in vegetables, fruits, and cereals. They are
produced by plants in which they perform a lot of positive
actions such as protection from UV light, attraction for
pollination and ovoposition, signaling for N-fixation bacteria,
and antimicrobical and antiviral activities (1).

During the last decades, flavonoids have received growing
interest since many epidemiological and biochemical studies
have demonstrated that they possess beneficial effects on human
health. The main properties are inhibition of tyrosine kinases
(2) and cAMP phosphodiesterase (3), induction of phase II-
metabolizing enzymes (4), control of cellular growth (5),
destruction of pathogen organisms (fungi and viruses) (6), and
inhibition of human immunodeficiency virus (HIV) transcriptase
and HIV replication (7). Many of these properties are related
to their antioxidant activity or, in other words, to their ability
to scavenge free radicals and to synergistic effects with
physiological antioxidants like glutathione and o.-tocopherol and
with several enzymes. Free radicals can damage biomolecules
(proteins, membrane lipids, and nucleic acids); thus, they are
involved in several diseases and aging itself (8, 9).

The harmful action of free radicals can be alleviated by
antioxidants through two main mechanisms that are reported
in the literature (10-13) as H-atom or electron transfer reactions.
A free radical R* can remove a hydrogen atom or an electron
from the antioxidant (ArOH), giving rise to the ArO" and
ArOH™™" species whose stability prevents or slows down the
chain radical reactions (10-13). In this situation, the antioxidant
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activity evaluation can be based on the estimation of OH bond
dissociation (BDE) and ionization (IP) energy values (10-13).

Most of flavonoids are believed to act through the H-atom
transfer since higher energies are involved in the one-electron
transfer process (10). However, when the IP values drop a lot,
as in tocopherols and aminophenols (10), electron transfer or a
concerted charge transfer—proton transfer mechanism may also
be possible.

Catechin is a representative member of the flavonoid class,
mainly found in green and black teas and in red wines (14). It
belongs to the flavanols subclass in which the epicatechin,
epigallocatechin, epicatechin gallate, and epigallocatechin gallate
are also present.

Its structure is made up by two aromatic rings, A and B,
connected through the saturated six member ring C (1 in Scheme
1). Hydroxylation occurs at the 3'- and 4'-, at the 3-, and at the
5-and 7-positions, in rings B, C, and A, respectively. Electronic
delocalization between the two aromatic rings is blocked by
the presence of the chromane moiety (ring C).

Recently, some planar analogues of catechin (PCn) were
obtained by the reaction of catechin with various ketones having
alkyl chains of different lengths (15). The evaluation of PCn

Scheme 1. Structure of Catechin and Planar Catechin 1 (PC1)
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Figure 1. Optimized geometries of catechin (left) and PC1 (right). On the bottom, the HOMOs of both molecules are reported.

radical scavenging activities against the DPPH radical indicated
that the hydrogen abstraction in planar catechins is easier than
in catechin because of their geometrical configuration. The
radical scavenging power of catechin and its planar analogue
PC1 (2 in Scheme 1) in deaerated MeCN was determined using
the galvinoxyl radical (G") as an oxyl radical species (16).
Experimental results indicated that the second-order rate constant
k values for hydrogen abstraction from catechin and PC1 by G*
were 2.34 x 10% and 1.12 x 10° M~*s™%, respectively, that is,
4.6-fold larger for PC1. Authors (16) have pointed out that the
better PC1 radical stabilization may be due to the hyperconju-
gation between the st electrons on ring B and the o electrons
on the C2 atom in ring C deriving from its planarity.

On the other hand, it is well known (17) that factors such as
conjugation and electron delocalization can contribute signifi-
cantly to the stabilization of the radical form of antioxidants,
improving their performance as scavengers. To rationalize
experimental findings, we have undertaken a theoretical study
concerning the antioxidant ability of catechin and its planar
derivative PC1. We have determined the BDE and IP values
and studied the mechanisms of the reaction of both catechin
and PC1 molecules with *OOH hydroperoxyl radical.

MATERIALS AND METHODS

All of the calculations reported in this study were performed with
the Gaussian03 code (18). The geometries of catechin and PC1 neutral
molecules and their radicals, as well as that of *OOH and HOOH
species, were optimized without constraints using the B3LYP (19, 20)
exchange-correlation functional and the 6-311+-+G** basis set (21, 22).
Vibrational frequencies were computed at the same level of theory,
with the aim to characterize all structures as minima and saddle points
and to estimate zero point energy corrections.

