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Natural polyphenols are known to exhibit a lot of different biological properties, including antioxidant activity.
For some polyphenols these activities are attributed to the presence of a guaiacol moiety. In the present paper
we focus on the role of this moiety. For this purpose nine different compounds were enzymatically synthesized
from guaiacol. To elucidate the structure—activity relationship of these polyphenols, DFT-(PCM)B3P86/6-
311+G(2d,3pd)//(PCM)B3P86/6-31+G(d,p) calculations supported the experimental DPPH free radical
scavenging activities. The antioxidant activities were correlated to (i) O—H BDEs (bond dissociation enthalpies),
(i) BDEp (BDE of a second H atom abstraction from the phenoxyradicals), (iii) spin density, (iv) HOMO
(highest occupied molecular orbital) distribution, (v) IPs (ionization potentials), (vi) AG and AG* free energies
of HAT (H atom transfer), and (vii) HAT rate constants. BDE, appeared to be the most important descriptor
to understand the free radical scavenging ability of these compounds.

Introduction

Polyphenols including phenolic acids, flavonoids, lignans,
procyanidins, and tannins constitute an important group of
natural compounds. The large chemical structure variety of these
compounds allows a range of chemical properties and thus
numerous different biological activities.! In particular they are
antioxidants (i.e., free radical scavengers, membrane lipid
peroxidation inhibitors, oxidative enzyme inhibitors, metal
chelators, ...).>~* Most of them are phytonutrients since they
are found in food (e.g., fruit, vegetables, wines, teas, and olive
and argan oils).’ It is now well-admitted that their antioxidant
properties are largely attributed to the OH group capacity to
donate a hydrogen atom. This property is crucial to explain the
polyphenol capacity to scavenge ROS (reactive oxygen species),
implicated in different diseases (e.g., cardiovascular diseases,
cancers, ...).3

In addition to the experimental studies,> ™ theoretical investiga-
tions based on quantum chemical calculations have managed, over
the past 10 years, to establish the structure—antioxidant activity
relationship of different series of polyphenolic compounds.®~2! The
use of DFT (density functional theory) has become very popular
since it successfully describes the H atom abstraction capacity
of OH phenolic groups. In conclusion to all those different
studies, it appears that the catechol moiety present in quercetin,'>'®
catechin,®? luteolin,'"!® nor-dehydrosilybin,'® etc., strongly
participates in the free radical scavenging capacity of flavonoids
and other derivatives. The 3-OH group existing in flavonols (e.g.,
quercetin, myricetin, morin, kampferol) also partly contributes
to the overall free radical action.!®!® The role of the guaiacyl
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moiety (i.e., 0-OH,OCH; group) (Figure 1) has only been
theoretically discussed in a few studies.!® However, this group
is present in numerous active and well-known compounds
including silybin.”* These compounds are biologically active,
and those activities are often correlated with their capacity to
scavenge free radicals. Thus even if the guaiacyl moiety does
not confer to polyphenols the best free radical scavenging
capacity as H donors, this group seems to significantly parti-
cipate in the biological activities of some polyphenols.

The present paper is a joint experimental and theoretical study
dealing with the role of this moiety. This study was based on a
series of nine compounds all containing the guaiacyl moiety
since they are dimers, trimers, and tetramers of guaiacol (2-
methoxyphenol) (Figure 1). Guaiacol is isolated from the gaiac
resin.?® It is the main constituent of creosote obtained from wood
tar (mainly beech).?* Guaiacol and other derivatives are used
as external antiseptics, gastric sedatives, flavorings, deodorants,
and parasiticides. Methoxyphenols are used as antioxidants for
plastics and rubbers.

In order to understand, elucidate, and predict the free radical
scavenging properties of that series of compounds DFT calcula-
tions have been carried out in the gas phase and in the presence
of a solvent (using a polarizable continuum model (PCM)). The
capacity of H atom transfer (HAT) from each OH group was
estimated by the calculation of BDEs (bond dissociation
enthalpy). The capacity for electron transfer (ET) was estimated
by the ionization potential (IP). The phenoxy radicals, formed
after the loss of one H atom, were also studied according to (i)
their electron spin density distribution and (ii) their capacity to
lose a second H atom. The results of these calculations were
compared to the experimental DPPH (2,2-diphenyl-1-picryl-
hydrazyl)-free-radical scavenging capacity, which was measured
by electron paramagnetic resonance (EPR). The thermodynamic
and kinetic scheme of the free radical scavenging was theoreti-
cally established for DPPH and ROO" peroxy radicals (involved
in lipid peroxidation). This was discussed to explain the general
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Figure 1. Chemical structures of the different synthesized guaiacol oligomers.

capacity of these compounds to scavenge ROS (reactive oxygen
species) and to understand the role of the guaiacyl moiety.

Material and Methods

Enzymatic Synthesis of Compounds 1 to 9. Compounds 1
to 9 (1, 3,3’-dimethoxy-1,1’-biphenyl-4,4’"-diol; 2, 3,3’-dimethoxy-
1,1”-biphenyl-2,4’-diol; 3, 3,3’-dimethoxy-1,1’-biphenyl-2,2’-
diol; 4, 3’-methoxy-1’-(methoxyphenoxy)phenol; 5, 3,5",3”-
trimethoxy-1,1"; 3’,1”-terphenyl-4,6",4”-triol; 6, 3,5’,3”-trimethoxy-
1,17;3’,1”-terphenyl-2,6’,4”-triol; 7, 3,3”-dimethoxy-1,1";3",1"-
terphenyl-4,5",6",4”-tetraol; 8, 3,5",5”,3"”-tetramethoxy-1,1";3’,
17;3”,1""-tetraphenyl-2,6’,6” ,4""-tetraol; 9, 3,5",5”,3""-tet-
ramethoxy-1,1%3",17;3”,1"-tetraphenyl-4,6",6” ,4""-tetraol) were
synthesized according to a method derived from that previously
described by K. E. Simmons et al.?® Guaiacol (4 mM) was
enzymatically oxidized by horseradish peroxidase (2 U/mL) in
a citrate—phosphate buffer (pH 5.5) containing hydrogen
peroxide (2 mM). The reaction was achieved at room temper-
ature for 30 min. Enzyme activity was stopped by acidification
of the reaction mixture with acetic acid. Separation was
performed by MPLC, using three successive different systems:

