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In this work, we have carried out a quantum chemistry and computational kinetics study on the reactivity

of six natural polyphenolic compounds found in soy and soybean products, towards two peroxyl free
radicals (OOH and "OOCH3), in aqueous and lipid simulated biological environments. We have
considered two reaction mechanisms: hydrogen transfer (HT) and single electron transfer (SET). Rate

constants and relative branching ratios for the different paths contributing to the overall reaction, at
298.15 K, are reported. In water media, the equol (EQL) reacts faster with ‘OOH radicals, followed by 8-
hydroxiglycitein (8-HGLY) and genistein (GEN). Regarding the ‘OOCHj radicals, we found that 8-
HGLY is more effective than EQL. The total HT rate constants are smaller than the SET ones for all the
studied compounds. In water, the presence of the 4-piranone ring decreases the reactivity but increases the

acidity which favours deprotonation, which in turn increases capability of oxidizing via electron lost. In
lipid environment, due to the unfeasibility of deprotonation, the studied polyphenols are poor
antioxidants. The results were compared against similar polyphenolic antioxidants such as resveratrol

previously reported in the literature.

Introduction

Soy as many other vegetables contains phytochemicals' that are
assumed to have health benefits due to the presence of
polyphenolic compounds such as isoflavones and their
metabolites.”” There are many biological activities associated
with the isoflavones, including reduction in osteoporosis,
cardiovascular disease, and prevention of cancer and for the
treatment of menopause symptoms. Recent data indicate that the
protective effect of polyphenols may extend beyond their
antioxidant activity, as they can protect biological molecules
against damage caused by free radicals.®"'

The two main functions of the antioxidants are to inhibit
oxidation and to stop an oxidation chain reaction.' It is crucial to
perform a study of the antioxidant activity, the mechanisms and
the radical-molecule reaction kinetics."* Tt is important to mention
that risk factors produce the generation of reactive oxygen
species and these can be endogenous or exogenous.'* These
species attack cellular components, thus contributing to metabolic
alterations which can result in diseases.'™ ' Some studies have
proven that soy ingestion reduces the risk of different types of
cancer and heart disease.'” '®

The chemical structure of isoflavonoid compounds has a
diphenylpyran (C6-C3-C6'") skeleton that consists of two phenyl
rings (A and B) linked through a pyran ring (C) (see Scheme 1)."

ss greater antioxidant capacity than its parent isoflavonoi

Ring A is condensed with C, the binding of the B ring at position
3 with the ring C generates the isoflavone nucleus.

45 Some of the polyphenolic compounds found in soy and soybean

products are isoflavonoid-type compounds: genistein (GEN),
daidzein  (DAI), glycitein (GLY), equol (EQL), 6-
hydroxidaidzein (6-HDAI) and 8-hydroxiglycitein (8-HGLY).
Their chemical structures are presented in Figure 2. Although

so these compounds have the same skeleton, their antioxidant

activity is probably related to the amount and relative position of
the hydroxyl groups, therefore it is expected that different
molecular structures will have different antioxidant activity.

Equol is a reduced metabolite of daidzein and as such is expected
4.2021

Figure 1. Chemical structure of the Isoflavonoid skeleton and numbering
scheme.
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Figure 2. Chemical structures of the studied polyphenolic compounds.

The primary antioxidant activity is related to the capacity of a
certain molecule to sacrifice itself by becoming oxidized instead
of an important biological target. Thus, the most common role of
an antioxidant is to scavenge free radicals, and thus preventing
their attack. From a chemical point of view, the analysis of these
processes is related to the study of the mechanisms involved, and
the rate of these reactions will be a measure of the antioxidant
capacity. However, from an experimental point of view it is very
difficult and costly to perform such a study, because it implies
performing many experiments with highly purified natural
compounds, which are relatively expensive. The alternative is to
use plant extracts, but in this case it is not possible to identify
from all the polyphenolic compounds which ones are in fact
responsible for the overall antioxidant activity, nor can they be
ranked. On the other hand, the experimental determination of the
reaction rates of free radicals involved in oxidative stress in the
organism is a very difficult task. Water radiolysis is the most
common experimental procedure to generate "OH free radicals.
However, these radicals are so reactive that they react practically
with any organic molecule at diffusion controlled rates, and
therefore almost any molecule acts as an antioxidant. It is true
that the "OH radical is responsible for most of the damage in the
living organism; however, when it is formed, it will damages the
neighbour molecules. In this way, one of the roles of the
antioxidants is to capture the radicals that could lead to the OH
radicals formation

In this work, we have carried out a quantum chemistry and
computational kinetics study on the reactivity of six natural
poliphenolic compounds (GEN, DAI, EQL, GLY, 6-HDAI, 8-
HGLY) found in soy and soybean products, towards two peroxyl
free radicals (OOH and ‘'OOCH3;), in aqueous and lipid media.
We have considered two reaction mechanisms: i) hydrogen
transfer (HT) and ii) single electron transfer (SET). Rate
constants and relative branching ratios for the different channels
contributing to the overall reaction, at 298.15 K, are reported.

40

75

80

Equol

Computational Methodology

All Geometry optimizations and frequency calculations have
been carried out using the M05-2X functional”® and the 6-
311++G(d,p) basis set. All electronic calculations were
performed with Gaussian 09 software.”® Unrestricted calculations
were used for open shell systems. Local minima and transition
states were identified by the number of imaginary frequencies:
local minima have only real frequencies, while transition states
are identified by the presence of a single imaginary frequency
that corresponds to the expected motion along the reaction
coordinate. When necessary, IRC calculations were performed to
confirm that the transition states properly connect with the
intended reactants and products. Relative energies are calculated
with respect to the sum of the separated reactants. Zero-point
energies (ZPE) and thermal corrections to enthalpy and Gibbs
energy at 298.15 K are included in the determination of energy
barriers. Since the environment plays a vital role in biochemical
phenomena, it is essential to take into account its effect in the
description of biomolecular systems and their properties.
Moreover, it is important to know the conditions affecting the
antioxidant activity, since it does not depend exclusively of the
structure, but also the polarity of the medium in which the
reaction takes place.**” Furthermore, the molar fractions of the
neutral and charged species at physiological pH must be taken
into consideration, as they may affect the calculation of the
overall rate constants. All structures involved in the studied
reaction pathways are fully optimized in the solvent.