The unrestricted open-shell approach was used for radical species.
No spin contamination was found for radicals, because the <S*> values
were 0.750 in all cases. Intrinsic reaction coordinate (IRC) calculations
(23) were performed at the same level of theory to confirm that a given
transition state connects reactants and products.

Solvent effects were computed in the framework of self-consistent
reaction field polarizable continuum model (SCRF-PCM) (24-26), using
the UAHF (27) set of solvation radii to build the cavity for the solute,
in the gas phase equilibrium geometries. The dielectric constants of
78.39 and of 36.64 were chosen to reproduce the water and acetonitrile
(MeCN) media, respectively.

Natural bond orbital (NBO) analysis (28) implemented in the
Gaussian03 package was used to characterize the electronic structures
of the systems under investigation. The OH bond dissociation energy
(BDE) and ionization potential (IP) values were computed at 298 K as
the enthalpy difference for the H-atom and the one-electron transfer
reactions.

RESULTS

BDE and IP evaluation. The equilibrium geometries of
neutral catechin and PC1 are reported in Figure 1, together with
the orbital composition of their highest occupied molecular
orbitals (HOMOs). The catechin lowest energy structure (see
figure 1) is characterized by a torsional C2'-C1'-C2-C3 angle
of 77.4° that indicates that rings B and C are almost mutually
perpendicular. Hydroxyls in ring B are arranged as to establish
an hydrogen bond whose length is 2.152 A. The electronic
delocalization occurs independently on rings B and A, as the
values of bond order confirm (see Table S1 in the Supporting
Information).

The same torsional dihedral in PC1 was found to be 156.0°,
due to the formation of the six member ring in which the 3-OH
group oxygen atom is involved (Figure 1). This torsion value
indicates that a quite planar disposition of rings B and C is
present. As in the catechin, also for PC1, the 3'- and 4'-OH
groups are weakly linked by an H-bond (2.160 A). 7 electrons
are delocalized over the aromatic rings B and A. Bond order
analysis (see Table S1) suggests that a single bond exists
between the C2 and the C1' atoms so that there is no possibility
of conjugation between the rings B and C, as expected.

The different structural arrangements of the two systems are
in full view in the HOMOs composition, reported in Figure 1.
In catechin, the charge density is mainly localized on the
aromatic ring A, with a lesser involvement of the chromane
moiety. In PC1, the electron density is distributed in all rings,
with a sensible increase on ring B, due to the nearly planar
arrangement.

The abstraction of a hydrogen atom from each OH group
present in the considered molecules gives rise to four radical
species for both catechin and PC1. The relative energies of these
radicals are collected in Table 1.

The most stable radical for catechin is the 4'-O° (Figure S1
in Supporting Information), which arises from the removal of
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Table 1. B3LYP/6-311++G** Relative Energies of Catechin and PC1
Radicals (Enthalpies Values in kcal/mol)

catechin PC1
3-0° 0.7 0.0
4-0° 0.0 0.0
5-0° 8.1 9.0
7-0° 7.9 8.9

the hydrogen atom from the OH group attached to the C4'-
position. It is almost isoenergetic (AE = 0.7 kcal/mol) with
the 3'-O° radical. Both forms retain the hydrogen bond existing
before the radicalization process, although, in the 3'-O" species,
the H bond must be restored by a rotation of 180° around the
C4'-OH axis. Part of the stability exhibited by 4'-O" and 3'-O°
radicals can be attributed to the adjacent hydroxyls on ring B,
as exhaustively pointed out elsewhere (10-13).

The other species are found at 8.1 (5-O%) and 7.9 (7-O") kcal/
mol above the absolute minimum (Table 1). Relative energies
of these species indicate that the main factor contributing to
the radical stability is the H-bond established between the
adjacent hydroxyls (4'-O° and 3'-O" species).

PC1 radicals relative energies (Table 1) follow the same trend
obtained for the nonplanar catechin, with the exception that now
the 3'-O° and 4'-O" species are completely isoenergetic. The
5-O" and 7-O° radicals are found at 9.0 and 8.9 kcal/mol with
respect to the 4-O°/3'-O" one.

