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Abstract. Several chemical descriptors have been evaluated for thirty
polyphenols within the frame of the Density Functional Theory (DFT).
They were used to investigate the donor and accepting electron ca-
pabilities, the fractional charge transfer feasibility, and the H trans-
fer ability of these compounds. It was found that for deactivating
free radicals Myricetin has the highest activity via H transfer, while
Galangin and piceatannol are the best scavengers through the single
electron transfer mechanism for nucleophilic and electrophilic free
radicals, respectively.

Key words: Electrodonating Power, Electroaccepting Power, loniza-
tion Energies, Electron Affinities, Bond Dissociation Energies, An-
tioxidant.

Resumen. Varios descriptores quimicos fueron evaluados para treinta
polifenoles, dentro del marco de la Teoria de Funcionales de la Den-
sidad. Fueron utilizados para investigar la capacidad electrodonadora
y electroaceptora, la facilidad de donacion parcial de carga y la trans-
ferabilidad de H de estos compuestos. Se encontrd que la miricetina
presenta la mayor actividad via transferencia de H, mientras que la
galangina y el piceatanol son los mejores desactivantes via transfe-
rencia electronica simple para radicales nucleofilicos y electrofilicos,
respectivamente.

Palabras clave: Poder electrodonador, poder electroaceptor, energia
de ionization, afinidad electronica, energias de disociacion de enlace,
antioxidantes.

Introduction

Oxidative stress (OS) is a chemical stress that can be defined
as the imbalance between biochemical processes leading to
the production of free radicals and those responsible for their
removal [1]. It has attracted great deal of attention in the last
decades due to the increasing evidence supporting its role in
the development of a large number of health disorders such as
cancer [2], cardiovascular disorders [3], atherosclerosis [4], and
Alzheimer’s disease [5]. Since OS involves reactions between
free radicals and molecules of high biological importance such
as DNA and proteins, the study of compounds with free radical
scavenging activity becomes an important area of research aim-
ing to prevent OS and the consequent molecular damage.

Polyphenols are consumed in human diet in a wide variety
of foods and beverages, such as: fruits, vegetables, wine, cof-
fee, tea, etc. [6]. They are ubiquitous and versatile substances,
which have been identified to play multiple biological roles,
including cardioprotective [7] effects, and anti-inflammatory
[8], antimicrobial and antiviral [9] activities. They are also used
to prevent and treat cancer [10] and neurodegenerative diseases
[11] and to prevent skin damage [12] and osteoporosis [13].
They are also reported to have excellent antioxidant activity
[14], which is the focus of the present study. This particular
activity is so important that more than 7500 scientific reports
have been devoted to it in the last two decades [15]. However,
to our best knowledge there is no previous systematic study on
a large series of polyphenols testing chemical descriptors as
indicators of their potential antioxidant activity.

It has been demonstrated that the antioxidant activity of
polyphenols takes place mainly by H transfer (HT) from the

phenolic sites [16-25] and by single electron transfer (SET)
from the phenol to the oxidant [21, 24, 25-27]. Therefore O-
H bond dissociation energies (BDE) and ionization energies
(IE) are relevant to the evaluation of the antioxidant activity
of these compounds. Accordingly it is the main goal of the
present work to evaluate the O-H BDEs and the IEs of a series
of 30 polyphenols with different structural features. BDE have
been analyzed for the homolytic bond cleavage since proton
transfers are not studied in this work. In addition, it has been
proven that in the particular case of the superoxide radical anion
(O,) the electron transfer actually takes place from this spe-
cies to the free radical scavenger [28]. The same mechanism
was also proposed for the NO radical [29]. Therefore to analyze
this particular reaction path we have also studied the electron
affinity (EA).

In addition Gazquez et al. [30]. have recently proposed
the electroaccepting power (@w") and the electrodonating power
(@") indexes. They are ideal for describing the propensity of a
given chemical species to accept or donate fractional amounts
of charge. They are expected to show a similar behavior to
that of the first ionization potential and the electron affinity,
respectively. However, while /E and E4 measure the capabil-
ity of a chemical system to donate or accept one electron, @w*
and @~ measure the capability of a chemical system to donate
or to accept a small fractional amount of charge [31]. Polyphe-
nols have polar groups and consequently they can form weak
bonded complexes with the molecules in their environment.
In physiological media there are abundant compounds which
can interact in this way with polyphenols. Since this kind of
interactions usually takes place by fractional charge transfer we
have used @™ and @~ to evaluate the propensity of polyphenols
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to participate in such chemical interactions driven by donor-ac-
ceptor processes.

Computational Details

All the electronic calculations have been carried out with the
package of programs Gaussian 09 [32], using the PBEO func-
tional [33] and the 6-31+G(d,p) basis set. This functional has
been chosen for being parameter-free. Full geometry optimiza-
tions, without any symmetry constraints, and frequency cal-
culations were performed for all the species and local minima
were identified by the absence of imaginary frequencies.