Solvent effects are introduced with the SMD continuum model*®
using water and pentylethanoate as solvents, in order to mimic
different cellular environments. Liquid phase effects on entropy
loss have been included according to the corrections proposed by
Okuno,” taking into account the free volume theory.*® These
corrections are in good agreement with those independently
obtained by Ardura e al*' and have been successfully used by
other authors.*? In this work, the expression used to correct the
Gibbs free energy is:

AGEY, = AGY), — RT{In[n10%"72] — (n — 1)} D
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where n represents the molecularity of the reaction. According to
expression (1), the entropy loss effects in solution cause 4G to
decrease by 2.54 kcal/mol for bimolecular reactions, at 298.15 K.
This correction is important because the packing effects of the
solvent reduce the entropy loss associated with any chemical
reaction whose molecularity is equal or larger than two when
compared with gas phase results. The rate constants (k) were
calculated using the Conventional Transition State Theory
(TST)**3 and 1 M standard state

kgT
k = ok——

e—(AG"*)/RT )
where kz and h are the Boltzmann and Planck constants
respectively; AG” is the Gibbs free energy of activation; o
represents the reaction path degeneracy, counting the number of
equivalent reaction paths; and this has relevance in the tunneling
corrections. The latter are defined as the Boltzmann average of
the ratio of the quantum and the classical probabilities, and they
were calculated using the zero-curvature tunneling (ZCT)
method.* It has been reported that tunneling contributions are
significant in the kinetics of antioxidant molecules containing a
catechol group, when undergoing H-abstraction reactions.>’** For
the mechanisms involving SET, the Marcus theory was used.***’
It relies on the transition state formalism, defining the SET
activation barrier (AGgy) in terms of two thermodynamic
parameters, the free energy of reaction (AGZzr)

A DG\
AGE = Z<1 = 3

and the nuclear reorganization energy (1) has been calculated as:
A = AEspr — AGsOET 4

where AEspr has been calculated as the non-adiabatic energy
difference between reactants and vertical products. Some of the
calculated rate constants (k) are close to the diffusion-limit.
Accordingly, the apparent rate constant (k) cannot be directly
obtained from TST calculations. In the present work the Collins—
Kimball*! theory is used to include the corresponding corrections
calculated as:.

kpk
kapp = Wtk 5)

where k is the thermal rate constant, obtained from TST
calculations, and kp is the steady-state Smoluchowski® rate
constant for an irreversible bimolecular diffusion-controlled
reaction:

kD = 4'7[RDABNA (6)

where R denotes the reaction distance, N, is the Avogadro
number, and D, is the mutual diffusion coefficient of the
reactants A (free radical) and B (polyphenol). D, and Dg*3 have
been estimated from the Stokes—Einstein approach**:

by

=

o

S

o

kgT
D=—2
6nna

)

In this equation (7) it is taken into account the Boltzmann
constant (kg), the temperature (7), the viscosity of the solvent (#)
in our case water (5 = 8.91 x 10™ Pa.s) and pentylethanoate (i =
8.62x10 Pa.s); and the radius of the solute (a).

The branching ratios of the different reaction channels, which
represent the percent of their contribution to the total reaction,
have been calculated as:

kpath

Lyatn = x 100 (10)

overall

where 7 represents each independent channel.

The methodology used in this work has been previously proven to

- : .45
accurately reproduce experimental rate constants in solution .

In recent publication.*® It has been proposed that the transition
states corresponding to the H abstraction from the hydroxyl group
in phenols by ‘OOCHj; are affected by multireference effects.
These findings may lead to the conclusion that H transfers from
OH groups, linked to 7 electron systems, to oxygenated radicals;
present multireference character. However, we previously tested
several real phenolic antioxidants (canolol*’ and esculetin®®)
which are more reactive and present much earlier transition
states. They do not present significant multireference character
according to the T1 diagnostic. We are assuming that the
polyphenols studied here do not present multireference character
either.

Results and Discussion

First, we have optimized the structures of the studied polyphenols
in water and lipid environments. In a second step, we have
studied the mechanisms and kinetics of the reactions between
these compounds and the ‘'OOH and "OOCH; radicals.

The optimized more stable structures of the studied polyphenols
in water environment are depicted in Figure 3. It is important to

70 mention that the geometric parameters don’t change with the

media.
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Figure 3. Optimized more stable structures of the studied polyphenolic
compounds, in water.

o

These structures are not planar, and therefore the electronic
effects from the ring B to A and viceversa are hindered. This
effect is more perceptible in EQL, because the carbon atom which
links the rings B and C is saturated, so rings A and B are
“isolated” and they are almost perpendicular to each other, while
10 the dihedral angle between B and C rings is about 121°. In the
DAI, GLY, GEN, 6-HDAI and 8-HGLY structures, the B ring
interacts with the oxygen atom of the C=O group, whereas the
EQL structure do not present this interaction.

1s In water, molar fractions of the neutral and deprotonated species
for each studied compound were estimated from its two acid
constant values (pKas) at physiological pH. The acid constant
values used in this work for the studied compounds at pH=7.4, in
water, are reported in Table 1. In this Table, the reported pKa

20 values found in the literature were averaged, while values that
have not been reported in the literature were calculated through
isodesmic or relative methods®. It is noteworthy that in the case
of 8-HGLY and 6-HDAI compounds, the acid constant values of
their closely related compounds GLY and DAI, respectively, was

25 considered as references.

Table 1. Acid constant values (pKas) for the studied compounds
at pH=7.4, in water.

Compound pKa, pKa, Ref.

DAI 7.40 9.64 50,51,50

GLY 7.25¢ 9.98 51

EQL 9.84 - 50

Error!

GEN 7.25 9.68 Bookmark not
defined.,52,53

6-HDAI 7.40° 9.64° -

8-HGLY 7.25¢ 9.98¢ -

calculated.