(i) C-18 column (LiChroprep RP-18, 18—25 um diameter, 15
x 230 mm) using methanol/water (60:40 to 90:10, 3 mL/min,
600 mL) as the eluant, (ii) silica gel column (Polygoprep 20—60
um diameter, 15 x 230 mm) using n-hexane/ethyl acetate as
the mobile phase (70:30 to 0:100, 3 mL/min., 500 mL), and
(iii) C-18 column using methanol/water (50:50 to 90:10, 3 mL/
min., 550 mL) as the eluant. Purification was achieved on a
Sephadex LH-20 column (15 x 600 mm) with methanol as the
eluant.

NMR analyses are reported in the Supporting Information
and confirmed the molecular structures of compounds 1 to 9
(Figure 1).

DPPH Free Radical Scavenging Capacity. Because of its
paramagnetic properties, DPPH exhibits a characteristic ESR
(electron spin resonance) signal. The ESR spectra were obtained
with a Bruker model ESP300E spectrometer, using microsam-
pling pipets at room temperature under the following conditions:
100 kHz modulation frequency, 9.78 GHz microwave frequency,
2mW microwave power, 1.97 modulation amplitude, and 10.24
ms time constant. The ESR spectra were recorded 3 min after
sample preparation.
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Mixtures that contained 50 uL. of compound, dissolved in
methanol at different concentrations, and 50 4L of DPPH
ethanol solution (5 x 107*M) were tested. Inhibition was
calculated as follows

inhibition = [ref—compound]/[ref—bg]

where ref and compound are the values of the double integrals
for the ESR spectrum of the reference (DPPH + solvent) and
the tested solution (DPPH + solvent + compound), respectively;
bg represents the background signal (solvent). Each datum is
the result of the average of three, independent, measurements.
The IC50 value was calculated from the inhibition = f{concen-
tration) curves.

Theoretical Methodology. Phenolic compounds (ArOH) may
scavenge free radical (R") mainly through two different mech-
anisms, HAT or ET:

HAT mechanism

ArOH + R* — ArO° + RH (1)

ET mechanism

ArOH + R°— ArOH"” + R™ — ArO°+ RH  (2)

The former is a spontaneous H atom abstraction from the
phenolic hydroxyl groups to the free radical. In this mechanism,
the O—H bond rupture is homolytic and the capacity of this
mechanism is essentially driven by the BDE physicochemical
parameter. BDEs were calculated for each OH group as the
difference between the [ArO" + H'] and the ArOH enthalpies.
The lower the BDE, the easier the O—H bond rupture and the
more important its role in the antioxidant reactivity. BDE is an
intrinsic parameter that helps to estimate the intrinsic capacity
of the compound to lose one H atom. Nonetheless reaction 1
also depends on the R" radical reactivity and we also calculated
AGHAT (HAT-reaction-Gibbs energy). To be active on a given
R’ radical, the reaction must exhibit a negative AGHAT, so that
reaction 1 is thermodynamically favorable (exergonic). BDE
values were calculated taking into account the zero point energy
(ZPE) and the thermal contributions to translation, rotation, and
vibration at 298 K.

The latter mechanism consists of two steps. The first step
(electron loss or ET for electron transfer) is followed by the
formation of the ArOH*" radical cation. This mechanism is
driven by IP, an intrinsic parameter, and by AGE" Gibbs energy
in the first step of reaction 2. The second step is the heterolytic
O—H bond dissociation (i.e., proton loss), which is strongly
exothermic. The global mechanism is so-called ET-PT. Let us
note that AGETPT = AGHAT,

Actually two other mechanisms can explain the capacity of
antioxidants to scavenge free radicals.

SPLET mechanism

ArOH — ArO” + H"; ArO” + R'— ArO’ + R;
R +H —RH (3)

This third mechanism is the sequential proton loss electron
transfer (SPLET), in which the proton is first transferred,
followed by the electron transfer.”” This mechanism is favored
in specific pH conditions that did not correspond to those of
the DPPH scavenging measurements, as performed in the present
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TABLE 1: O—H BDEs (kcal/mol) Obtained for Compound
1 at the B3P86 Level with the 6-31+G(d,p) and
6-311+G(2d,3pd) Basis Sets, Respectively

4-OH 4'—0OH
gas solvent gas solvent
B3P86/6-31+ 83.9 80.7 83.9 80.7
G(d,p)
B3P86/6-311+ 84.1 80.7 84.1 80.7
G(2d,3pd)

work. In this case SPLET could participate in the global
scavenging process but only as a minor mechanism. Moreover
SPLET forms the same products as those obtained with the HAT
and ET mechanisms and the three mechanisms are thermody-
namically similar: AGSP“ET is equal to AGE™™T and AGHAT and
will be partly described by BDE.

The forth mechanism is adduct formation between the
antioxidant and the radical:

Addition mechanism

ArOH + R* — [ArOH — R]° — stable metabolites

This mechanism appears in certain conditions including
reactions between (i) carbon-centered radicals and double
bonds?® and (ii) hydroxyl radical and aromatic rings.?’ As
recently demonstrated and theoretically studied it is favored in
radiolytic solutions.*” In this case numerous side reactions may
occur that help stable metabolite formation from the [ArOH—R]’
adduct. In the present work these metabolites were not observed
and the adduct formation between DPPH and guaiacol oligomers
was considered to be minor and was not studied.