Vertical ionization energies (/E) and electron affinities
(EA) were calculated as:

IE = En_i(gn) — En(gn) (D

EA = Ex(gy) — En+i(gn) 2

Where Ej(gy) is the energy of the N-electron system cal-
culated at the geometry gy and Ex_;(gy) and Ey.(gy) are the
energies of the (N — 1) and (N + 1) electron systems, calculated
also at the gy geometry.

The electroaccepting power (w") and the electrodonat-
ing power (@") indices have been calculated as proposed by
Gazquez et al. [30]:

2
—. _ UE +3E4) 3
16(IE — EA)
and
2
— _ (BIE + Ed) @
16(IE — EA)

The O-H bond dissociation energies (BDE) have been
computed as the energy evolution associated with the homo-
lytic rupture of the OH bond:

R-OH—>R-0O+H

BDE values have been calculated for all the OH moieties in
the studied polyphenols, and the most favored process has been
identified. They are reported in terms of Gibbs free energies
(AG), at 298.15 K, to take into account the entropy changes.

Results and Discussion

The polyphenols studied in this work are presented in Figure
1, and their names associated with each acronym are provided
in Table 1. These polyphenols have different numbers of OH
groups, varying from 2 to 6, and according to their structures
they belong to different families. In the studied set of poly-
phenols there are 13 flavonols, 4 flavanones, 3 isoflavones, 2
flavones, 2 flavanonols, 2 flavanols, 2 stilbenes, 1 coumarin
and 1 O-methylated flavonol.

Adriana Pérez-Gonzélez et al.

Table 1. Name and acronyms of the polyphenols studied in this
work.

Acronym Name Acronym Name
1 Luteolin 16 Aromadedrin
2 Apigenin 17 Genistein
3 Kaempferide 18 Daidzein
4 Quercetin 19 Glycitein
5 Kaempferol 20 Catechin
6 Myricetin 21 Gallocatechin
7 Fisetin 22 Resveratrol
8 Isorhamnetin 23 Laricitrin
9 Pachypodol 24 Syringetin
10 Rhamnazin 25 Piceatannol
11 Hesperetin 26 Aesculetin
12 Naringenin 27 Galangin
13 Eriodictyol 28 Morin
14 Homoeriodictyol 29 Azaleatin
15 Taxifolin 30 Gossypetin

The O-H bond dissociation energies (BDE) have been cal-
culated for every O-H site, and their values are reported in
Table 2. The lowest BDE value for each compound has been
highlighted in bold letters. As the values in this table show, for
those families that contain O-H sites in the B ring the lowest
BDE always corresponds to one of these sites, regardless of
the other structural features, with the exception of flavonols.
This strongly supports the hypothesis that for these families the
hydroxyl groups in the B ring are responsible for the antioxi-
dant activity of polyphenols, through the H transfer mechanism
(HT). For flavonols, on the other hand, site 3 is the one that
most frequently corresponds to the lowest value of BDE. The
other families with an OH group in site 3 are flavanonols and
flavanols. However for them the BDE of this OH group is
higher than those of the OH groups in the B ring. The main dif-
ference between these two families and flavonols is that for the
latter there is a double bond between C2 and C3. Therefore it
seems that this structural feature is mandatory for the increased
reactivity of site 3.

For the studied flavones, the lowest BDE corresponds to
the OH in site 4°, even for apigenin (2) which has two OH
groups in ring A and only one of them in ring B. In addition
the presence of a second OH in the B ring decreases the BDE
value. Therefore the smallest BDE for 1 is significantly lower
(~9 kcal/mol) than the smallest BDE for 2. A similar behavior
was found for isoflavones, i.e the OH in site 4’ has the lowest
BDE, even for genistein (17), which has two OH in the ring
A and only one in the ring B. For this family all the smallest
BDE are very close, since for all of them there is only one OH
group in the B ring. In addition these values are also close to
that of 2, suggesting that the location of the B ring (in sites 2
or 3) does not alter the HT feasibility. Therefore the antioxidant
activity of flavones and isoflavones, through this mechanism,
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Fig. 1. Polyphenols studied in this work.

is expected to be very similar provided that they have the same
number of OH groups in the B ring and that they are in the same
sites. The different substitutions in the A ring were found to
have only minor effects on this activity.

For flavanonols and flavanones which have a single bond
between carbons 2 and 3 and a carbonyl group, it was also

found that the smallest BDE decreases with the presence of a
second OH in the B ring. However, in these cases, the BDE of
the OH groups in sites 4’ and 5’ are very close and within the
uncertainty of the calculations. This is a logical finding since
the conjugation is broken due to the single bond, and therefore
the major effects are due to the neighboring groups. The lower
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Table 2. O-H bond dissociation energies (BDE, kcal/mol) for the different phenolic sites.