Figure 2 illustrates the plot of the spin density distribution
on the most stable radicals 4'-O" of catechin and PC1. As can
be noted, in catechin radical 4'-O°, the spin density is mainly
localized on ring B. The H-bond between the remaining OH
group and the radicalized oxygen confines the spin density on
this site. In the case of PC1 4'-O" radical, the odd electron is
mainly found on the radicalization site and in a less extent on
all atoms of ring B.

The cation radicals arising from the single electron abstraction
in catechin and PC1 (see Figure S2 in the Supporting Informa-
tion) are different as far as the delocalization of the odd electron
is concerned and reflects the structure of the respective parent
molecule HOMOs. In fact, in the catechin radical cation, the
spin distribution (Figure 3) shows that the odd electron is
confined on the oxygen atom belonging to the 5-OH group in
ring A. For PC1, the spin density is localized mainly in ring B,
but a certain degree of delocalization over the rings A and C is
also present. Table 2 lists the gas-phase and in water solution
BDEs and the IPs (in kcal/mol) obtained for catechin and PC1.

The gas-phase BDE values for the 3'-OH, 4'-OH, 5-OH, and
7-OH groups of catechin are 74.9, 74.2, 82.3, and 82.1 kcal/
mol, respectively. A lesser amount of energy is required for
breaking the 3'-OH and 4'-OH group with respect to the 5-OH
and 7-OH ones. This is not surprising if we consider that in the
case of the 3'-OH and 4'-OH, the H" abstraction produces the
two most stable radicals.

In the case of PC1, absolute gas-phase BDE values for the
3'-OH and 4'-OH groups are smaller by 1 kcal/mol (73.3 kcal/
mol) with respect to those of corresponding radicals of catechin.
No significant difference between catechin and PC1 is found
in the BDE values for 5-OH and 7-OH groups. This indicates
that the planar configuration mainly affects the BDE for the
hydroxyls on ring B, while no effect is obtained for the
hydroxyls on ring A.

3'-OH and 4'-OH BDE values of the tautomers of catechin
and PC1, in which the 4'-OH is the donor and the 3'-OH is the
acceptor for the H-bond, were computed to be 75.1 and 74.4
and 73.7 and 73.8 kcal/mol for catechin and PC1, respectively

Leopoldini et al.

(see in Table 2 the values in parentheses). So, the relative
stabilities of the 3'-O" and 4'-O" radicals are not affected by the
tautomerism of the H-bonding in ring B.

BDEs computed in the condensed phase are higher than those
obtained in the gas phase by ~9 kcal/mol. This can be ascribed
to the minor stability of radical species in the water medium.
However, 3'-OH and 4'-OH BDEs are smaller for PC1 than for
catechin.

The IPs for catechin and PC1 were computed to be 169.7
and 166.8 kcal/mol in the gas phase, respectively. The difference
of 2.9 kcal/mol can be considered as a measure of the stability
arising from the planar arrangement of PC1.

The values in water solution are of 135.7 and 136.0 kcal/
mol for catechin and PC1, respectively. They underline that the
electron transfer process is favored by the medium. However,
because the PC1 molecule is less polar than catechin, the IPs
are almost the same. On the basis of obtained results, one can
conclude that the geometry obtained by constraining ring B and
the chromane moiety to be coplanar affects mainly the IP
value.

Reaction with “"OOH: Comparison among Catechin, PC1,
and Quer cetin. The results obtained for BDE and IP of catechin
and PC1 have shown that the planar arrangement of the second
molecule has a slight effect on both these quantities. Thus, as
indicated by experimental findings (16) in the case of the
reaction of these two antioxidants with the galvinoxyl radical,
the PC1 should improve the inactivation process of radicals,
making it faster than that involving nonplanar catechin.

To verify the experimental findings, we have determined the
potential energy surface (PES) for the hydrogen abstraction from
catechin and PC1 by *OOH radical, in gas phase and in MeCN.
On the basis of the indication derived from the first part of this
work, only the 4'-OH most favorite radicalization site has been
considered for both molecules. The "OOH radical has been
chosen as a prototype of oxygen-centered radical species. The
PESs for catechin (solid line) and PC1 (dashed line) are reported
in Figure 4. The equilibrium geometries of the stationary points
along the PESs are reported in Figure S3 in the Supporting
Information.