It can be observed (Table 1) that the value of the first pKa of the
GEN, GLY and 8-HGLY is of 7.25 and for DAI and 6-HDAI is
7.40, while the EQL presents a first pKa value of 9.84, much
higher than the other polyphenols. This effect occurs because in
35 the isoflavonoids structures the C=O is an electroattractor group
that compensates the negative charge of the anion at position 7-
OH, stabilizing them, and at the same time decreasing the pKa.
However, in the EQL structure lacks the C=O group, and
therefore, this effect does not exist. For the EQL, the value of its
40 first pKa is close to the second pKa of DAI, whose structure is

very similar to the EQL one, except the C=0O group. Thus, for all
compounds except EQL, the deprotonation of 7-OH position
generates the most stable anionic structure, and the second
deprotonation occurs at the 4'-OH position, while for EQL, the
45 deprotonation of 4'-OH position generates the most stable anionic
structure.
Calculated molar fractions corresponding to the neutral and
deprotonated species for all the studied polyphenols at pH=7.4, in
water, are presented in Table 2. In this Table, the neutral species
so are denoted as Hpisof, and the monoanion and dianion
deprotonated species are denoted as H,_;isof” and
H,_,isof 2™, respectively (n = 2 for DAI, GLY and EQL, and n
=3 for GEN, 6-HDAI and 8-HGLY).
It can be observed (Table 2) that, in general, the molar fraction of
ss the neutral species are approximately equal to the molar fraction
of the monoanionic species and the molar fractions of the
dianionic species are very low, except for EQL, that exists mainly
in its neutral form (0.996%), and its deprotonated monoanionic
form represents only 0.004%.

60

Table 2. Molar fractions of the studied compounds at pH=7.4, in

Page 4 of 15

water.
Compound Hyisof Hy,_qisof ™ Hp_jisof %™
DAI 0.498 0.498 0.002
GLY 0.414 0.585 0.001
EQL 0.996 0.004 -
GEN 0.414 0.583 0.003
6-HDAI 0.498 0.498 0.002
8-HGLY 0.414 0.585 0.001

s Taking into consideration that in aqueous solution at

physiological pH the studied polyphenols exist in both neutral

and anionic forms, in this work we have studied the reactions of

all these species towards the two proposed peroxyl radicals.

As mentioned before, in order to quantify the antioxidant capacity
70 of the studied polyphenols, we have considered two reaction

mechanisms:

i) hydrogen transfer (HT):

HOOR

(Aqueous or Lipid)

Hyisof H, _iisof

*OOR
HOOR

H, jisof~ (Aqueous)

H,_qisof~
*OOR

HOOR

H,_sisof?~  (Aqueous)

H,_jisof?”
*O0OR

and ii) single electron transfer (SET):

4 | Journal Name, [year], [vol], 00—00
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‘OOR HOOR

Hyisof Hyisof* H,_,isof
*O0OR “‘O0OR
OOR HOOR
H,_qisof~ H,_qisof H, _jisof~
*O0OR ‘OOR
OOR HOOR
H,_jisof?" H,_jisof~ H,_sisof?"

*O0OR OOR

In aqueous media, both hydrogen atom transfer (HT) and single
electron transfer (SET) from neutral and anionic forms were
studied for each one of the polyphenols against the hydro- and
methyl-peroxyl free radicals. The depotonation followed by SET
is known as Sequential Proton Loss Electron Transfer (SPLET) if
the phenol loses two protons the mechanism could be named
SAPLET (Sequential double Proton Loss Electron Transfer). The
two latter correspond to Single Electron Transfer (SET) processes
from the mono- and di- anions, respectively. The SPLET
mechanism was first proposed by Litwinienko and Ingold for the
reactions of substituted phenols with the DPPH radical **>” The
SAPLET mechanism is a particular case of SPLET which
becomes important for phenolic acids because they present more

15 than one acid/base sites. In lipid media, only the hydrogen atom
transfer from the neutral species was considered, due to the lack
of acid-base equilibrium which enables the ionic species. Finally,
we have calculated the individual and total reaction rate constants
for the studied mechanisms.

20
Hydrogen Transfer (HT) in water

From a simple visual inspection of the chemical structures of the
studied polyphenols, it can be observed that DAI, GLY and EQL
compounds have two abstractable Hydrogen atoms at the 7 -OH
25 and 4'-OH sites, while GEN, 6-HDAI and 8-HGLY have 3
abstractable Hydrogen atoms.
In what follows, the thermochemical feasibility of the different
HT reaction channels for each one of the studied compounds was
investigated first, since it determines the viability of chemical
30 processes. Thus, we have calculated the relative Gibbs free
energies of reaction for all the possible HT pathways, for the
neutral and deprotonated species reacting with ‘OOH and
‘OO0CHj; radicals, in water at 298.15 K, are they are presented in
Table 3.

Table 3. Gibbs free energies of the HT reaction channels towards "OOH and "OOCH; radicals (in kcal/mol) for the neutral and

deprotonated species, in water at 298.15 K.

Hpisof | Hp_gisof~ | Hy_pisof? Hpisof | Hp_gisof~ | Hy_pisof?
Compound Channel - -
AG ('OOH) AG (‘'OOCH3)
7-OH 6.78 7.31
DAI
4'-OH -0.16 -0.75 0.37 -0.22
7-OH 5.39 6.36
GLY
4’-OH 0.36 1.33 1.33 0.59
4-OH 0.84 0.13
EQL
7-OH -1.57 -1.96 -0.6 -0.99
7-OH 8.05 9.02
GEN 4'(OH 8.49 -0.6 9.46 0.37
5-OH 0.19 6.7 3.43 1.16 7.67 4.4
7-OH 0.73 1.7
6-HDAI 4’-OH -0.22 -0.97 0.75 0.002
6-OH -2.09 -6.25 -6.41 -1.12 -5.28 -5.44
7-OH -3.7 -2.74
8-HGLY 4'-OH -0.73 3.51 0.24 4.48
8-OH -3.32 -13.45 -13.98 -2.36 -12.48 -13.01

40

45

A brief inspection of the values presented in Table 3, reveals that
the most reactive channel appears to be the H abstraction from
the 8-OH site in the neutral, monoanion and dianion 8-HGLY
molecule, and the same behavior is observed for both radicals. A
reasonable explanation is that 8-OH is situated in ortho position
to O-R electron donor group and meta to electron acceptor
carbonyl group.