family phenol site BDE family phenol site BDE
flavonols 3 3 73.83 flavones 1 5 99.65
5 88.21 7 80.55
7 79.56 3 68.49
4 3 64.99 4 66.95
5 99.58 2 5 92.25
7 80.32 7 80.52
3 69.66 4 75.61
4 67.70 flavanones 11 5 77.13
5 3 64.62 7 78.67
5 91.03 3 609.65
7 80.34 12 5 77.01
4’ 75.46 7 78.58
6 3 66.48 4 75.28
5 90.95 13 5 77.15
7 80.42 7 78.65
3 67.23 3 67.76
4 58.65 4 67.08
5’ 66.47 14 5 77.00
7 3 65.30 7 78.61
7 77.80 4 75.07
4 69.24 flavanonols 15 3 96.35
5’ 67.11 5 89.29
8 3 72.92 7 82.21
5 88.03 4 67.34
7 79.63 5 67.12
4 74.40 16 3 96.45
10 3 65.23 5 89.39
5 99.63 7 82.16
4’ 75.58 4 75.68
23 3 74.30 flavanols 20 3 90.77
5 88.41 5 72.66
7 79.50 7 74.03
4 72.44 4 67.10
5 66.89 5 66.46
24 3 63.83 21 3 91.14
5 99.54 5 74.38
7 80.11 7 74.62
4’ 70.58 3 67.14
27 3 66.10 4 63.72
5 91.00 5 67.25
7 80.58 isoflavones 17 5 91.50
28 3 68.06 7 81.21
5 90.72 4 74.55
7 80.06 18 7 78.44
2’ 75.86 4 74.02
4 76.24 19 7 78.36
29 3 74.46 4 73.74
7 78.54 stilbenes 22 3 76.57
3 68.68 5 74.76
4 66.06 4 70.31
30 3 65.41 25 3 76.75
5 84.13 5 74.96
7 73.40 4 66.27
8 65.05 5 62.88
3 69.74 coumarins 26 6 66.61
4 67.81 7 67.07
O-methylated flavonols 9 5 99.39

L 74.65
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reactivity of ring A, with respect to ring B, seems to be caused
by the electron-withdrawing power of the carbonyl group. This
is confirmed by analyzing the BDE values for flavanols, which
also present a single bond between carbons 2 and 3 but have
no carbonyl group in ring C. For this family the BDE of the
O-H group in site 5 is about 10 kcal/mol lower than for fla-
vanonols.

For the stilbenes the BDE of piceatannol (25) is the small-
est one. It is even lower than that of resveratrol (22), which
suggests that 25 should be better antioxidant trough HT, despite
of the fact that it has attracted less attention than 22. For 25 the
higher reactivity of ring B (BDEs about 8 kcal/mol lower) is
explained by the fact that in this ring the two OH groups are in
ortho position, while in ring A they are in meta position. Since
the OH group activate ortho and para sites, the presence of the
second OH in the B ring causes a lower BDE. In addition, the
vicinity of the two OH groups in ring B allows additional stabi-
lization due to H bonding interactions. For the studied coumarin
(aesculetin, 26) the higher reactivity of the OH in site 6 can be
explained by the para activating effect of the ether group.

Since flavonols are the most abundant dietary polyphenols
we have studied a larger set of these compounds. As mentioned
above for most of them the most reactive OH is that in site 3.
The exceptions are myricetin (6), laricitrin (23), azaleatin (29),
and gossypetin (30). For the latter, site 8 was found to be the
most reactive one. Among the studied flavonols this is the only
one with an OH group in this site, which is activated by the
neighbor OH, which activates ortho and para sites, and also
provides extra stabilization by H bond interactions. For 29 the
smallest BDE correspond to the OH in site 4’, and for 23 to the
OH in site 5°. These variations seem to be caused by the pres-
ence of the OCH; group. Myricetin, is the only studied poly-
phenol with three neighbor OH groups in ring B. This makes
myricetin particularly reactive though HT from site 4°, since it
has two OH activating and forming H bonds. This structural
feature causes 6 to have the lowest BDE in the studied series,
with its smallest value equal to 58.65 kcal/mol. This finding
strongly supports that myricetin should be exceptionally good
for H transfer.

To facilitate comparisons among all the studied polyphe-
nols, the whole data will be analyzed in terms of relative mag-
nitudes. Since quercetin (4) is probably the most studied of
the series, and its antioxidant activity has been abundantly
demonstrated,>* we have chosen this compound as reference
for the analysis of the other studied compounds. Accordingly,
the relative BDEs have been calculated as:

where ABDE represents the BDE of the polyphenol i (BDE;),
with respect to that of quercetin (BDE ).

As Figure 2 shows myricetin (6), piceatannol (25), gal-
locatechin (21), syringetin (24) and kaempferol (5) have lower
BDE than quercetin, suggesting that all of them should be better
free radical scavengers, through the HT mechanism. However
the difference between 5 and 4 is rather small. Therefore the

TN
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Fig. 2. O-H BDE of the studied phenols, relative to that of quercetin
(4), it has been constructed using the smallest BDE value for each
polyphenol.

order of HT reactivity is predicted to be: myricetin >> piceatan-
nol > gallocatechin =~ syringetin > kaempferol ~ quercetin. On
the other hand polyphenols 2, 3, 8, 9, 11, 12, 14, 16, 17, 18, 19
and 22 are expected to be significantly less reactive than quer-
cetin by the HT mechanism. Due to the uncertainties inherent
to any calculation, the BDEs of 7, 10, and 30 can be considered
equivalent to that of 4.