All calculations presented in this work (conformational study
and energy and enthalpy estimations) were carried out by using
DFT methods as implemented in Gaussian03.3' We recently
demonstrated that the B3P86 functional was particularly adapted
for phenol BDEs, giving a high accuracy compared to the
experimental values.!'S On the basis of these studies we
extrapolated the use of B3P86 to the series of phenolic
compounds studied in this paper. For the dimers, two basis sets
were used, 6-31+G(d,p) and 6-311+G(2d,3pd). Increasing the
number of polarization function of H atoms is known to improve
the O—H BDE estimation; nonetheless as can be seen in Table
1, BDEs obtained with both basis sets were very similar since
they exhibited differences lower than 0.5 kcal/mol. Such a
difference was low enough to be considered as a part of the
global error, and for the rest of the compounds we only used
the (U)B3P86/6-31+G (d,p) level of calculations. The geom-
etries, enthalpies (H), and Gibbs energies (G) of reactants,
intermediates, and products were determined by using the
(U)B3P86/6-311+G(d,p) method. All the ground states were
confirmed by vibrational frequency analysis, i.e., no imaginary
frequency.

The transition states (TSs) were confirmed by the presence
of one imaginary frequency, which was assigned to the vibration
mode corresponding to the reaction studied (e.g., bond forma-
tion, bond breaking). TSs were also confirmed by IRC (intrinsic
reaction coordinate) analysis. The TS Gibbs energy allowed us
to evaluate the free energies of activation AG*. These energies
are known to be underestimated by hybrid functionals such as
B3P86. More recently the MPWBI1K functional appeared to be
much more efficient to reproduce AG*,* especially for H atom
transfer reactions.®® As a matter of fact all calculations concern-
ing kinetics (i.e., reactant, product, and TS energies) were
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performed for compounds 1 to 4 (dimers) at the (UYMPWBI1K/
6-314+G(d,p) level. Thermodynamic results (i.e., AH and AG)
obtained with this method were very similar to those obtained
with B3P86/6-31+G(d,p) (Supporting Information).

BDEs of each OH group were calculated for compounds 1
to 9 according to

BDE = H(ArO', 298 K) + H(H", 298 K) —
H(ArOH, 298 K)

where H was the enthalpy that took into account temperature-
dependent corrections (zero point energy (ZPE), translational,
rotational, and vibrational energies at 298 K). H(ArOH, 298
K) corresponded to the enthalpy of the molecule and H(ArO’,
298 K) was the enthalpy of the phenoxy radical from where
the H atom was removed. BDE of the iOH group of a compound
was quoted BDE(i-OH).

BDE;, corresponded to a second H abstraction from the ArO*
radical

BDE,, = H([ArO'—H], 298 K) + H(H", 298 K) —
H(ArO", 298 K)

BDEp(i,j) was the BDE of the j-OH group obtained from the
ArO’ radical that was formed after the H-loss from i-OH.

The solvent effects were taken into account implicitly by
using a PCM (polarizable continuum model) method, since using
a box of explicit solvent molecules was unfeasible with such
compounds. The effects of explicit water molecules in the
surrounding of the OH phenol group have been investigated,**
and the authors have confirmed that the use of PCM gives a
relatively good description of BDEs. We also tested hybrid
models (i.e., one or two molecules in the surrounding of the
OH groups + PCM) for quercetin,'” a larger system than phenol.
We did observe only a slight difference in BDE as compared
to a pure PCM calculation, while computational time was
dramatically increased. Thus in the present paper calculations
were performed with IEFPCM (integral equation formalism
PCM) and UAQO radii, well-adapted for phenol BDE description
(data not shown). The antioxidant test (DPPH scavenging) was
performed in very polar solutions. Thus PCM calculations were
performed in water (¢ = 78.35) to maximized the polarization
effect as compared to vacuum calculations. Since in biological
conditions antioxidants may also act in lipid membranes, the
influence of the dielectric constant was also estimated using
the benzene dielectric constant (¢ = 2.27). This is assumed to
give a reliable approximation of the polarizable conditions of a
nonpolar medium such as lipid membrane. Calculations in
benzene were peformed only for dimers. As can be seen in the
Supporting Information, BDEs were very similar to those
obtained in the gas phase, which made gas-phase calculations
a reliable and easier estimation of the behavior in a nonpolar
medium.

The rate constants appeared more relevant than AG* to
compare the different reactions since HAT reactions may involve
tunneling. Rate coefficients were calculated at 298 K within
the conventional TST (transition state theory) framework

kT .,
KT) = k(DK(D) = ()= 2

Anouar et al.

The «(T) transmission coefficient (quantum tunneling along
the reaction coordinate) was evaluated by three different
methods (Wigner, Skodje and Truhlar, and Eckart).

The Wigner method™ is the most widely used and the simplest
approximation to account for tunneling through the reaction
barrier. This method assumes a parabolic potential for nuclear
motion near the transition state and «™(7) is given by

() =1 +i[

7 Im(v") |?

24| kT

where v* is the TS imaginary frequency.

It must be stressed that this approximation is valid for kg7
> h Im(2%). In our case (¢* ranging from 500 to 1800 cm™!), &
Im(2*) is higher than kg7 by about 1 order of magnitude (at
298 K).

In contrast to the Wigner method, the method of Skodje and
Truhlar*® depends not only on the imaginary frequency but also
on the height of the potential energy barrier. The transmission
coefficients are given with good accuracy®*~ by the following
analytic expressions.

p<a

[(B—a)(AVF=V)]
C

o< pf

K'ST(D — ﬂ (e[(ﬁfa)(AV#*V)] _ 1)

p—a

where oo = 27/(h Im(v?)), B = 1/kgT, AV* is the zero-point-
including potential energy difference between TS and the
reactants, and V' is O for an exoergic reaction and the (positive)
zero-point-including potential energy difference between reac-
tants and products for an endoergic reaction.