The evaluation of the reaction free energies against each of the
free radicals, reveals that, in general, the Hydrogen abstraction
from the 7-OH position of the neutral species is not favoured
(with reaction energies up to 5 kcal/mol), except in the case of
EQL and 8-HGLY. For 8-HGLY, the 7-OH hydroxyl is activated

so by the -OCH; group of the 6 site and the 8-OH group, and thus,
its corresponding reactivity increases. The position 8-OH is in
meta position to O-R electron donor group and in para position to
carbonyl, electron-withdrawing group, i.e the action of both
groups are concerted to minimize the H atom abstraction.

ss These processes are slightly exergonic with respect to the ‘OOH
with the exception of the GLY and GEN, while the reactions of
EQL, 6-HDAI and 8-HGLY are exergonic, and therefore,
thermodynamically feasible. Against ‘OOCH; the HT are slightly
endergonic for DAL, GLY and GEN, and exergonic for EQL, 6-

o HDAI and 8-HGLY. Regarding the deprotonated species, the
reactions of GLY monoanion and GEN dianion with both radicals

This journal is © The Royal Society of Chemistry [year]
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are exergonic, while for EQL and GEN, only the reactions with
‘OOH radicals are slightly exergonic.
Gathering the results in Table 3, it is expected that the 8-HGLY
compound, in its neutral and deprotonated forms, is the most
s reactive compound towards both free radicals, followed by the 6-
HDAI compound. In addition, for these two compounds, it can be
observed that the relative Gibbs free energies of the HT reactions
involving dianionic species are slightly more exergonic than the
HT reactions involving monoanions, and the latter are much more
10 exergonic than the ones involving neutral species.
It has been reported in previous publication the relevance of the
transition state calculations of all the possible channels and not
just the channels that are the more exergonic, this is because in
some cases the thermodynamics is dominated by the kinetics
15 when the reaction presents a low activation energy. Thus, in this
work, all the HT channels were considered and added in order to
obtain the total rate coefficient.
Next, we have identified the transition structures corresponding
to all the HT channels. Transition structures (TS) for the HT

20 channels in the neutral species + ‘OOH reactions are shown in
Figure 3.
Regarding the reactivity of the different OH groups in the neutral
polyphenols, it can be expected that the OH groups that are
involved in intramolecular H bonds will be less reactive than the

25 free ones. This is the case of the 6-HDAI molecule, where the 6-
OH and 7-OH form a H bond, and therefore, it is expected that
their reactivity will be lower than the 7-OH site in the DAI
molecule, where no H bond are present. The same occurs in the
GLY and 8-HGLY structures, where the presence of H bonding

30 between the 7-OH and the -OCH; group at the position 6 could
cause a decrease in the reactivity of 7-OH. In GEN structure, the
5-OH group forms a H bond with the =0, and therefore, for this
site is expected a low reactivity.

35

1 ,2()4’

s
Tagigny

20,0

. B

DAI ))) ) s J O, 9 )‘Q"«J (" )
2D ¥ G @ s
7 (OH) 4'(OH)
GLY
EQL
GEN
6-HDAI .r" 2 9%
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Figure 4. Transition structures (TS) for the HT channels in the neutral species + ‘OOH reactions.

The values of activation barriers (AG" and AH?), tunneling
corrections (k), rate constants (k) and branching ratios (I') for the
relevant HT channels in the neutral species reactions towards
‘OOH and ‘OOCH; radicals are reported in Table 4. We have not
included the reaction channels that represents less than 0.5% of
the total reaction.

Table 4. Gibbs free energy of activation (AG™), in kcal/mol, tunneling corrections (x), rate constants (k), in M.s™', and relative branching
ratios (I') for the HT channels of neutral species (H,isof) with 'OOH and ‘OOCHj radicals, in water at 298.15 K

Hyisof Channel AG” AH? K k r k total
‘OOH

DAI 4-OH 21.83 10.34 757.6 3.44x 10 99.9 3.44x 10

GLY 4'-OH 20.16 8.14 247.4 1.88 x 10? 97.0 188 x 10°
7-OH 2097 8.78 296 574x 10 3.0 X

BOL 7-OH 19.61 9.39 908.6 1.75 x 10° 96.0 175 5 10°

. X

4-OH 21.06 9.79 440.1 7.33x 10 4.0

GEN 4'-OH 21.54 10.42 594.5 437 x 10" 100.0 437x 10
6-OH 19.92 8.65 280.9 3.20 x 10? 76.1

6-HDAI 4-OH 21.09 10.08 613.9 9.71 x 10 23.1 4.17x10°
7-OH 24.04 12.09 3352.7 3.65x10 0.8
8-OH 19.07 7.65 93.5 4.47x10° 55.4

8-HGLY 7-OH 19.70 8.22 112.1 1.86 x 10? 23.0 8.07 x 10
4-OH 21.11 10.40 1143.1 1.74 x 107 21.6

"OOCH,

DAI 4'-OH 22.26 10.54 715.0 1.57 x 10 99.9 1.57 x 10

GLY 4'-OH 21.19 8.13 434.6 5.81x 10" 98.4 S81x 10!
7-OH 21.42 8.20 7.0 9.41x 10" 1.6 oL

BOL 7-OH 20.59 9.41 2237.5 8.23 x 10? 76.1 108 x 10°

. X

4'-OH 2091 9.55 1201.6 2.58 x 10? 23.9

GEN 4'-OH 2225 10.44 2414.5 5.37x 10! 100.0 5.37 x 10!
6-OH 19.70 7.57 2495 4.12 x 10° 63.3

6-HDAI 4-OH 21.32 10.02 2190.8 2.35x 107 36.1 6.47 x 10?
7-OH 23.43 11.35 1353.9 4.13x 10 0.6
8-OH 18.84 6.40 93.2 6.58 x 10? 61.6

8-HGLY 7-OH 19.40 7.06 114.1 3.13 x 10? 29.3 6.58 x 107
4'-OH 21.90 10.30 2404.8 9.70x 10" 9.1

S

The calculated individual rate constants show that the faster HT
reactions, with respect to both radicals, are the EQL 7-OH,
followed by 8-HGLY 8-OH and 6-HDAI 6-OH. The EQL 7-OH
is more than 2 times faster with ‘OOH radicals, while 8-HGLY 8-
OH and 6-HDAI 6-OH are slightly faster with "OOCHj radicals.

In some cases, tunneling correction is very large, in agreement
with the calculated large imaginary frequencies, an indication of a
high and narrow barrier. This is typical of a relatively large O---

25 H---O barrier due to hydrogen bonds present in the entrance and
exit complexes.

This journal is © The Royal Society of Chemistry [year]
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The branching ratios of the viable reaction channels, which
represent the percent of their contribution to the overall reaction,
show that the 'OOH and ‘OOCHj; scavenging activity of the
isoflavonoids takes place predominantly in the 4°-OH position for
DAI, GLY, GEN. This behavior is similar to the one presented in
Resveratrol.*® We found that in the EQL, 6-HDAI and 8-HGLY,
the abstractions at the positions 7, 6, and 8 of the A ring are
predominant. The driving distances in the transition states were
found to be much closer to reactants that to the products, and
therefore they can be considered early transition states even the
corresponding reactions are not very exothermic.