The chemical descriptors used in this work to investigate
the fractional and full electrodonating and electroaccepting
capabilities of the studied phenols are reported in Table 3.
As mentioned in the introduction, the descriptors relevant to
fractional charge transfers are the electroaccepting power (w")
and the electrodonating power (") indexes. Since charge ac-
ceptance processes stabilize the system, larger values of @
imply a larger capability to accept electrons. Charge donating
processes, on the other hand, destabilize the system and there-
fore smaller values of @~ indicate a larger capability to donate
electrons [31]. In order to facilitate comparisons, the relative
values of these indexes, with respect to quercetin have been
calculated in a similar way that it was performed for the bond
dissociation energies:

A" = 0" - 0w 6)

Ao~ = W ;) — O (4 (7)

The values of Aw~ and Aw* are plotted in Figures 3 and
4. Regarding the capability of donating fractional amounts of
charge, those of polyphenols 3, 5, 8, 9, 15, 23, 29, and 30 were
found to be similar to that of quercetin. Compounds 1, 2, 6, 10,
16, 26, and 27 have values of @~ higher than that of 4, sug-
gesting that their electrodonating capability is inferior to that
of the reference compound. For the polyphenols with values of
@ lower than that of 4 (Figure 3), the order of their electro-
donating capability was found to be: 21 > 20 >> 22 > 14 > 13
>12>11>25>19 > 18 > 28 > 17 > 7 > 24. These results
indicate that, among the studied compounds, gallocatechin (21)
and catechin (20) are particularly good for interactions with
electrophilic agents. They are both flavanols, which suggests
that this particular family of polyphenols might be involved in
stronger weak bonded complexes with electrophiles than the
other families studied in the present work. With respect to the
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Fig. 3. Electrodonanting power (@ -) of the studied phenols, relative
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Fig. 4. Electroaccepting power (@ *) of the studied phenols, relative
to that of 4 (quercetin).

capability of accepting fractional amounts of charge, most of
the studied polyphenols were found to have lower values of @ *
than quercetin (Figure 4), i.e. they are poorer electron acceptors
than the reference compound. The electroaccepting powers of
polyphenols 1, 2, 5, 6, 9, 24, 26, 29, and 30 were found to be
similar to that of quercetin. Only a few polyphenols were found
to have values of @ ™ higher than that of 4. The order of their
electroaccepting capability was found to be: 27 >> 10 > 8 >
23 = 3. These results indicate that gallangin (27) is particularly
good for interactions with nucleophilic agents, and therefore it
is expected to complexate with nucleophiles in a stronger way
than the other compounds studied in the present work.

Relative values of /E and EA, with respect to quercetin (4)
have been calculated as:

AEA = EA ;) — EA )
and the results are shown in Figures 5 and 6, respectively. The
IE values of 5, 7, 17, 20, 27, and 28 were found to be very
similar to that of 4. Thus they are predicted to be as efficient
as the reference compound to scavenge free radicals through
the SET mechanism, by donating one electron. The sub-set of
polyphenols that are predicted to be less efficient than querce-
tin, through this process, are: 1, 2, 6, 11, 12, 13, 15, 16, 18,
and 26. The order of reactivity for those compounds that are
predicted to donate one electron to free radicals easier than
4is:25>22>23~19~29~=8~10>30~=3 (Figure 5) It
seems important to notice that the ability to donate fractional
or full charge is not the same within this series. Therefore those
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Table 3. Chemical descriptors: ionization energies (IE, eV), electron
affinities (EA, eV), electroaccepting power (w*, eV), and electrodo-
nating power (@, eV).

IE EA w" w"
1 7.706 0.619 4.969 0.807
2 7.796 0.629 5.030 0.817
3 7.324 0.710 4.861 0.844
4 7.527 0.580 4.826 0.772
5 7.561 0.531 4.791 0.745
6 7.610 0.619 4916 0.801
7 7.568 0.438 4.695 0.692
8 7.274 0.729 4.856 0.855
9 7.375 0.605 4.770 0.780
10 7.290 0.856 5.016 0.944
11 7.777 -0.114 4.270 0.438
12 7.840 -0.178 4.247 0.416
13 7.712 -0.121 4227 0.431
14 7.354 0.041 4.176 0.478
15 7.838 0.421 4.827 0.698
16 8.009 0.446 4.950 0.722
17 7.584 0.307 4.567 0.621
18 7.620 0.202 4.481 0.570
19 7.263 0.341 4.422 0.620
20 7.493 —-0.487 3.789 0.285
21 7.372 —-0.585 3.641 0.248
22 7.121 0.142 4.141 0.510
23 7.256 0.730 4.847 0.854
24 7.400 0.534 4.705 0.738
25 7.086 0.361 4.343 0.620
26 7.859 0.552 4.980 0.774
27 7.542 1.022 5.360 1.079
28 7.513 0.295 4514 0.611
29 7.265 0.652 4.762 0.803
30 7.319 0.641 4.780 0.800

compounds forming the stronger complexes are not necessarily
those more prompt to donate one electron, and therefore for
deactivating free radicals this way. Through this mechanism
piceatannol (25) and resveratrol (22) are predicted to be the
most active ones. This suggests that stilbenes are particularly
good for scavenging free radicals by SET, when the transfer
takes place from the antioxidant to the radical, which is the
most common case. Additionally, the number of OH in ring B
of stilbenes seems to potentiate this activity.