The Eckart method,* is based on the Eckart potential which
is a potential energy curve fitting based on the zero-point-energy
of the reactants, the transition state, and the products. The
corresponding analytical expression is given by

a(s—so) o(s—so)
oe be
V(is) = + +c
1+ e(x(sfso) (1 + ea(sfso))z
where s is the reaction coordinate (s = —oo, 0, and +eo for

reactants, TS, and products, respectively) and a, b, ¢, o, and sy
are parameters that depend on the imaginary frequency and the
potential energies of reactants, TS, and products (as an example
see ref 38 for analytical expressions).

Results and Discussion

Enzymatic Synthesis. Dimers, trimers, and other oligomers
of polyphenols are known to be formed in plants and they are
so-called procyanidins or condensed tannins in the case of
flavonoids. Numerous oligomers of catechin exist, and they are
classified in different subgroups depending on the carbon atoms
involved in the covalent C—C bond formation.*” The presence
of other types of dimers including quercetin and phenolic acid
dimers is reported as well. 4143

The dimerization of polyphenols can be explained by their
capacity to be oxidized. This oxidation may be initiated/
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Figure 2. Spin density distribution of the ArO" phenoxy radicals obtained after one HAT from (a) the OH group of guaiacol, (b) the 4-OH group
of 1, (c) the 4-OH group of 2, (d) the 2"-OH group of 3a, (e) the 2’-OH group of 3b, (f) the 2"-OH group of 3¢, and (g) the 4-OH group of 5.

catalyzed chemically or enzymatically. The guaiacyl as well as
the catechol moieties are known to bind to the active site of
oxidative enzymes (e.g., laccases, peroxidase). The radical cation
formed is very unstable, and the oxidative process is either
combined or followed by a proton loss (ET-PT process), thus
forming an ArO" phenoxy radical. As we calculated and as can
be seen in Figure 2, the spin density distribution of this radical
exhibited a strong spin density on carbon atoms C1, C3, and
C5 and the oxygen atom of the phenol group. This allowed the
different possibilities for C—C and C—O bond formation.
Using DFT, we theoretically studied the thermodynamics and
kinetics of the C—C and C—O bond formations. As can be seen
in Figure 3, the sheer bond formation (i.e., bond formation
between both phenoxy radicals to form a keto-form dimer) was
not very favorable with AG of about +1 kcal/mol. Moreover
the process was relatively slow (activation barrier AG* around
20 kcal/mol). It must be noticed that AHPod-ormation \aq negative
while AGPond-formation yag positive (Figure 3 and Supporting
Information). This large difference between AH and AG was
attributed to the change in hybridization from sp? — sp? of the
carbon atom involved in the bond. This was consequently
followed by a loss in planarity, thus inducing a major reorga-
nization and thus a strong influence of entropic effects. This
was confirmed by the high AG" values. Nonetheless this process
may quickly be followed by tautomerization to form an enol-
form dimer (Figure 3), which is planar and so much more stable.

The global reaction was thus spontaneous, exhibiting a total
AG of —45 kcal/mol.

The C—C bond formation was slightly favored as compared
to the C—O bond formation, and this small difference in AG
was enough to favor the C—C dimers since those dimers were
the major compounds we obtained. Indeed in our case we did
not try and guide any stereospecific dimerization, i.e., after the
oxidative process, the phenoxy radicals were allowed to form
bonds randomly, and we experimentally obtained much more
C—C dimers than C—O dimers. Concerning the C—C dimers,
C3 cannot be used for such dimerization since the presence of
the methoxy group prevents tautomerization. The other three
possibilities (i.e., C1—C1’, C1—C5’, and C5—C5") were a priori
equally allowed (see Figure 3 for the theoretical prediction),
and actually this is in very good agreement with our experi-
mental evidence (e.g., similar rates for dimers 1, 2, and 3).
Trimer and tetramer formation followed the same logic (i.e.,
guaiacol or gauaicol-dimer oxidation, formation of phenoxy
radicals, random bond-formation favoring C—C linkage, and
tautomerization to form the final products).

Conformation Feature. It is known from the literature that
flavonoid oligomers often exist as rotamers in solution.*** Here
we carefully studied the potential energy surfaces of the different
compounds and we indeed obtained different conformers very
close in energy. In the case of dimers 1 and 2, the potential
energy surface, in which the reaction coordinate was torsion
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Figure 3. Thermodynamic and kinetic schemes for the (a) C1—C1’, (b) C1—C5’, (¢) C5—C5’, and (d) C—O bond formation. AG (kcal/mol) values
are reported on the vertical axis. ArO" is the phenoxy radical obtained after guaiacol oxidation, keto- and enol-dimers are both dimer forms, and

TS corresponds to the transition state of the bond formation.

TABLE 2: BDEs (kcal/mol) and IPs of the Two Conformers
(1a and 1b) of Compound 1, Obtained at the B3P86/
6-31+G(d,p) Level

4-OH 4-OH IP
gas solvent gas solvent gas solvent
la 83.9 80.7 83.9 80.7 7.3 5.8
1b 84.0 79.6 84.0 79.5 7.3 5.8

angle 7 between the aromatic rings, exhibited two potential wells
at T = 40° and 140°, respectively. These two conformers were
symmetric and, as we will see later, exhibited the same redox
behavior (see BDEs of both conformers in Table 2). These
conformers were not totally planar but however allowed
conjugation over the entire molecule. As can be seen in Figure
4 for 1, HOMO (highest occupied molecular orbital) was
delocalized over the entire molecule.

