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Abstract

Antioxidants are molecules that help the human body to fight oxidative stress caused by excess free radicals that trigger a number
of diseases. Understanding the structure—activity relationship of antioxidants and their mechanisms of action is important for
designing more powerful antioxidants. Polyphenols from Vitis vinifera L. have shown several biological activities among which
antioxidant activity. Among polyphenolic compounds having potent biological activities, we find resveratrol (RSV) which is a
stilbene and epigallocatechin gallate (EGCg) and epicatechin (EC) which are catechins or flavanols. We report here a compar-
ative study of the antioxidant potential of EGCg and EC as compared to RSV. The most favorable mechanism by which each
molecule exerts the antioxidant activity is determined. Ascorbic acid (AA) was included as a reference. DPPH and FRAP assays
were used for experimental evaluation of antioxidant activity and for theoretical calculations, density functional theory (DFT)
method was chosen. Three mechanisms were investigated: hydrogen atom transfer (HAT), single electron transfer-proton transfer
(SET-PT), and sequential proton loss electron transfer (SPLET). Calculated thermodynamic parameters correlate well with
percentage inhibition (1%) and half maximal inhibitory concentration (IC50) values given by the DPPH test. Both experimental
and theoretical approaches showed that EGCg is more potent antioxidant than EC and RSV. The most preferential sites are gallate
moiety and 4’-OH in EGCg and OH sites of the B ring in EC. The pKa values confirm this finding. All proposed mechanisms are
favored for EGCg, and SET-PT is preferred antioxidant mechanism for EC and it is the most suitable in the first step for RSV.
Flavanols are more potent antioxidants than the stilbene, RSV.
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Introduction

Antioxidant activity is a process in which the antioxidant mol-
ecule fights against excess free radicals in the human body. An
excess of free radicals leads to oxidative stress that causes
alteration of proteins, lipids, and DNA, resulting in the devel-
opment of various human diseases.
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Polyphenols comprising flavonoids such as catechins and
stilbenes such as resveratrol (RSV) are secondary metabolites
found mainly in plants and fruits. They are powerful antioxi-
dants and their ability to show effective protective effects
against oxidative stress is essential for their potential use in
therapeutic applications. Among polyphenols of the grapevine
Vitis vinifera L., we find catechins such as (-)-epicatechin
(EC), (-)-epigallocatechin (EGC), (-)-epicatechin gallate
(ECG), and (-)-epigallocatechin gallate (EGCg) and stilbenes.
Structurally, catechins consist basically of two phenolic rings
and an oxygenated heterocycle. Stilbenes are formed by two
aromatic rings related by an ethylene bridge. Both stilbenes
and catechins contain hydroxyls in their structures. The most
striking molecule in the stilbenes family is resveratrol which is
the most studied molecule in terms of biological activities and
therapeutic use. Catechins and resveratrol have been reported
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to possess a variety of biological and pharmacological prop-
erties such as antibacterial potential [1, 2], antimicrobial [3, 4],
antioxidant [5—7], and anticancer [8, 9]. They have also been
reported to play a role in pandemic diseases [10], in the pre-
vention of age-related cognitive decline [11] and in brain func-
tion [12].

Hence, both of these phenolic subclasses have potent anti-
oxidant activity, but we have no idea about which of them is
the most powerful antioxidant.

The structure of polyphenolic compounds is linked to their
capacity of scavenging the radicals and chelating the metals. It
was reported that antioxidant activity of polyphenols or poly-
hydroxy-phenols is mainly related to the presence of hydroxyl
groups [13, 14]. It has also been shown that the more the
compound contains OH groups, the higher the antioxidant
activity [15-17]. But it was also reported that even if mole-
cules have the same number and position of OH groups, anti-
oxidant activity is different and this is due to other structural
features which influence the antioxidant activity [18].