Regarding the SET mechanism in the opposite direction,
i.e. with the electron transfer from the radical to the antioxidant,
the proper chemical descriptor is the £4. As shown in Figure
6, most of the studied polyphenols have lower values of E4
than quercetin, i.e. they have lower activity than the reference
compound to deactivate free radicals that would be involved
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Fig. 6. Electron affinities (EA) of the studied phenols, relative to that
of 4 (quercetin).

in the SET mechanism by donating one electron. The EA of
polyphenols 1, 2, 5, 6, 9, 24, 26, 29, and 30 were found to be
similar to that of quercetin, while only a few were found to
have higher EA than that of 4. The order of reactivity of those
compounds that are predicted to accept one electron from free
radicals easier than 4 was found to be: 27 >> 10 > 23 =~ 8§ =
3. In the case of E£A there is a general agreement between the
finding trend and that of @*. According to the presented results
for SET reactions with radicals like the superoxide anion (O,™)
gallangin (27) is the best free radicals scavenger, followed by
rhamnazin (10). Moreover, these results also indicate that most
polyphenols would not deactivate free radicals by SET from the
radicals to the scavenger. According to this finding, compounds
27 and 10 may deserve further investigations.

A map, simultaneously showing the electrodonating ca-
pability of the studied compounds and their lowest O-H bond
dissociation energies, has been constructed (Figure 7) for all the
studied polyphenols relative to quercetin. To obtain a conve-
nient scale we have defined the relative descriptors as:

IE (i)

RIE = I (10)
repE - BPEG) (11)
BDE (4)

IE and BDE values are directly related to the SET (from the
polyphenol to the radical) and to the HT mechanisms, respec-
tively. Therefore this map allows easy and direct comparison of
the scavenging activity of the studied compounds, when react-
ing with electrophilic radicals (for example hydroxyl, alkoxyl,
and peroxyl radicals). It is important to remember that these
are the two main mechanisms involved in the reactions of
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Fig. 7. lonization energies vs. vs. O-H bond dissociation energies of
the studied polyphenols, relative to quercetin.

polyphenols with free radicals, and therefore in their scaveng-
ing activity for the above mentioned radicals.

The species located in quadrant III are predicted to be bet-
ter than quercetin both trough SET (from the polyphenol) and
HT, since they have lower IE and lower BDE. The species in
quadrant I are worse for both electron and H transfer. Those
in quadrant II are better for H transfer but worse for electron
transfer, and those in quadrant IV are better for electron trans-
fer but worse for H transfer. Accordingly picceatanol (25) has
been identified as the best scavenger for electrophilic radicals,
followed by gallocatechin (21) and syringetin (24). It seems to
be an important finding since the most damaging, and the most
common, free radicals in living organisms are electrophiles
and these three polyphenols are not among the most studied
polyphenols. Special attention should be paid to piceatannol.
This stilbene, which is found in rhubarb, berries, peanuts, sugar
cane, wine and the skins of grapes [35]; and is also a metabolite
of resveratrol [36], has received less attention than other poly-
phenols. For example while quercetin and resveratrol appear
in the title of more than 3000 articles, according to Scopus,
piceatannol only appears 91 times. According to the results
from the present work it is expected to be an exceptionally good
scavenger of ‘OH, RO’, and ROO" radicals.

A second map, simultaneously showing the electron-ac-
cepting capability of the studied compounds and the O-H bond
dissociation energies is shown in Figure 8. It has been con-
structed for all the studied polyphenols relative to quercetin
using:

EA(i)

T EA(4) (12)

This map is relevant to the reactions with the SET process
taking place from the radical to the polyphenol, for example
those involving the superoxide radical anion. In this case the
compounds in quadrant II are the best scavengers since they
have higher EA and lower BDE. Those in quadrant I are better
for SET (from the radical) but worse for HT, while those in
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Fig. 8. Electron affinities vs. O-H bond dissociation energies of the
studied polyphenols, relative to quercetin.

quadrant III are better for HT but worse for SET. Compounds
in quadrant IV are predicted to be worse than quercetin for both
mechanisms. To deactivate nucleophilic radicals through SET,
galangin (27) was found to be the best of the studied polyphe-
nols. However through HT it is not expected to be particularly
good. Myricetin (6) is the only polyphenol that is predicted to
be a better scavenger than quercetin trough both HT and SET
mechanisms. Therefore it is identified as the best scavenger,
among the studied series, for scavenging O,"", and other nu-
cleophilic radicals. Moreover, due to its low BDE it is expected
to be a very good scavenge, through HT, of any free radical. Its
low BDE arises from the pirogallol moiety, since the two OH
groups in sites 3’ and 5°, allow a significant stabilization of the
radical formed in site 4’ by H bond interactions.