In the case of dimer 3, the first conformer (i.e., 7 = 140°,
conformer 3a) was the same as for 1 and 2 and corresponded
to the arrangement in which both OH groups were opposite to
each other. Besides, the second conformer was different and
the torsion angle was higher than those for 1 and 2 (i.e., 7 =
60° conformer 3b compared to 40° for 1 and 2). Such a higher
torsion was attributed to the steric hindrance between oxygen
atoms. Nonetheless in this case a third conformer (3c¢) exists,
in which an inter-ring H-bond was formed between both OH
groups. Enthalpies of the three conformers were very similar
(difference lower than 0.2 kcal/mol). As can be seen in Figure
4 the conjugation between both aromatic rings is still present
for 3b.

The conformational features of trimers and tetramers were
deduced from the knowledge gained on dimers. This was just
a combination of the different possibilities, allowing four and
eight conformers for trimers and tetramers, respectively. In the

& 8

a (b)

(©) (d)

Figure 4. HOMO distribution for compounds (a) 1, (b) 3b, (c) 5, and
(d)9.

present study we only focused on one conformer as the redox
properties were similar, except for 6 and 8. In these two
compounds an inter-ring H-bond was allowed (as for 3), thus
changing the redox capacity (see below). So in this case we
also studied the influence of this H bonding interaction on the
redox capacity and on the correlation with the free radical
scavenging activity. As can be seen in Figure 4, HOMO is
delocalized over the entire molecule for trimers as well as
tetramers.

Concerning dimer 4, two torsion angles 7; and 7, were
investigated and the potential energy surface highlighted two
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TABLE 3: BDEs Quoted BDE(i-OH) for the BDE of the iOH Group and Reported in the Gray Rows and BDEp* (Double
BDESs) Obtained after a Second H Atom Abstraction in the White Rows: (a) In the Gas Phase and (b) in the Presence of a

PCM Solvent (¢ = 78.35)

(a) (b)
Dimers Tnimers Tetramers Dimers Trimers Tetramers
1 2 Ja b E 4 -] [ 7 ] 9 1 2 ETY £ e 4 5 '] 7 % 9
BDE (2-0H) 83.6 | B46 | 858 | 817 849 83.2 BDE(2-0H) ¥19 | 826 | 829 | 817 828 827
BDEQ2,.27) - 8.0 BDE(2,2') 873
BDER24") ¥0.0 BDE2.47) 784
BDED(2,6') 810 BDEG26) [7E]
BOER2ZA4™) 999 BDE(247) 947
BOE (4-0H) £3,9 847 749 4.0 BDE{4-0H) 0.7 820 817 821
BDER447 77.2 BDE4.47} 76.2
BDED(4.5) 68.6 BDE(4.5') 6.6
BDER4.67) 773 78.0 BDE;4.67) 78.0 785
BDE44™) 100.5 102.0 BDEL4.47) EER) 937
BDE2-0H) 846 | g5 | 827 BOE 1 2-011) 826 | 830 | 825
BDER2'.2) = 89,0 BDER2".2) 873
BOE(F-OM) | 839 | 847 E - | %24 BDE (4-0H) 807 | B16 795
BDER4".2) T84 BDEW4"2) 78.7
BDER4" 4} 772 BDE 4" 4) 76.2
'W[}F.i_.'-"-!}l-h 6.7 BDE{5"-0H) 810
[ RDEoE .4 74 BDE5" 4) 76.8
BDEp(5 6} 4.7 BDE S 6") 724
GEE] 70 BOE 5 47 [
BOE(E-0) 52 | 55 50 s 5o BDE(6-0H) 795 g0 | 766 [ 810 [ 803
WO ) 26 BDE6°,2) 852
TSI Ta g BDEL6 41 504 789
BDE(6 5} 79.3 BREJSY il
TS TR el TR T BDE (6" 47) 763 756 | 145
AOETOm T T T BDE (47-0H) 804 | ®O6 | #0.7
BOERd"3) Y BDE472) 8.6
- BDE4™4) T 047
BDER4"4) 101.2 1025 -
e BDE4"3") 6.5
”m""‘__'s_' : 542 BDET 6 70 | 50 | 733
Iil“:l;.,r-ll. 1 .. 745 748 (1% BDE (670 706 | Bl
| BDE(6-0H) 810 | 813 BDE("-0I) 0.8 | 80.9
BOE(47-00H) 238 | 842

“ BDEp(i,) is the BDE of the j-OH group obtained from the ArO radical formed after the H-loss from i-OH.

symmetrical different rotamers (z; = —165°, 7, = 72° and 1,
= 162°, 7, = —72°). Their redox properties were identical, i.e.,
same BDEs, IPs, and HOMO distribution (data not shown).

BDE Analysis. This series of compounds allowed us to study
the chemical behavior of the guaiacyl OH groups and the
chemical environment’s influence on their BDEs. The O—H
BDEs were very similar to each other for the different
compounds (Table 3). Most of them were ranging from 79.5 to
83.0 kcal/mol. These differences were relatively low but may
be considered as significant enough when comparing the
different BDEs to each other (BDEs calculated at the same level
of calculation). Moreover the BDE values were ranging around
the BDE threshold that we proposed to rationalize DPPH free
radical scavenging.'® Thus one can imagine that the difference
observed in this very range could be of importance.