Experimental methods can show that a compound exhibits
or not antioxidant activity and enable us to compare the anti-
oxidative potential of a set of molecules, but are unable to
show which part or site in molecules are responsible for the
antioxidant action. Therefore, it is necessary to perform theo-
retical studies linking the experimental antioxidant capacity to
the structure and the physicochemical properties of com-
pounds having antioxidant activity [19]. The most important
feature of computational methods such as density functional
theory (DFT), as applied to antioxidant activity studies, is to
show which of the sites of molecules is more responsible for
antioxidant activity and the reaction mechanisms by which
antioxidants can exert their activity.

DFT is a quantum mechanical technique which can be
applied for deep understanding of the mechanisms of antiox-
idant activity of molecules [20-23]. This method allows the
calculation of five thermodynamic parameters: bond dissoci-
ation enthalpy (BDE), adiabatic ionization potential (AIP),
proton dissociation enthalpy (PDE), proton affinity (PA),
and electron transfer enthalpy (ETE), which are involved in
three main antioxidant mechanisms:

(i) Hydrogen atom transfer (HAT): which is a one-step
mechanism in which a hydrogen atom is transferred from
the antioxidative molecule to the oxidative radical.

ArO-H + R —ArO" + R-H (1)
(i) Single electron transfer-proton transfer (SET-PT): this

mechanism involves two steps. In the first step, a single
electron is transferred to free radical and a cation is
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formed. In the second step, the proton is transferred to
the anionic radical.

ArO-H + R —ArOH" + R™ (2)
ArOH"™ + R —ArO + R—-H (3)

(iii) Sequential proton loss electron transfer (SPLET): three
steps are required in this mechanism. In the first step, a
proton is lost and a phenoxide anion is formed. In the
second step, an electron is transferred from the phenox-
ide anion formed to the radical. In the last step, the
anionic radical and the proton were combined to pro-
duce the new molecule.

ArO-H—ArO™ + H" (4)
ArO + R —ArO + R~ (5)
R +H"—>RH (6)

Highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies can be asso-
ciated with the antioxidant activity of molecules [24]. The spin
density is an important parameter characterizing the stability
of free radicals, because the energy of a free radical can be
efficiently decreased if the unpaired electron is highly
delocalized through the conjugated system [25]. The enthalpy
of acidity and pKa are parameters strengthening the study of
the antioxidant activity of the studied compounds. Molecular
electrostatic potential (MEP) mapping through a computer-
aided method is a very useful approach to explore the reactiv-
ity of compounds [26].

The aim of this work is to study the antioxidant activity of
three polyphenols; two of them are among the most antioxi-
dants of green tea, these are catechins; EGCg and EC and a
stilbene; RSV, an antioxidant found in the grapevine. The
study aims at comparing the antioxidant potential of these
molecules and showing, by exploiting the three well-known
antioxidant mechanisms, which of the sites in each molecule,
is more responsible for antioxidant activity. Ascorbic acid
(AA) is used here as a standard, for which all parameters were
also computed.

This study was achieved by a theoretical DFT method
using Gaussian 09. Calculated parameters in the gas phase
are BDE, AIP, PDE, PA, ETE, AH,dir,» pKa, and HOMO
and LUMO energies. On the other hand, calculation of the
first five parameters was performed in presence of water to
show how it would influence as solvent, the individual reac-
tion enthalpies. Besides, spin density contours and electrostat-
ic potential maps were plotted. An experimental procedure
was also achieved to compare antioxidant activity of EGCg
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and EC to RSV, and AA as a renowned potent antioxidant is
used here as a reference. Experimental antioxidant activity
was evaluated on the basis of inhibition of the 2,2-diphenyl-
1-picrylhydrazyl (DPPH) free radical and ferric reducing pow-
er (FRAP) which consists in reducing the colorless Fe** ion of
tripyridyltriazine Fe (TPTZ)**complex into intense blue Fe**
ion, upon reaction with antioxidants. Percentage inhibition of
DPPH (I%), IC50, and the reducing power of the studied
molecules was evaluated. An attempt was made to correlate
experimental results to computational ones.