Conclusions

The electrodonating and the electroaccepting capabilities, as
well as the O-H bond dissociation energies of thirty poly-
phenols have been evaluated, at PBE0/6-31+G(d,p) level of
theory. The relative reactivity of the studied compounds has
been assigned by comparisons with quercetin, due to its well
recognized free radical scavenging activity.

For fractional charge transfer processes the electrodonating
and the electronaccepting powers were used. Based on these
descriptors it was found that among the studied compounds,
gallocatechin (21) and catechin (20) should form particularly
strong complexes with electrophilic agents, while gallangin
(27) is particularly good for interactions with nucleophiles.

O-H bond dissociation energies have been used to estimate
the H transfer capability. The order of reactivity, thorough
this mechanism of reaction is predicted to be: myricetin (6)
>> piceatannol (25) > gallocatechin (21) = syringetin (24) >
kaempferol (5) = quercetin (4). The higher capacity of myric-
etin for H transfer has been rationalized based on the presence
of the pyrogallol group.

Adriana Pérez-Gonzélez et al.

Ionization energies have been used to investigate the ac-
tivity of the studied phenols for deactivating electrophilic free
radicals through SET (from the phenol to the radical). The order
of reactivity is predicted to be: piceatannol (25) > resveratrol
(22) > laricitrin (23) = glycitein (19) = azaleatin (29) = isorh-
amnetin (8) =~ rhamnazin (10) > gossypetin (30) = kaempferide
(3)> quercetin (4).

Electron affinities were used to investigate the activity of
the studied phenols for deactivating nucleophilic free radicals
through SET. The order of reactivity of those compounds that
are predicted to accept one electron from free radicals easier
than quercetin (4) was found to be: gallangin (27) >> rhamnazin
(10) > laricitrin (23) = isorhamnetin (8) = kaempferide (3).

According to all the gathered data picceatanol (25) has
been identified as the best scavenger for electrophilic radicals
("OH, RO’, ROO"), followed by gallocatechin (21) and syringe-
tin (24). On the other hand myricetin (6) was identified as the
best scavenger, among the studied series, for scavenging O,™,
and other nucleophilic radicals.

Acknowledgements

The authors thank Laboratorio de Visualizacion y Computo
Paralelo at UAM-Iztapalapa for the access to its computer fa-
cilities. A. P.-G.; J. R. L.-C., and A. M. R.-Z. acknowledge
CONACyT for Doctoral fellowships. This work was partially
supported by project SEP-CONACyT 167491.

References

1. Sayre, L. M.; Perry, G.; Smith, M. A. Chem. Res. Toxicol. 2008,
21, 172-188.

2. (a) Boyd, N. F.; McGuire, V. Free Rad. Biol. Med. 1991, 10, 185-
190. (b) Nelson, R. L. Free Rad. Biol. Med. 1992, 12, 161-168. (c)
Knekt, P.; Reunanen, A.; Takkunen, H.; Aromaa, A.; Heliovaara,
M.; Hakuunen, T. Int. J. Cancer 1994, 56, 379-382. (d) Omenn,
G. S.; Goodman, G. E.; Thornquist, M. D. N. Engl. J. Med. 1996,
334, 1150-1155.

3. (a) Riemersma, R. A.; Wood, D. A.; Macintyre, C. C. A.; Elton, R.
A.; Gey, K. F.; Oliver, M. F. Lancet 1991, 337, 1-5. (b) Salonen,
J. T.; Nyyssoner, K.; Korpela, H.; Tuomilehto, J.; Seppanen, R.;
Salonen, R. Circulation 1992, 86, 803-811. (c) Street, D. A.; Com-
stock, G.; Salkeldy, R.; Klag, M. Circulation 1994, 90, 1154-1161.
(d) Kushi, L. H.; Folsom, A. R.; Prineas, R. J.; Mink, P. J.; Wu, Y.;
Bostick, R. N. Engl. J. Med. 1996, 334, 1156-1162. (e) Stephens,
N. G.; Parsons, A.; Schofield, P. M.; Kelly, F.; Cheesman, K.;
Mitchisnon, M. I.; Brown, M. J. Lancet 1996, 347, 781-786.

4. (a) Panasenko, O. M.; Nova, T. V.; Azizova, O. A.; Vladimirov,
Y. A.; Free Rad. Biol. Med. 1991, 10, 137-148. (b) Steinberg, D
Circulation 1991, 84, 1421-1425. (c¢) Janero, D. R. Free Rad. Biol.
Med. 1991, 11, 129-144. (d) Hodis, H. N.; Mack, W. J.; LaBree,
L.; Cashin-Hemphill, L.; Sevanian, A.; Johnson, R.; Azen, S. J.
Am. Med. Asoc. 1995, 273, 1849-1854.