The transition structures (TS) for the HT channels in the
monoanionic deprotonated species + ‘OOH reactions are shown

15 Gibbs free energy of activation (AG”) and enthalpy of activation
(AH?), rate constants (k) and relative branching ratios (I') for the
HT channels of monoanionic deprotonated species (Hy,_qisof ™)
with 'OOH and ‘OOCH; radicals, in water at 298.15 K, are

presented in Table 5.

20 Among the monoanion species (H,_iisof ), the 8-HGLY is the
most reactive one towards both radicals, and the calculated

reaction rate constant are practically equal in both cases. The

second reactive compound is the 6-HDAI, with a rate constant
approximately one order of magnitude smaller than that of 8-

»s HGLY, followed by EQL.

in Figure 5.

030
@ 9
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R e e I s
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Figure 5. Transition structures (TS) for the HT channels in the monoanionic (H,_

,isof ™) deprotonated species + ‘OOH reactions.

Table 5. Gibbs free energy of activation (AG?) and enthalpy of activation (AH?), in kcal/mol, tunneling corrections (x), rate constants (k),
in M5, and relative branching ratios (T') for the HT channels of monoanion deprotonated species (H,_,isof ) with "OOH and
‘O0OCHj radicals, in water at 298.15 K.
H,_qisof~ ‘ Channel AG” AH? K k r
‘OOH

DAI 4'-OH 21.37 9.85 720.1 7.10 x 10" 100

GLY 4'-OH 20.33 8.12 283.4 1.62 x 10° 100

EQL 7-OH 19.55 9.40 905.9 1.94 x 10° 100

GEN 4'-OH 21.34 10.10 608.3 6.36 x 10" 100
6-HDAI 6-OH 17.71 6.59 522.2 2.48 x 10* 99.8
8-HGLY 8-OH 14.35 2.88 15.2 2.10x 10° 100

‘O0CH;

DAI 4'-OH 21.90 10.05 685.0 1.76 x 10" 100

GLY 4'-OH 20.95 7.97 641.2 1.29 x 10° 100

EQL 7-OH 20.63 9.26 2569.3 8.82 x 107 100

8 | Journal Name, [year], [vol], 00—00
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GEN 4'-OH 21.69 9.93 2961.8 1.46 x 10° 100
6-HDAI 6-OH 17.42 547 226.5 1.76 x 10* 98.2
8-HGLY 8-OH 13.34 1.13 2.8 2.13x10° 100

The transition structures (TS) for the HT channels in the
dianionic deprotonated species + ‘OOH reactions are shown in
Figure 6. Gibbs free energy of activation (AG?) and enthalpy of
activation (AH?), rate constants (k) and relative branching ratios
(') for the HT channels of monoanionic deprotonated species

[

(Hp_zisof?7) with "OOH and "‘OOCH; radicals, in water at
298.15 K, are presented in Table 6.

10 For the dianion species reactions, the tendency is the same

20

towards both radicals. Among the three dianions, the 8-HGLY
dianion is the most reactive one, followed by 6-HDAI. GEN

reacts very slowly with both radicals, due to the fact that its only
available position, 5-OH, is deactivated because it is located in
15 ortho position with respect to the carbonyl group, and is not
activated by the phenoxide anion for being located in meta
position to it.

Table 6. Gibbs free energy of activation (AG”) and enthalpy of activation (AH”), in kcal/mol, tunneling corrections (k), rate constants (k),
in M5, and relative branching ratios (I') for the HT channels of dianion deprotonated species (Hy,_,isof2~) with “OOH and "OOCH;
radicals, in water at 298.15 K.
Hi,_isof?~ | Channel | At | A | x | k S
‘OOH
GEN 5-OH 27.51 17.01 36,081 1.1x10" 100
6-HDAI 6-OH 17.86 6.51 659.8 2.5x 10 99.8
8-HGLY 8-OH 14.48 2.68 13.6 1.5x10° 100
‘'OOCH;
GEN 5-OH 27.81 17.02 17,731 33x107 100
6-HDAI 6-OH 17.16 5.33 224.5 2.7 x 10* 98.2
8-HGLY 8-OH 13.47 0.88 2.1 1.3x10° 100
Single electron transfer (SET) in water
‘Jj 0 g (SET)
Jl" : ‘/‘ ~ ‘J Y 30 In water solution we have studied also the possibility of single
GEN D J) ’ : : electron transfer (SET) mechanism. In order to provide a more
, 2 ‘ v J‘ 9 accurate description of the solvent environment, we have used
31971093 two explicit water molecules besides the solvent model SMD, in
5.0H the peroxyl radical species and their corresponding anions
35 calculations. It is important to include this correction because the
9 SMD model does not consider the short distances in hydrogen
g = */. (’ bonds, due to the interactions between anions and the solvent.
6-HDAI H(’J 9 ; ‘ The experimental value for the hydroperoxyl anion Gibbs free
1.027./‘ J/‘ mJ energy of solvation reported by Pliego ef al.*® is -97.7 kcal/mol,
9 (&) ol 40 while the calculated value using SMD model without explicit
6-OH water molecules is of -91.6 kcal/mol, which means that it is
underestimated by 6.1 kcal/mol.
'1.48Il = We have calculated the Gibbs free energies of the SET reaction
‘o channels for the neutral and deprotonated species reacting with
.‘J/‘ y ‘) 45 'OOH and ‘'OOCH; radicals, in water at 298.15 K, and they are
8-HGLY * ; reported in Table 7.
0

4 "’ Table 7. Gibbs free energies of the SET reaction channels (in
3, ? 09 S
Iy 9 kcal/mol) for the neutral and deprotonated species, in water at
8-OH 298.15 K.
Compound | Hypisof | Hy_jisof~ | Hy_,isof?™
. . for th hannels i the dianioni AG (OOH)
F I-llgur? 6. "Eandsmon struc;ures (.TS)+ ocr) (t) :I HT C. annels in the dianionic DAI 27.68 12.63 134
25 (H,_,isof *7) deprotonated species reactions. GLY 217 786 110