Methods
Experimental method
Reagents and apparatus

All reagents ((-)-epicatechin, (-)-epigallocatechin gallate,
trans-resveratrol, ascorbic acid, DPPH (2,2-diphenyl-1-
picrylhydrazyl), trichloroacetic acid, ferric chloride
and potassium phosphate) were purchased from Sigma-
Aldrich (Germany). For reading absorbance, a UV-visible
spectrophotometer (DR6000 HACH, France) was used.

Antioxidant activity procedures
DPPH radical scavenging method

The experimental protocol used is based on conditions previ-
ously used by Bougandoura and Bendimerad [27] with small
modifications. The DPPH solution is prepared by solubilizing
2 mg of this product in 100 ml of methanol. A volume of
1.95 ml of this solution is added to 50 ul of each of the
methanolic solutions of EGCg, EC, RSV, and AA at various
concentrations (0.05 to 1 mg/ml). In parallel, a negative con-
trol is prepared by mixing 50 pl of methanol with 1.95 ml of
methanolic solution of DPPH. After 30 min of incubation in
the dark and at room temperature, the absorbance is read at
517 nm. For each concentration of the four molecules’ solu-
tions, the assay is carried out in triplicate. The results were
expressed as percent inhibition (1%).

1% = [(Abscontrol_Abstest)/Abscontrol] x 100.

where
ADS (o absorbance of the samples.
Abs .onor  absorbance of the negative control.

FRAP method

The experimental protocol used is based on conditions previ-
ously optimized by Ferreira et al. [28] with small modifica-
tions. One milliliter of each methanolic solution of EGCg, EC,
RSV, and AA at different concentrations (from 0.005 to 1
mg/ml) is mixed with 2.5 ml of a 0.2 M sodium phosphate
buffer (pH 6.6) and 2.5 ml of 1% potassium ferricyanide K;Fe
(CN)e. The mixture is incubated at 50 °C for 20 min. After
that, 2.5 ml of 10% trichloroacetic acid are added to stop the
reaction and the mixture was centrifuged at 4000 rpm for 10
min. The upper layer (2.5 ml) is combined with 2.5 ml of
distilled water and 0.5 ml of solution of FeCl; 0.1% (ferric
chloride) freshly prepared. The absorbance of the reaction
medium was read at 700 nm. An increase in absorbance cor-
responds to an increase in the reducing power of tested
compounds.

Theoretical method details

In this study, optimization energies of different neutral
molecules (Fig. 1), radicals, cations, and anions were car-
ried out by DFT method with 6-311++G(d,p) basis set and
B3LYP functional, with the aim of calculating BDE, AIP,
PDE, PA, ETE, AH,igity> and pKa as thermodynamic pa-
rameters. The B3LYP is known to provide accurate results
of structure and thermodynamic properties of phenolic
compounds [29].

The feasibility of different mechanisms is studied by the
calculation of five parameters using the following equations:

For HAT : BDE = H(ArO') + H(H')~H(ArOH) (7)
For SET-PT : AIP = H(ArOH™") + H(e )—H(ArOH) (8)
PDE = H(ArO') + H(H")-H(AtOH*) (9)
For SPLET : PA = H(ArO") + H(H")-H(ArOH)  (10)
ETE = H(A1O') + H(e )—H(A1O") (11)

HOMO, LUMO, and spin density were calculated using
the basis 6-311G(d,p) with and without diffuse function.
Spin density was determined using both Hartree Fock (HF)
and DFT methods.

To determine polyphenols’ acidity, two methods were in-
vestigated, the first one is the calculation of pKa and the sec-
ond one is the determination of the enthalpy difference be-
tween the anion (A") and its neutral species (HA).
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pKa was determined by application of the following ther-
modynamic cycle [30]:

AH(g) + H0(g)-2C8: o Ar(g) + H;0"(g)
i AGSO](ArH) - AGsol(HZO) AGsol(Ar-) AGsol(H3o+)
AG
ArH (sol) + H,O (sol) ——=2l g Ar (sol) + H;0™ (sol)

AGq,; values for H;O" and H,O were determined experi-
mentally and reported as
—110.2 kcal/mol [30] and —6.31 kcal/mol [31] respectively.