The reaction begins with the formation of a complex between
the catechin and the *OOH radical that attaches the 4'-OH group
in the flavanol molecule. A hydrogen bond is established
between them, whose length is computed to be 1.950 A. The
dihedral C2'-C1'-C2-C3 does not undergo modification on the
interaction with the hydroperoxide (76.4°). The H-bond between
the 3'-OH (donor) and the 4'-OH (acceptor) is retained in going
from separated to interacting reactants. The formation of the
complex is exothermic by 5.4 kcal/mol.

The transition state for the abstraction of the H® by the
hydroperoxide radical is located at 0.1 kcal/mol above the
reactants asymptote and is characterized by 4OH-OOH and
4'0-HOOH distances of 1.286 and 1.113 A, respectively. The
imaginary frequency at 1454 cm™* corresponds to the stretching
of these bonds. The activation energy required to overcome this
saddle point is 5.5 kcal/mol, so that the reaction with the
hydroperoxide radical is very fast.

After the TS, a weak bond complex between the radicalized
catechin and the HOOH is found lying 16.7 kcal/mol below
the reactants. The distance between the C4'-O° radicalized
oxygen and the H-OOH hydrogen is 1.807 A. Products, catechin
4'-O" radical and HOOH, are found 8.4 kcal/mol below the
reference and obtained in a barrierless process.

The formation of the complex between the PC1 molecule
and the *OOH radical is exothermic by 5.3 kcal/mol, so that no
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Figure 2. Spin distribution of the 4'-O" radicals of catechin (left) and PC1 (right).
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Figure 3. Spin distribution of the radical cations of catechin (left) and PC1 (right).

Table 2. B3LYP/6-311+-+G** Gas-Phase and in Water BDEs and IPs of
Catechin and PC1 (Enthalpies Values in kcal/mol)

catechin PC1 catechin PC1
BDE (gas) BDE (water)
3-OH 74.9 (75.1) 73.3(73.7) 835 82.0
4'-OH 742 (74.4) 73.3(73.8) 83.0 822
5-OH 82.3 82.3 88.8 88.8
7-OH 82.1 82.2 88.4 88.4
P (gas) IP (water)

169.7 166.8 135.7 136.0

effect due to the planar disposition is obtained in the formation
of the reactants complex. Also, in PC1, a hydrogen bond is
established between the hydroperoxide radical and the 4'-OH
group (1.936 A).

In the transition state that lies 0.9 kcal/mol below the
reactants, the bonds 4OH-OOH and 4'-O-HOOH measure
1.305 and 1.102 A, respectively. The vibrational normal mode
with an imaginary frequency of 1324 cm ™! is characterized by
the stretching of this couple of bonds. The activation energy is
4.4 kcal/mol, that is, 1.1 kcal/mol lower than that computed
for the nonplanar catechin.

The complex between the PC1 4'-O° radical and the neutral
HOOH species shows a relative energy (with respect to the
reactants) of —18.3 kcal/mol. The fact that this complex is
significantly more stable than products (by 9.0 kcal/mol) is
usually recognized as a positive effect for the antioxidant ability
(29). In fact, the H,0, still bound to the antioxidant radical after
the hydrogen abstraction should prevent the possibility that both
of these species can attack on lipids in the membrane.

In the work of Fukuhara (16), the rate constant for quercetin
was also determined and its value was found to be approximately
the same of the one obtained for PC1. For reason of comparison,
the gas-phase hydrogen abstraction PES from quercetin by ‘OOH
radical was also determined. The quercetin behavior is very
similar to that of PC1. The formation of the reactants complex
is exothermic by 5.3 kcal/mol. The transition state (imaginary
frequency at 1489 cm™?) is located 0.8 kcal/mol below the
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Figure 4. Potential energy surfaces for the reaction of hydroperoxide
with catechin (solid line) and PC1 (dashed line), in vacuo (top) and in
acetonitrile medium (bottom).

reference. The activation energy is computed to be 4.5 kcal/
mol, that is, practically the same obtained for PC1 (4.4 kcal/
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mol). The products complex and the products are found 16.6
and 9.3 kcal/mol below the reference, respectively.