The major difference between the guaiacyl O—H BDEs was
observed for the OH groups involved in the inter-ring H bonding
interactions, i.e., for compounds 3, 6, and 8. Let us explore
carefully the difference in behavior between the different
conformers of 3. For conformer 3a the two OH groups were
obviously totally symmetrical and both BDEs were the same.
For conformer 3c, the BDE of the OH group involved in the
inter-ring H bonding was lower by about 1.0 kcal/mol. This
was due to a better stabilization of the corresponding radical
due to (i) a lower spin density delocalization (0.28 on the O-atom
vs 0.32 for 3¢ and 3a/3b, respectively) (Figure 2) and (ii) a
strong H-bonding stabilization (i.e., distance between the OH
group and the O-atom of about 1.55 A). Because the different
conformers possess very similar energies, they probably have
the same Boltzmann repartition in solution, and the actual BDE
is probably an average of the different values. For compounds

3, 6, and 8, BDEs were higher than those of compound 1 by
about 1 kcal/mol in water (Table 3).

Other slight differences are also reported in Table 3. The 4’-
OH group of compound 2 exhibited a BDE higher by about 1
kcal/mol than that of compound 1. This is due to the different
chemical environment and the subsequent difference in the
mesomeric effects of both compounds. The radical obtained
from the former compound was more delocalized over the whole
structure. This was confirmed by (i) a lower spin density on
the O-atom and a better delocalization to the second aromatic
ring for 1 compared to 2 (Figure 2) and (ii) a more planar
structure for 1 compared to 2 (z = 27° and 35°, respectively).
This effect was also observed for the 4-OH group of 5 and the
4-OH group of 9, which indeed possess the same chemical
environment difference as 1 vs 2.

The catechol OH BDEs of 7 (i.e., 81.0 and 76.6 kcal/mol for
5’- and 6’-OH, respectively) were lower than the guaiacyl BDEs
(Table 3). This was especially true for the 6’-OH group and
was in agreement with the different theoretical studies reporting
on the O—H BDEs of catechol moieties in quercetin,'?!
chalcones,'” and catechins,” in which these moieties appeared
to be very effective H donors.

DPPH Free Radical Scavenging Capacity. On the basis of
the IC50 values we obtained and that we report in Table 4, the
following hierarchy was obtained for the DPPH free radical
scavenging of dimers: 1 > 2 > 3 > 4. Concerning 1, 2, and 3,
the BDE was relatively well correlated with this activity since
the OH BDE of 1 was the lowest and the BDE of 3 was the
highest. The relatively low activity of 4 did not come from a
higher BDE value but more probably from the number of OH
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TABLE 4: DPPH Free Radical Scavenging 1C50s
(concentration required to scavenge 50% of DPPH radicals)
of Compounds 1 to 9

compound IC50 (uM) compound 1C50 (uM)
1 55.6 6 66.5
2 72.2 7 61.0
3 89.6 8 40.5
4 93.2 9 36.5
5 527

groups (one for 4 and two for 1, 2, and 3), as we will develop
later in the paper.

Concerning trimers the following hierarchy was obtained: 5
>7 > 6. The better activity obtained for 5 compared to 6 seemed
to be consistent with the results obtained for dimers, i.e.,
relatively well-correlated to the H donor capacity. Nonetheless
the relatively low free radical scavenging of 7 was definitely
not consistent with the theoretical prediction of the H donor
capacity. This result was neither consistent with the good
antioxidant role of the catechol moiety generally observed for
polyphenols. Actually on the basis of the theoretical prediction,
a thorough analysis of 7 was achieved and indicated that this
compound was not stable and was transformed in the solution
during the DPPH scavenging test. Subsequently the actual
concentration of 7 appeared to be very poor in this solution. In
conclusion the antioxidant evaluation of 7 was not possible with
this test, and the comparison with other compounds was thus
unfeasible.

Concerning the tetramers, 9 was more active than 8. This
was again partly attributed to the higher BDE obtained in 8 as
compared to 9. Nonetheless in this case the difference was
almost nonsignificant and this only concerned one of the four
groups; thus the correlation with BDE was far from perfect.

Number of OH Groups. Globally speaking (i.e., for the
whole series) and ignoring compound 7, one can observe that
tetramers were more active than trimers, which were a little bit
more active than dimers, which were more active than the dimer
with one OH group (4). Thus the number of OH groups was of
great importance and influenced the global free radical scaveng-
ing capacity. The present study was particularly well-adapted
to highlight the importance of this parameter since each
individual OH group exhibited a very similar behavior (i.e., very
similar capacity as H donor).

A Second HAT Possibility. After the first HAT (or ET-PT)
an ArO’ radical was formed. The stability and the reactivity of
these radicals have not been widely studied in the literature. At
that point, because the correlation between BDEs and the
observed experimental activities was not perfect, we investigated
the capacity of those ArO’ radicals to react with free radicals
(e.g., DPPH). We investigated the capacity of a second HAT
(or ET-PT) mechanism. The physicochemical parameter which
was calculated was so-called BDEp (i,j) for the BDE of the
J-OH group obtained from the ArO’ radical formed after the
H-loss from i-OH.

The results obtained for dimers and trimers (Table 3) were
crucial to establish the structure—activity relationship. Indeed,
BDEps were relatively low (ranging from 76.2 to 87.3 kcal/
mol), which demonstrated the high antioxidant capacity of the
ArO’ radical formed, in solution, after a first HAT action. This
high capacity comes from the fact that the product formed after
the second HAT was stabilized in a sheer singlet state (spin
multiplicity of 1) and not in a triplet state (spin multiplicity of
3). The former was more stable than the latter by about 13 kcal/
mol. Such a stabilization in a singlet state favored the capacity
of two rather than only one HAT in solution.
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Figure 5. log(1/IC50) vs BDE,, x noy (for the different compounds)
and the corresponding linear regression. For each compound the log-
(1/1C50) value represents the DPPH free radical scavenging activity,
BDE,, is the average of the O—H BDEs, and noy is the number of OH

group(s).