AGgoi = AGg + AGgol(Ar) (12)
+ AGg (H3;07) — AGgo(ArH)
— AGs(H0) [30]
pk, = IAE’Z‘Z ~log [H,0] [30]. (13)
The concentration of bulk water is 55.49 M [30].
pk, (corrected) = pk, (calculated) —4.54[30]. (14)

The gas phase acidity is computed at 298 K as the enthalpy
difference between the anion (A") and its neutral species
(HA):

Attacisy = H(A-)-H(HA) (15)

Calculations and structures were performed by Gaussian
09 [32] and Gauss View 5.0.

Results and discussion

Experimental evaluation of antioxidant activity of
EGCg, EC, and RSV

Scavenging and inhibition of the DPPH radical

Results of DPPH free radical percentage inhibition for EGCg,
EC, RSV, and AA are shown in Fig.2. The free radical per-
centage inhibition increases with increasing concentration.
According to Fig. 2, for the concentration range of 0.05 to 1
mg/ml, the percentage inhibitions (1%) of the DPPH radical by
EGCg, ranging from 28 to 57%, were higher than those of
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RSV (from 22 to 45%) and AA (5 to 15%). For EC, 1% (from
18.7 to 40%) were lower than those of AA but higher than
those of RSV.

For concentrations from 0.2 to 1.0 mg/ml, 1%, ranging for
EGCg from 68 to 86% and for EC from 55 to 81%, were
higher than those of RSV (37-46%) but lower than those of
AA (90-94%). These results indicate that EGCg is more ef-
fective than EC for radical scavenging activity, which agrees
with what was reported by He et al. [33]. It is worth noting that
some authors such as Guo et al. [34] and Nanjo et al. [35]
revealed the importance of the gallate moiety and trihydroxyl
group in scavenging the DPPH radical.

Our results also show that EGCg and AA are more suscep-
tible to donate protons to neutralize the DPPH radical.

Determination of 1C50

The IC50 is the concentration of the antioxidant required to
reduce the original amount of radical by 50% [36]. IC50 value
which decreases with increasing antioxidant activity of the
samples tested was determined graphically from the corre-
sponding linear regression equation. IC50 values are summa-
rized in Table 1.

According to the results presented above and taking into
account IC50 values, AA is the most strong antioxidant (IC50
=0.026 mg/ml) followed by EGCg (IC50 = 0.047 mg/ml), EC
(IC50 = 0.289), and lastly RSV (IC50 = 0.939).

The ferric reduction antioxidant power

Catechins were most reactive and showed the highest stoichi-
ometry of Fe’* in the FRAP assay compared to other flavo-
noids [37].

The results obtained allowed us to plot the curves
representing the variation of the reducing power expressed
as the absorbance vs concentration (Fig. 3).



Struct Chem (2021) 32:1907-1923

1911

b
2./'\4- o
HO g o 1|- ’ !sl
N\, NN,
| e ]
G\T o
OH 5 e \3,,/ on
6'“ 7 4|"
™~ |/ \OH
OH
-(-) Epigallocatechin gallate (EGCg)
e
HO 8 0 1|' ? |5|'
\7/ RV \6'/ on
RN
6\5 4/ ’////OH
N

-(-) Epicatechin (EC)

N TN
7 N\_7 \_/
\_/ B
/

HO

Trans resveratrol (RSV)

Fig. 1 a Molecular structure of -(-) epigallocatechin gallate (EGCg), -(-) epicatechin (EC), resveratrol (RSV), and ascorbic acid (AA). b B3LYP/6-

311++ G(d,p) fully optimized geometries of studied molecules

@ Springer



1912

Struct Chem (2021) 32:1907-1923

HO

5 o o)
HO\ 6/ \4/ \1/

Ascorbic acid (AA)

RSV

Fig. 1 (continued)

The increase in the absorbance of the reaction medium
means an increase in the reduction of iron which increases
with increasing concentration of tested molecules.