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00—00 | 9
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EQL 30.41 -1.65 —
GEN 2831 14.39 -0.90
6-HDAI 32.43 10.23 -1.32
8-HGLY 31.02 436 -1.65
AG (OOCH,)

DAI 25.19 10.13 3.84
GLY 19.67 5.36 3.59
EQL 27.92 -5.01 —

GEN 25.81 11.89 3.39
6-HDAI 29.93 7.73 -3.82
8-HGLY 28.53 1.87 415

The calculated values of the relative Gibbs free energies for the
SET process involving neutral species are very endergonic, and
these values vary between 32.43 and 22.17 kcal/mol. The values
corresponding to the ‘OOCH; SET reactions are approximately 3
kcal/mol below the ones involving ‘'OOH radicals. For the
monoanion deprotonated species, the results presented in Table 7
suggest that the SET reactions are neither thermodynamically

o

viable in most cases, except for EQL monoanion. Nevertheless
10 all the SET reactions involving dianion species are exergonic.
The tendency is the same for both radicals, but it can be observed
that the SET reactions involving ‘OOCH; radicals are more
exergonic than the reactions involving "OOH radicals.
We have calculated the reaction rate constants for all the neutral
15 and deprotonated species, because the reaction products are
relatively reactive species that can undergo competing reverse
reaction transformation, for example deprotonation via acid base
equilibria. In some cases we have calculated them to show that
when they are endergonic by more than five kcal/mol, they are
20 not fast enough for competing with parallel reactions such as
SPLET (first deprotonation followed by SET reaction) competing
reactions. Gibbs free energies of activation (AG?) and enthalpy of
activation (AG”), the reorganization energy (1) and apparent rate
constants (k) in the SET reactions of neutral and deprotonated
25 species of the polyphenol compounds with ‘OOH and ‘OOCHj;
radicals, in water at 298.15 K are reported in Table 8.

Table 8. Gibbs free energies of activation (AG”) and enthalpy of activation (AG?), in kcal/mol, reorganization energy (1) and apparent
rate constants (kypp), in M5, in the SET reactions of neutral and deprotonated species with ‘OOH and "OOCH; radicals, in water at
298.15 K.
Hyisof H,_qisof~ H,_jisof?~
Compound
| oAt | Fapp A AG |k v | ac | Fapp
"OOH
DAI 30.8 | 27.76 2.76x10% 26.9 14.52 1.40 x 10° 27.88 6.31 1.43x 10
GLY 32 30.43 3.06x 1070 28.9 11.7 1.66 x 10* 27.70 6.39 1.27x 108
EQL 314 | 2285 1.10x 10™ 27.8 6.15 1.90 x 10 - - -
GEN 30.4 28.34 1.04x10% 27.5 15.96 1.25x 10! 27.7 6.48 1.11 x 10
6-HDAI 313 32.44 1.03x 10 28.8 13.21 1.28x10° 27.8 6.31 1.43 x 10
8-HGLY 313 31.02 1.12x 107 293 9.67 5.06x 10° 283 6.27 1.54 x 10
"O0CH;
DAI 236 | 2521 2.04x10° 19.7 11.3 3.22x 10 20.70 3.43 5.57x 10°
GLY 248 | 28.01 1.81x10% 21.7 8.45 3.96 x 10° 20.52 3.49 5.45x 10°
EQL 243 19.89 1.63 x 107 21.4 3.15 6.34x 10° - - -
GEN 232 | 2588 6.58x 10”7 20.3 12.77 2.70x 10° 20.5 3.57 5.25x 10°
6-HDAI 242 30.28 3.95x 107 21.6 9.96 3.13x 10° 20.7 3.43 5.60 x 10°
8-HGLY 24.1 28.74 5.35x10” 22.1 6.51 1.06 x 10 21.1 3.41 5.70 x 10°

For the neutral species, the Gibbs free energy of activation for the
30 SET reactions are relatively high, and as a consequence, the
corresponding reactions are very slow. It can be observed that the
activation barriers decreases for the monoanions with respect to
the neutral species, and once again decreases for the dianions
with respect to the monoanions. In the same way, the apparent
35 rate constants increases as the activation barriers decreases. In all
cases, the SET reactions involving the ‘OOCH; radical are more
than two orders of magnitude faster than the corresponding ones
involving "'OOH radicals. Among the monoanion species, the
EQL is the most reactive one, with apparent reaction rate
w0 constants of 1.90 x 10°* and 6.34 x 10° M'\:s™ towards "OOH and

‘O0CHj; radicals, respectively, followed by 8-HGLY monoanion.
For dianions, we found that the apparent rate constant values are
relatively high, and in some cases are close to diffusion
controlled for both radicals. Therefore, even that the molar

45 fractions of dianions are very low at physiological pH, it is
expected that the reactivity of these species dominates the overall
rate constants. Among the dianion species, 8-HGLY is the most
reactive towards both radicals, and their SET reactions are almost
as fast as for the EQL monoanion.

so In the SET process, the reactivity of the monoanionic and
dianionic deprotonated species appears to be influenced by some
structural factors i.e. the presence of the metoxy group in GLY

10 | Journal Name, [year], [vol], 00—00
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and 8-HGLY increase the rate coefficient compared with other
isoflavones. The metabolite EQL has a C ring with an electron-
donor character. GEN is the slowest. Probably the most
interesting fact from table 8 is that deprotonation of ring B
produces a phenoxy anion that in all cases is stabilized by ring C
acting as electron donor “substituent” therefore that can easily
donate an electron to a peroxyl radicals. Thus, these anions are
excellent antioxidants and the little influence of different
structures of rings A and C does not influence their reactivity, so
differences in absolute rate constants depends only on the nature
of the reacting free radical. The apparent rate constant however
will depend on the molar fractions of the dianions.

by

Analyzing the overall rate coefficients, it can be observed that the
overall reactivity with respect to OOH radicals is as follows: EQL

3> 8-HGLY > GEN > 6-HDAI > DAI >GLY. Regarding the

OOCH; radical, the overall reactivity decrease according to: 8-
HGLY > EQL > GEN > 6-HDAI > DAI > GLY. For all the
studied polyphenols, the calculated overall rate constants
(koverqn) in water environment are faster for the reactions
involving ‘'OOCHj; radicals compared with the corresponding
ones involving ‘OOH radicals. Thus, we can safely conclude that
‘OOCH; radicals react faster with isoflavones than the ‘OOH
radicals in aqueous media.