5. (a) Butterfield, D. A.; Hensley, K.; Harris, M.; Mattson, M.; Car-
ney, J. Biochem. Biophys. Res. Commun. 1994, 200, 710-715. (b)
Hensley, K.; Carney, J. M.; Mattson, M. P.; Aksenova, M.; Harris,
M.; Wu, J. F.; Floyd, R. A.; Butterfield, D. A. Proc. Natl. Acad.
Sci. USA 1994, 91, 3270-3274. (c) Butterfield, D. A.; Martin, L.;



Reactivity Indexes and O-H Bond Dissociation Energies of a Large Series of Polyphenols: Implications for their Free Radical

10.

11.

12

14.

15.

16

18.

19.

20.

21.

Carney, J. M.; Hensley, K. Life Sci. 1996, 58, 217-228. (d) But-
terfield, D. A. Chem. Res. Toxicol. 1997, 10, 495-506. (e) Fay, D.
S.; Fluet, A.; Johnson, C. J.; Link, C. D. J. Neurochem. 1998, 71,
1616-1625.

. Perron, N. R.; Brumaghim, J. L. Cell. Biochem. Biophys. 2009, 53,
75-100.
. (a) Renaud, S.; de Lorgeril, M. Lancet 1992, 339, 1523-1526. (b)

Morton, L. W.; Caccetta, R. A. A.; Puddey, 1. B.; Croft, K. D. Clin.
Exp. Pharmacol. P. 2000, 27, 152-159. (¢) Corder, R., Mullen, W.,
Khan, K.Q., Marks, S.C., Wood, E.G., Carrier, M.J., Crozier, A.
Nature 2006, 444, 566. (d) Manach, C., Mazur, A., Scalbert, A.
Curr. Opin. Lipidol. 2005, 16, 77-84.

. (a) Saito, M.; Hosoyama, H.; Ariga, T. J. Agric. Food Chem. 1998,

46, 1460-1464. (b) Jiang, F.; Dusting, G.J. Curr. Vasc. Pharmacol.
2003, 7, 135-156.

. Sokmen, M.; Serkedjieva, J.; Daferera, D.; Gulluce, M.; Polissiou,

M.; Tepe, B.; Akpulat, H. A.; Sahin, F.; Sokmen, A. J. Agric. Food
Chem. 2004, 52, 3309-3312.

(a) Stavric, B. Food Chem. Toxicol. 1994, 32, 79-90. (b) Brown,
D.M,, Kelly, G.E., Husband, A.J. Mol. Biotechnol. 2005, 30, 253-
270.

(a) Ramassamy, C. Eur. J. Pharmacol. 2006, 545, 51-64. (b)
Hamaguchi, T.; Ono, K.; Murase, A.; Yamada, M. Am. J. Pathol.
2009, 175, 2557-2565.

. Hsu, S. J. Am. Acad. Dermatol. 2005, 52, 1049-1059.
. Cornwell, T., Cohick, W., Raskin, 1. Phytochemistry 2004, 65,

995-1016.

(a) Rice-Evans, C.A.; Miller, N.J.; Bolwell, P.G.; Bramley, P.M.;
Pridham, J.B. Free Rad. Res. 1995, 22, 375-383. (b) Cook, N. C.;
Samman, S. J. Nutr. Biochem. 1996, 7, 66-76. (c) Rice-Evans, C.;
Miller, N. J.; Paganga, G. Free Rad. Biol. Med. 1996, 20, 933-956.
(d) Cao, G.; Sofic, E.; Prior, R. L. Free Radic. Biol. Med. 1997,
22, 749-760. (¢) Kahkonen, M. P.; Hopia, A. 1.; Vuorela, H. J.;
Rauha, J. P.; Pihlaja, K.; Kujala, T. S.; Heinonen, M. J. Agric.
Food Chem. 1999, 47, 3954-3962. (f) Lemanska, K.; Szymusiak,
H.; Tyrakowsla, B.; Zielinski, R.; Soffers, A. E. M.; Rietens, I. M.
C. M. Free Radic. Biol. Med. 2001, 31, 869-881. (g) Materska,
M.; Perucka, 1. J. Agric. Food Chem. 2005, 53, 1750-1756. (h)
Fernandez-Panchon, M.S.; Villano, D.; Troncoso, A.M.; Garcia-
Parrilla, M.C. Crit. Rev. Food Sci. 2008, 48, 649-671.

Elsevier, “Scopus Citation Index”, http://www.scopus.com (con-
sulted September 12,201 1. Query: TITLE-ABS-KEY (polyphenols)
AND (antiox* OR scaveng*) )

. Bowry, V. W.; Ingold, K. U. Acc. Chem. Res. 1999, 32, 27-34.
17.

Burton, G. W.; Ingold, K. U. Acc. Chem. Res. 1986, 19, 3778-
3782.