In view of these results, EGCg has an antioxidant activity
greater than that of EC, which is consistent with literature as
many authors already reported that catechin gallate esters
(EGCg) are more effective for FRAP scavenging than EC
[33]. This powerful activity is not only due to the higher
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number of hydroxyl groups in EGCg but to other features as
revealed by theoretical calculations presented below.

For concentrations ranging from 0.005 to 0.2 mg/ml, the
reducing power of RSV and the two catechins (Abs = 0.197—
1.907 for EGCg and Abs = 0.187-1.786 for EC) is greater
than that of AA. Above these concentrations, the reducing
capacity of catechins increases but remains lower than that
of AA. RSV is the most potent for reducing the ferric cation.
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Fig. 2 Percent inhibition of
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Theoretical evaluation of antioxidant activity of EGCg,
EC, and RSV

Mechanisms of antioxidant activity

Three mechanisms have been studied in order to determine the
most suitable for evaluating the antioxidant activity of EGCg
and EC in comparison with RSV as a potential antioxidant and
AA included as a reference. Calculations have been performed
in the gas phase and in water as selected solvent.

Hydrogen atom transfer

To study HAT mechanism, bond dissociation energies
(BDEs) were calculated. BDE is a numerical parameter char-
acterizing the stability of the bond in the hydroxyl group. The
weaker this bond, the higher the antioxidant activity, and
hence, the more favorable the reaction with free radicals.
Therefore, the molecules with low BDE values are expected
to show high antioxidant activity. Calculated BDE values for
studied compounds are presented in Table 2.

Our results reveal that for EGCg, the lowest value of BDE
(300.45 kJ/mol) was observed for 4—OH, followed by 4"-OH
(307.78 kJ/mol) and 5-OH (331.76 kJ/mol). 5"-OH and 3'—
OH sites have almost identical BDE values (337.58 and
337.63 kJ/mol respectively), indicating that these two OH
groups are similar in their stability and probability of H- atom
donating. These results are in concordance with literature [26].

For EC, the most interesting sites in the B ring are 4'—OH
with a BDE value of 336.01 kJ/mol and 5-OH with a BDE
value of 338.41 kJ/mol. These two BDEs are closer to those of
3'-OH and 5"-OH of EGCg but greater than 4'-“OH and 4"—

Table 1 IC50 values of EGCg, EC, RSV, and AA
Molecule EGCg EC RSV AA
1C50 0.047 0.289 0.939 0.026

OH in EGCg. This is one of the reasons for which EGCg is
better antioxidant than EC.

For RSV, the BDE (351.44 kJ/mol) of 4’-OH is the lowest,
followed by the 3—OH (369.93 kJ/mol) and finally 5-OH
(371.60 kJ/mol). We can notice that all BDE values of RSV
are greater than 325 kJ/mol, this result is in agreement with
literature [38, 47].

It should be mentioned that five of the eight OHs of EGCg
have BDE values less than those of RSV and our results also
show that the lowest BDE value of RSV is higher by 51 kJ/
mol than that of EGCg, and that is one of the reasons for which
EGCg is more potent antioxidant than RSV. For EC, 4—-OH
and 5'-OH have BDEs less than all OH BDEs of RSV and this
is why EC is better antioxidant than RSV according to the
HAT mechanism. BDE values found for OHs in the
pentacycle of AA are lower than those outside the pentacycle,
this result is in agreement with literature [41]. As can be clear-
ly seen from results in Table 2, BDE values of EGCg in gallate
moiety (ring D), EC, and RSV in the B ring are lower than
those of AA in pentacycle. On the other hand, BDEs of EGCg,
EC and RSV in A and C rings are lower than those of AA
outside the pentacycle. AA has been proven experimentally as
a potent antioxidant, our results led us to conclude that the
HAT mechanism is favored for EGCg, EC, and RSV but not
for AA.