There are many other important inferences that can be drawn

40 from table 9. One of them is that in water solution the reaction via
SET mechanism always occur faster than the HT corresponding
reactions, and this tendency is more pronounced for OOCHj;
radical.

Overall rate constants in water

In water, the total rate constant for the HT and SET mechanisms
for each compound were calculated according to:

o

The calculated overall apparent rate constants presented in Table
45 9 allows us to make some important deductions concerning the
structure-activity relationship of the studied polyphenols. All the
studied compounds with the exception of EQL share the 4-
piranone structure as ring C. This group has one ether group and
one carbonyl group that has opposite effects on basicity and H
Total rate constants for HT and SET reactions towards ‘OOH and s atom donor capacities. In the EQL structure, the main difference
is that the carbonyl group is missing. The effect of this carbonyl
can be therefore easily evaluated comparing the properties of
EQL with the rest of the studied compounds. The carbonyl group
is a relatively strong electron-withdrawing group that enhances
the acidity of position 7-OH and therefore all compounds except
EQL, have pKas close to 7. EQL is the less acid, and, at the same
time, the 7-OH position of the neutral EQL is better H atom
donor of all neutral studied compounds. On the other hand, if we
compare the reactivity of positions 7(OH) and 6(OH) of neutral
0 6-HDAI with previously studied catechols® their reactivity is
significantly lower. Therefore we can safely conclude that, in
aqueous environment, 4-piranone ring has an overall deactivation
(electron-withdrawing) effect which is an important finding since

o : HT isof~ J HT isof2~ 1.HT
A e R S

isof?~

kSET — pisof kfg}}"’ pisof_ kSET + pisofz— kSET

total isof~ isof?”

‘'OOCHj; radicals, their branching ratios and overall rate

constants, in M s, in water, are presented in Table 9. The
20 overall rate constants have been estimated by summing up the

total rate coefficients calculated for all the HT and SET

competing mechanisms. This approach implies that, once the

system engages a specific channel, it proceeds to completion,

independently of the other pathways; i.e., there is no mixing or
25 crossover between different pathways.

[
b

Table 9. Total rate constants for HT and SET reactions
towards ‘'OOH and ‘OOCHj; radicals, and overall rate
constants, in M™L.s™!, in water.

Compound | kip,q o kistal % Koverau it is present in many naturally occurring polyphenols. On the
‘O0H os other hand, the presence of the 4-piranone ring increases the
N S S acidity of the polyphenolic compound, and as a consequence, the
DAI >-25x107] 0.0 |2.86x 10" 100.0 | 2.86 x 10 resulting phenoxide anion is better Hydrogen atom or electron
GLY 8.50x 10> 0.7 [ 1.37x10° | 99.3 | 1.38x 10° donor.
EQL 1.79x 10°| 0.3 |7.60x 10°| 99.7 | 7.62x 10°
1 5 5 7
GEN 5.70 x 104 0.0 [3.33x 105 100.0|3.33 x 105 Hydrogen transfer (HT) in pentylethanoate
6-HDAI 1.26x 10" | 44 [2.87x10°| 95.6 |3.00x 10
SHGLY 1123x10°12151450%x10°| 785 15.73x 10° As for the reactions taking place in water media, we have verify

the thermochemical feasibility of the different HT reaction
channels for each compound, in lipid environment. Thus, we have

‘OOCH;

DAI 1.66x10'] 0.0 [1.12x107[100.0|1.12 x 10’ 75 calculated the reaction relative Gibbs free energies of all the

GLY 999x10'] 0.0 |7.77x10°1 100.017.77 x 10° possible HT for the neutral species reacting with 'OOH and
: 3 . . - . . - ‘OOCH; radicals in pentylethanoate. In a second step, we have

EQL 1.08x 10| 0.0 |2.54x107]100.0 | 2.54 x 10 calculated the reaction rate constants for these reactions.

GEN 1.09x10%| 0.0 | 1.58 x 107 | 100.0 | 1.58 x 10’ For all the HT channels, the geometrical features of the stationary

6-HDAI 931x10°] 0.0 |1.14x1071100.0(1.14 x 107 80 struc.tures. along the .reaction coordinate are similar to the 01.1es

SHGLY 1125x10°1 02 l677x107| 998 | 6.78 x 107 obtained in water. Gibbs free energy values of the HT reaction

channels (in kcal/mol) for the neutral species, in pentylethanoate
at 298.15 K, are presented in Table 10.
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Table 10. Gibbs free energies of the HT reaction channels (in

kcal/mol) of the neutral species reacting with ‘'OOH and

‘OOCHj; radicals, in pentylethanoate at 298.15 K.

H,isof Channel AG ('OOH) AG ('OOCH;)

7-OH 6.75 8.64

DAI 4'-OH 0.75 2.64
7-OH 0.69 2.58

GLY 4'-OH 1.10 2.99
7-OH 4.93 6.82

EQL 4'-OH 0.67 2.56
7-OH 9.19 11.08

GEN 5-OH 15.90 17.79
4'-OH 1.44 3.33
7-OH 0.17 2.06

6-HDAI 6-OH -2.53 -0.64
4'-OH 0.73 2.62
7-OH -1.97 -0.08

8-HGLY §-OH -1.82 0.07
4'-OH 0.93 2.82

[

As it can be seen from results presented in Table 10, the HT
pathways in pentylethanoate are more endergonic than the
corresponding ones in water media, that means a less favorable
processes compared to the ones in polar media described before.
It is expected that a non-polar media, like pentylethanoate, makes
more difficult the hydrogen abstraction from an -OH group.

Thus, in most cases, the Gibbs free energies values of the HT
reaction channels for the neutral species reacting with ‘'OOH and

1

2

2

3

o 'OOCHj; radicals are endergonic. For the reactions involving
‘OOH radicals, only the 6(OH) channel in 6-HDAI, and 7-OH
and 8-OH channels in 8-HGLY, the values are exergonic. For the
reactions involving ‘OOCHj; radicals, only 6-OH channel in 6-
HDAI and 7-OH channel in 8-HGLY, the values are slightly
exergonic.