The reliability of this result was reinforced by the better
correlation with the experimental free radical scavenging
capacity. Indeed the BDEp was relatively low for the different
OH groups except for the OH groups involved in the inter-ring
H bond. In such a case (i.e., compounds 3, 6, and 8) a strong
H bonding stabilized the ArO" radical making the O—H bond
rupture an unfavorable event, since in addition to the sheer
covalent O—H bond rupture the H bond rupture additionally
cost ~2.5 kcal/mol. This much more significant difference in
enthalpy (compared to the first HAT) explained the better
antioxidant capacity of 1 and 2 compared to 3 and, even better,
compared to 4 (for which a second HAT was obviously not
possible).

The same explanation was proposed to explain the difference
in the activity between 5 and 6 or 8 and 9. The bigger the
oligomer, the lower this effect, since for example for 9 the first,
then the second HAT can occur on four different sites.

This work focused on a few major descriptors (i.e., BDE,
BDEp, and noy). In order to confirm the quality of the
relationship between DPPH scavenging and these very descrip-
tors, a linear regression was proposed between log(1/IC50) and
BDE,, multiply by noy (Figure 5), where BDE,, was the average
BDE value for each compound. The parameter “BDE,, multiply
by noy” took into account BDE, BDEp, and noy. As can be
seen in Figure 5, the regression coefficient was around 0.8,
making BDE, BDEp, and noy three major descriptors to describe
the free radical scavenging activity. Such a regression coefficient
proved the quality of the relationship obtained between the
activity and these three parameters. This was especially true
because usually getting a reliable QSAR formula requires more
than 30 compounds and more than three descriptors.

Thermodynamics of the ArOH + R* — ArO’ + RH
Reaction. In order to correlate theoretical evaluations and the
experimental results reported in the present paper (i.e., DPPH
scavenging activities), the Gibbs energies (AG) were calculated
for the reaction between oligomers 1—9 and DPPH. As a
comparison AG values are also reported (Table 5) for the
reaction with peroxy radicals ROO™® that are formed during
the lipid peroxidation process. As a first estimation of the
antioxidant capacity, the DPPH free radical scavenging has been
widely used in the literature. This scavenging activity often
correlates with lipid peroxidation inhibition."” This is essentially
attributed to the correlation between the sheer free radical
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TABLE 5: Thermodynamics (AG"T and AG*T in kcal/mol) of the DPPH and CH300" Free Radical Scavenging by 1—9°

(a) First HAT

HAT mechanism

ET mechanism

AGYAT with DPPH

AGHAT with CH;00°

AG*T with DPPH AG*T with CH;00°

gas solvent gas solvent gas solvent gas solvent
1 (4-OH) 4.5 53 0.0 -71.5 78.8 12.0 133.9 25.9
2 (4-OH) 5.2 6.3 0.7 —-6.6 81.5 15.6 136.7 29.5
3 (2-OH) 6.2 7.5 1.7 5.4 85.6 20.3 140.7 342
4 (4-OH) 3.0 4.1 -1.5 -8.8 82.1 15.2 137.2 29.0
5 (6’-OH) 14 4.6 -3.1 -8.2 73.2 11.8 128.3 25.7
6 (6’-OH) 2.0 53 -2.5 -1.5 72.5 11.9 127.6 25.7
8 (6”-OH) 1.7 0.8 -2.3 -84 69.0 12.0 124.5 25.5
9 (6”-OH) 2.0 1.3 -2.0 -7.8 70.5 12.1 126.0 25.6
(b) Second HAT
HAT mechanism ET mechanism
AGHAT with DPPH AGHAT with CH;00° AGET with DPPH AGET with CH;00°
gas solvent gas solvent gas solvent gas solvent
14'.4) -2.0 1.0 —-6.5 -11.8 78.7 12.3 141.1 26.2
2(4',2) -0.7 4.2 5.2 -8.6
3(2,2) 10.1 13.5 5.6 0.7
5(6°,4”) -1.9 0.8 -6.4 -12.0
6(6°.4”) 29 0.2 7.4 -12.6

“@Part a corresponds to the first HAT (AGHAT) or to the electron transfer from ArOH (AGE"). In the former case the OH number from where
the H atom is removed is quoted in parentheses after the compound’s name. Part b corresponds to a second HAT (AGHAT) or electron transfer
(AGE") from the ArO" radical obtained after the first HAT. The OH group numbers involved in both HAT are quoted in parentheses (1(4",4)
means that we removed two H atoms from the 4 and 4’-OH groups of compound 1).

TABLE 6: Kinetics of the CH;00" Free Radical Scavenging by 1—5¢

(a) In the Gas Phase

HAT reactions AG# kTST kTST/W kTST/ST kTST/E
1+ CH;00" — [1-H]" + CH;00H 25.1 1.3 x 107 8.6 x 107* 0.2 0.1
2 + CH3;00" — [2-H]" + CH;00H 22.1 1.1 x 1072 6.5 x 1072 53 1.3
3 + CH;00" — [3-H]' + CH;00H 21.9 1.4 x 1072 8.1 x 1072 2.6 2.9
4 + CH;00" — [4-H]' + CH;00H 20.9 8.0 x 1072 3.9 x 107! 2.8 x 10 4.8 x 10!
[1-H] + CH;00® — [1-2H] + CH;00H 23.9 5.1 x 107 3.45x 1073 0.8 22
(b) In the Presence of a PCM Solvent
HAT reactions AG# kTST kTST/W kTST/ST kTST/E
1+ CH;00" — [1-H]' + CH;00H 22.6 3.4 x 107! 24 3.2 x 10° 2.8 x 10%
2 + CH;00" — [2-H]" + CH;00H 24.1 1.4 x 1072 0.1 4.6 x 10% 2.4 x 10!
4 + CH;00" — [4-H]" + CH;00H 21.6 1.0 5.7 7.9 x 10% 1.9 x 10?
[1-H] + CH500® — [1-2H] + CH;00H 27.2 7.8 x 1073 6.2 x 107* 8.3 x 10! 1.7

@ The activation free energies AG" are in kcal/mol and the rate coefficients are in Lemol™'*s™!, at 298 K. kST, kTSTW [TSTST and k"STE are
the rate coefficients without tunneling corrections and taking into account Wigner, Skodje and Trhular, and Eckart corrections, respectively.
[1-H]" corresponds to the phenoxy radical obtained after HAT from compound 1. [1-2H] thus corresponds to a double HAT from compound 1.
The calculations are performed with (UYMPWBI1K/6-31+G(d,p) (Table 6a) in the gas phase and (Table 6b) in the presence of a PCM solvent

(¢ = 78.35).

scavenging capacities of radicals involved in both tests (i.e.,
DPPH and ROO", respectively).*’ For both free radicals the HAT
and ET mechanisms were studied (see AG™T and AG"" values,
respectively, in Table 5).