Wright, J. S.; Johnson, E. R.; DiLabio, G. A. J. Am. Chem. Soc.
2001, 723, 1173-1183.

Snelgrove, D. W.; Lusztyk, J.; Banks, J. T.; Mulder, P.; Ingold, K.
U. J. Am. Chem. Soc. 2001, 123, 469-477.

Mario, C.; Foti, M. C.; Ross, L.; Barclay, C.; Ingold, K. U. J. Am.
Chem. Soc. 2002, 124, 12881-12888.

Jimenez, A.; Selga, A.; Torres, J. L.; Julia, L. Org. Lett. 2004, 6,
4583-4586.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

249

. Caruso, F.; Tanski, J.; Villegas-Estrada, A.; Rossi, M. J. Agric.
Food Chem. 2004, 52, 7279-7285.

Thavasi, V.; Bettens, R. P. A.; Leong, L. P. J. Phys. Chem. A 2009,
113, 3068-3077.

Neshchadin, D.; Levinn, R.; Gescheidt, G.; Batchelor, S. N. Chem.
Eur. J. 2010, 16, 7008-7016.

Leopoldini, M.; Russo, N.; Toscano, M. Food Chem. 2011, 125,
288-306.

Torres, J. L.; Varela, B.; Brillas, E.; Julia, L. Chem. Comm. 2003,
74-75.

Janeiro, P.; Brett, A. M. O. Anal. Chim. Acta 2004, 518, 109-
115

Galano, A.; Vargas, R.; Martinez, A. Phys. Chem. Chem. Phys.
2010, 72, 193-200.

Sueishi, Y.; Hori, M.; Kita, M.; Kotake, Y. Food Chem. 2011, 129,
866-870.

Gazquez, J. L.; Cedillo, A.; Vela, A. J. Phys. Chem. 42007, 111,
1966-1970.

Gazquez, J. L. J. Mex. Chem. Soc. 2008, 52, 3-10.

Gaussian 09, Revision A.08, Frisch, M. J., Trucks, G. W., Schle-
gel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., Scalm-
ani, G., Barone, V., Mennucci, B., Petersson, G. A., Nakatsuji, H.,
Caricato, M., Li, X., Hratchian, H. P., Izmaylov, A. F., Bloino, J.,
Zheng, G., Sonnenberg, J. L., Hada, M., Ehara, M., Toyota, K.,
Fukuda, R., Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y.,
Kitao, O., Nakai, H., Vreven, T., Montgomery, Jr., J. A., Peralta, J.
E., Ogliaro, F., Bearpark, M., Heyd, J. J., Brothers, E., Kudin, K.
N., Staroverov, V. N., Kobayashi, R., Normand, J., Raghavachari,
K., Rendell, A., Burant, J. C. Iyengar, S. S. Tomasi, J. Cossi, M.
Rega, Millam, N. J., Klene, M. Knox, J. E., Cross, J. B., Bak-
ken, V., Adamo, C., Jaramillo, J., Gomperts, R. E. Stratmann,
0. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. Martin, R. L., Morokuma, K., Zakrzewski, V. G., Voth, G.
A., Salvador, P., Dannenberg, J. J., Dapprich, S., Daniels, A. D.,
Farkas, O., Foresman, J. B., Ortiz, J. V., Cioslowski, J., and Fox,
D. J., Gaussian, Inc., Wallingford CT, 2009.

(a) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996,
77, 3865-3868. (b) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys.
Rev. Lett. 1997, 78, 1396. (¢) Adamo, C.; Barone, V. J. Chem.
Phys. 1999, 110, 6158-6169.

See for example: (a) Boots, A. W.; Haenen, G. R. M. M.; Bast,
A. Eur. J. Pharmacol. 2008, 585, 325-337. (b) Chiodo, S. G.;
Leopoldini, M.; Russo, N.; Toscano, M. Phys. Chem. Chem. Phys.
2010, 12, 7662-7670. (c) Sokolova, R.; Degano, I.; Ramesova,
S.; Bulickova, J.; Hromadova, M.; Gal, M.; Fiedler, J.; Valasek,
M. Electrochim. Acta 2011, 56, 7421-7427. (d) Ishisaka, A.; Ichi-
kawa, S.; Sakakibara, H.; Piskula, M. K.; Nakamura, T.; Kato, Y ;
Ito, M.; Miyamoto, K.-i.; Tsuji, A.; Kawai, Y.; Terao, J. Free Rad.
Biol. Med. 2011, 51, 1329-1336.

Kwon, G. T.; Jung, J. L; Song, H. R.; Woo, E. Y.; Jun, J. G.; Kim,
J. K.; Her, S.; Park, J. H. Y. J. Nutr. Biochem. 2011, in press,
DOI:10.1016/j.jnutbio.2010.11.019.

Piver, B.; Fer, M.; Vitrac, X.; Merillon, J. M.; Dreano, Y .; Berthou,
F.; Lucas, D. Biochem. Pharmacol. 2004, 68, 773-882.