In a second step, we have identified the transition structures

@

corresponding to all the HT channels. For each compound, we
have calculated the Gibbs free energy of activation (AG”) and the
enthalpy of activation (AH”) of the HT reaction channels. We
have considered all the channels that considerably contribute to
the total rate constant, even that these pathways were endergonic,

S

and therefore thermodynamically disfavoured. Corresponding
branching ratios have been calculated as described in the
computational methodology section.

Gibbs free energy of activation (AG”) and the enthalpy of
activation (AH?), rate constants (k), tunneling corrections (x),
relative branching ratios (I') for the relevant HT reaction channels
of neutral compounds with the studied peroxyl free radicals, in
pentylethanoate at 298.15 K, are presented in Table 11. Overall
rate constants for the reactions between the studied polyphenols
and the two peroxyl radicals in pentylethanoate are calculated by
summing up the individual rate constants of the HT channels, and
they are also reported in Table 11. Since in this case rates are
much slower than diffusion, no diffusion correction need to be
s applied.

G

S
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Table 11. Gibbs free energy of activation (AG) and the enthalpy of activation (AH?), in kcal/mol, rate constants (k), in M™'s, tunneling
corrections (x) and relative branching ratios (I') for the HT reaction channels of neutral species with ‘'OOH and ‘OOCH; radicals, in

pentylethanoate at 298.15 K.

Hyisof Channel AG” AH? K k | r | k overall
‘OOH
DAI 4'-OH 20.37 9.32 81.70 436 x 10" 99.6 436x 10
GLY 4'-OH 19.25 9.48 70.30 2.49 x 10° 99.9 2.49x 10°
EoL 7-OH 19.91 9.23 116.57 1.35x 107 73.7 L83 102
. X
4'-OH 20.24 9.36 72.50 4.82 x 10" 26.3
GEN 4'-OH 21.20 10.10 92.30 1.21x 10! 99.9 1.21 x 10
6-OH 19.40 7.89 60.91 1.67 x 107 82.1 5
6-HDAI - 2.02x 10
4'-OH 20.48 9.45 79.47 3.52x 10 17.3
7-OH 20.00 8.12 226.56 9.64 x 10 69.2
8-HGLY 4'-OH 20.77 8.90 62.78 2.67x 10 19.2 1.39 x 102
8-OH 19.83 8.45 37.96 1.62 x 10' 11.6
"OOCH,
DAI 4'-OH 21.58 9.69 134.00 0.93 x 10 99.9 0.93 x 10"
GLY 4'-OH 21.19 10.00 171.80 2.30x 10 99.8 2.30x 10
BOL 7-OH 21.08 9.86 152.11 6.47x 10" 55.1 17 10°
4'-OH 20.35 9.75 123.77 527 x 10 449 SR
GEN 4'-OH 22.69 10.43 151.60 0.16 x 10" 99.9 0.16 x 10
6-OH 19.76 6.41 71.89 1.07 x 107 95.2 5
6-HDAI - 1.12x 10
4'-OH 21.98 9.96 151.18 0.53x 10 47
8-HGLY 8-OH 19.79 19.79 58.09 8.25x 10! 53.8 1.53 x 102

12 | Journal Name, [year], [vol], 00—00
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7-OH 20.23 8.10

97.62 6.60 x 10" 43.0

4'-OH 22.06 22.06

160.90

0.49 x 10" 3.2

o
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When we evaluate the branching ratios for the HT channels in
pentylethanoate, we found that the tendency for the -OH sites
reactivity is the same that in aqueous media, except for the 8-
HGLY in the presence of the ‘'OOH radical, when we can
appreciate that the preferred HT reaction channel is the 7-OH
over 8-OH (see Table 11).

In all cases, the calculated rate constants are around two orders of
magnitude slower in comparison with the reported ones in polar
media (water), which means that the studied polyphenolic
compounds are relatively poor antioxidants in lipid media.

Taking into account the overall rate constants, it can be stated
that, in pentylethanoate, the most reactive compound towards
‘OOH free radicals is GLY, while with ‘OOCHj; radicals, 8-
HGLY reacts faster.

Conclusions

In this work, we have carried out a quantum chemistry and
computational kinetics study on the reactivity of six natural
polyphenolic compounds found in soy and soybean products,
towards ‘OOH and ‘OOCHj; radicals, in aqueous and lipid
simulated biological environments.

The relative reactivity of the radical changes depending on the
mechanism. The ‘OOH radical is usually more reactive that
‘OOCH; via HT which is in agreement with the inductive effect
of CH; group which compensate the electron deficiency of .O-O
moiety. On the other hand, the reaction with ‘OOCH; radical is
faster than with 'OOH when it occurs via SET mechanisms. It is
in agreement with the fact that ‘'OOCHj; anion needs less for the
stabilization of the solvent and therefore favors the SET
mechanism.

Thus, all the studied polyphenolic compounds and particularly 8-
HGLY and EQL molecules, act as very efficient peroxyl radical
scavengers in aqueous media. Moreover, the anionic species of 6-
HDALI and 8-HGLY are as good antioxidants via HT mechanism
as resveratrol’™® which exists mainly in its neutral form at
physiological pH. However in lipid environment, due to
unfeasibility of deprotonation, the studied polyphenols are poor
antioxidants. The SET mechanism from anionic and dianionic
species in strongly dependent on the solvent, therefore a change
of solvent would dramatically change the outcome. For example
in methanol the barriers are expected to increase proportionally to
the pKa increments, usually more than 5 kcal/mol.

In water media, the presence of the 4-piranone ring decreases the
reactivity but increases the acidity which favours deprotonation,
which in turn increases capability of oxidizing via electron lost.
One of the most exciting results from this work is that,
extrapolating these results, we can predict that hydroxylated
derivatives of EQL analogues, 8-HGLY or 6-HDAI are expected
to be excellent antioxidants in both lipid and aqueous media.

In lipid environment studied polyphenols are predicted to react
slower than Trolox (k=3.4x10> M )% which is frequently
used as an antioxidant reference. However all of them are

80 T

predicted to react faster than Trolox (8.96 x 10* M s1).¢' in

ss aqueous media.

In conclusion, this work provides new data on the global
reactivity of soybean polyphenols towards endogenous peroxyl
free radicals under oxidative stress conditions. In particular, it
gives information on their oxidation pathways and predicts the

0 proportion of the formed products in two types of model

biological environment.
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Excellent antioxidants via SPLET in aqueous solution, moderate antioxidants via HAT in lipid
medium.