Computations in the acetonitrile medium do not introduce
meaningful differences with respect to the gas-phase ones. The
formation of reactants complex is less exothermic for both
catechin (3.6 kcal/mol) and PC1 (3.1 kcal/mol). The transition
state for "H abstraction by *OOH is found at 3.6 and 3.0 kcal/
mol for catechin and PC1, respectively. The corresponding
activation energies of 7.2 and 6.1 kcal/mol indicate that "H
removal is less favored in the condensed phase than in vacuo.
The weak complex between products and the products are found
14.3 and 8.5 and 14.7 and 9.3 kcal/mol, below the reference
for catechin and PC1, in that order.

Recently, the activation barriers for the reactions between
tocopherol and "OOH radical were determined. (29) The
activation energy for the H" abstraction from the only OH was
computed to be 8.8 kcal/mol, which is greater that those
computed here for catechin, PC1, and quercetin. This finding
reinforces the stabilizing effect of the internal hydrogen bond
between adjacent hydroxyls on the transition state.

From the comparison of the PESs in Figure 4, some
comments on the antioxidant power of catechin and its planar
analogue can be done. The reactants complex formation is not
affected by the planar arrangement, because the binding energy
is practically the same in both situations. The activation energy
is lower for PC1 than for catechin by 1.1 kcal/mol. The
formation of the weak bond complex between products is
thermodynamically more favored for planar catechin, because
it is located 18.3 kcal/mol below the reference, while for
catechin, it is found to be 16.7 kcal/mol below the corresponding
reference. So, the abstraction reaction in the case of PC1 is also
favored thermodynamically.

A further indication about the reaction rates for catechin and
PC1 can be derived based on the Arrhenius formula, k =
ksT/h x e 2ACRT \where kg is the Boltzmann’s constant, T is
the absolute temperature, h is the Planck constant, AG is the
difference in Gibbs free energy between TS and reactants, and
R is the constant of gas.

Although theoretical calculations cannot be used to obtain
accurate rate constants, because an error of only few kcal/mol
in the barrier evaluation, even if normally allowed in the
calculations, corresponds to an error of several orders of
magnitude in the rate; nevertheless, it is possible to estimate
the ratio between computed rate constants since in this case
the error can be mutually cancelled.

The kpci/keat ratio was found to be 3.9, which means that the
abstraction reaction is ~~4-fold faster with PC1 rather than with
catechin. With the same procedure, the ratio keci/Kqe Was
evaluated approximately to be equal to 1, so that one can
conclude that planar catechin and quercetin show similar
kinetics. By taking into account the methodological limits, the
agreement with the experimental indications is quite satisfactory
being the measured Kpci/kear and kpci/Kgue ratios 4.6 and 0.96,
respectively (16).

Conclusions. The antioxidant activity of the flavonol catechin
and one of its planar analogue, PC1, has been investigated
theoretically computing the OH BDE and the IP values and by
determining the potential energy surface for the H* abstraction
reaction from the phenolic hydrogen by the *OOH radical. The
aim of the work was to verify if the planar geometry may affect
the antioxidant power of catechin. The values of BDEs indicate
that both molecules can act through the hydrogen atom transfer
mechanism because 74.2 and 73.3 kcal/mol are required to break
the OH bond in catechin and PC1, respectively. The planar
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arrangement seems to affect slightly the electronic features of
the phenolic OH bond that must be broken during the H°
abstraction.

In the case of the electron transfer mechanism instead, the
planar configuration quite affects the features of the HOMO
and lowers the energy required for the removal of the single
electron, as the gas-phase values of 169.7 and 166.8 kcal/mol
in the IPs, for catechin and PC1, respectively, show. The study
of the Kkinetics of the antioxidant process occurring through the
reaction with the hydroperoxy radical points out that the reaction
is kinetically favored by the planar disposition because the
barrier height for the hydrogen abstraction is lower for the PC1
by 1.1 kcal/mol. Estimation of the rate constants for both
molecules indicates that these differences in the activation
barriers make the reaction involving PC1 4-fold faster with
respect to catechin, remarking the experimental indications. The
relative energy of the reaction products indicates that the
hydrogen abstraction in the presence of the planar catechin is
also favored thermodynamically.
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