As previously observed the AGET values were strongly
influenced by the PCM solvent'”!® which induces a huge
decrease by about 65 kcal/mol (from gas to solvent). Even in
solvent, the sheer ET mechanism was endoergic. AGET was
around 12 and 25 kcal/mol with DPPH and ROO", respectively.
It must be stressed that the ET physical process is just a step.
It is followed by heterolytic bond dissociation and at the end
AGET-PT — AGHAT.

As can be seen in Table 5a, the first HAT from the
polyphenols to the DPPH radicals was endoergic. Indeed even

if the AGHAT values were relatively small they were significantly
positive. Thus for the polyphenols studied in the present
publication, the capacity to scavenge DPPH free radical by only
one H atom transfer was not very effective. Besides AGHAT
values were investigated for a second HAT (i.e., H-transfer from
an ArO’ intermediate radical to another DPPH free radical)
(Table 5b). This second reaction is thermodynamically more
favorable than the first HAT, except for 3 for which the inter-
ring H bonding weakened the second HAT (see text above).
As a matter of fact the antioxidant action of 1 and 2 probably
occurs in two steps (i.e., two HAT reactions) to establish the
equilibrium. Compound 4 was much less active than 1 and 2,
since it has only one OH group. Compound 3 was less active
than 1 and 2 since its capacity for a second HAT is much less
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favorable. Finally 5—9 were more active since they probably

have the capacity for a third and a fourth HAT.

As a comparison AG"AT values were also estimated for the

reaction between compounds 1—9 and ROO" (Tables 5a and
b). The previous conclusion must be modulated since all of the
compounds may also be considered as good candidates for a
first H donation to those types of free radicals. The second HAT
was still favored except for 3. The structure—activity relationship
was theoretically the same for both radicals.

Kinetics of the ArOH + R’ — ArO’ + RH Reaction. As
thermodynamics of HAT and ET-PT are identical, the respective
contributions of both mechanisms must be evaluated from the
kinetic point of view. The activation barriers AG* and rate
constants kST were calculated for HAT from 1—4 to the ROO"
radical (Table 6). The HAT kinetics was very similar for the
four compounds in the presence of a nonpolar solvent (gas phase
calculations). In a polar solvent the rate was slightly slowed
down for the second HAT. Globally the HAT mechanism was
lowered from these compounds as compared to very active
compounds such as catechin. In this compound the catechol
moiety exhibited rates around 10* L+mol™'+s™' (MPWBIK
calculations in the gas phase).”> Tunneling was relatively
important and significantly changed HAT rates, according the
Skodje and Truhlar and Eckart methodologies.

According to the thermodynamics data of ET-PT, the first
step (i.e., ET) was clearly the limiting step (e.g., for compound
1, AGET = +25.9 kcal/mol and AG’T = —33.4 kcal/mol for
ROQO"). The ET transition states have not exactly been calculated
but the activation free energy was obviously higher than AGET
(i.e., higher than 26 kcal/mol). The transition state is close to
the energy required for a vertical transition, which was calculated
to be at least 3—4 kcal/mol higher than AGET. Thus the energy
of activation would be significantly higher for ET than for the
first HAT (HAT from the parent molecule), which makes the
sheer ET rates higher than those of HAT. This would indicate
that HAT was faster than ET-PT. So HAT appeared as a major
mechanism while ET-PT would be minor for this series of
compounds as lipid peroxidation inhibitors. Nonetheless de-
pending on the reactant complexes, tunneling may increase ET
rates making ET-PT a competitive process compared to HAT.

The relatively small barriers (or high rate constants) obtained
for the major mechanism (HAT) seemed to indicate that the
reaction is mainly thermodynamically governed (i.e., not kinetically
limited). This confirms the importance of the thermodynamic
parameters (BDE, BDEp, and AGMAT) to estimate the antioxidant
capacity and to establish structure—activity relationships.

More than understanding the antioxidant reactivity of that
series of guaiacol oligomers, the present publication helps to
understand the redox behavior of the guaiacyl moiety widely
present in active polyphenols. On the basis of different arrange-
ments of two, three, or four guaiacyl moieties, we established
the (i) structure—activity relationship (see discussion and Figure
5), (ii) the role of the guaiacyl group, and (iii) the influence of
its chemical environment. The crucial role of a second HAT to
form a closed shell structure has also been highlighted. As far
as the chemical environment allowed such a process, the BDEp,
parameter (related to this capacity) must definitely be viewed
as a parameter that cannot be ignored in QSAR (quantitative
structure activity relationship) studies of polyphenols. The
comparison of these parameters for a series of compounds must
be based on accurate calculations since we concluded that small
differences may influence the biological activities. It must be
stressed that the solvent influence was relatively weak, es-
sentially on the thermodynamical data. This indicated that the
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difference in reactivity between compounds 1—9 (i.e., the
structure—activity relationship) will be very similar in polar
solution and in nonpolar medium such as lipid membranes.
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