Single electron transfer-proton transfer mechanism

The AIP parameter is related to the SET mechanism. It de-
scribes the process of electron donation by the antioxidant.
Molecules with low AIP values are more susceptible to ioni-
zation and have stronger antioxidant properties. The values of
AIP for studied molecules are presented in Table 2. It should
be mentioned that a slight difference in AIP values between
EGCg and EC (1.6 kJ/mol) is observed; however, the differ-
ence in AIP values between RSV and EC is rather higher and
equals 35 kJ/mol. Hence, AIP values follow the sequence:
RSV<EC = EGCg < AA.

@ Springer
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Fig. 3 Reducing power of EGCg,
EC, RSV, and AA
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To study single electron transfer followed by proton trans-
fer, PDE values were calculated. PDE is an important physical
parameter describing the antioxidative properties of the com-
pound investigated as it shows its ability to donate protons. As
a rule, compounds with lower PDE values are more suscepti-
ble to proton abstraction and hence are the most potent
antioxidants.

The calculated PDE values for EGCg, EC, and RSV in the
gas phase are presented in Table 2. Our results indicate that
lowest PDE values for EGCg are found for OHs in the B ring
and in the gallate moiety and 4'-OH is the most acidic. This
result reinforces that of HAT transfer and led to conclude that
the 4'-OH in the B ring is the most susceptible to H-abstrac-
tion. The other values of PDE for EGCg are closer to those of
EC and are greater than 950 kJ/mol. These results also corrob-
orate with those of BDE. The PDE values of all OHs of RSV
are greater than 1000 kJ/mol and are higher than those of both
EGCg and EC OHs, except PDE of 3-OH in EC. As shown in
Table 2, the 4—OH of RSV is more acidic than the other two
hydroxyl groups and these results are in agreement with those
reported by Fukuhara et al. [48] and Mikulski et al. [44], who
claimed that the 4'—OH group of RSV is the most reactive and
determines its biological activity. It can be noticed from our
results that OH acidity in the pentacycle of AA is comparable
to that of 4—OH in EGCg. On the other hand, PDE values for
OH groups outside the pentacycle in AA are comparable to
those of OHs in A ring of EGCg and EC. The sequence for
PDE is: EGCg =~ AA <EC <RSV.

It should be inferred from these results, that SET-PT is the
most preferred antioxidant mechanism for catechins and the
most suitable in the first step for RSV.

Sequential proton loss electron transfer mechanism
The SPLET mechanism is primarily governed by the ease of
deprotonation, which can be described by the PA values, and

secondarily by the ease of electron transfer from the anions,
described by the ETE.

@ Springer

Regarding the deprotonation step, PA values in Table 2
show that EGCg OHs in the gallate moiety are deprotonated
considerably easier than the other OH sites and overall, PA
values in the gallate lie in a very narrow (1322.19-1358.64 kJ/
mol) range. Additionally, with the exception of the gallate
moiety, the data of Table 2 confirm that low proton affinities
are related to OH groups in the B ring as it was ordinary in
most polyphenols such as flavonoids and stilbenes [38, 49,
50]. PA values of hydroxyls in the B ring of EGCg are higher
than those of the gallate moiety but lower than those of EC and
RSV. The most acidic protons in EC are 4-OH and 5'-OH,
followed by protons of the A ring and lastly by the proton of
3—OH in the C ring. The lowest PA value (1433.49 kJ/mol) for
RSV was found for 4—OH. This result was expected since
previous results confirmed the high reactivity of this site.

It is worth noting that the calculated PA values of AA are
comparable to those of 4'—OH and hydroxyls of the gallate
moiety of EGCg, so EGCg deprotonates as much easily as
AA, and hence, EGCg can be qualified as a potent antioxidant.

After deprotonation, the anions may proceed to form the
corresponding radicals by electron transfer (measurable by
ETE). From the thermodynamic cycle for SPLET, it follows
that the larger the PA, the lower the ETE and vice versa.

Our results show that all ETE values for the OH groups in
gallate moiety of EGCg are higher than those of the B ring in
EGCg and all OHs of EC and RSV. In EC, it was observed
that the lowest ETEs were found for anions formed from OH
groups located in the B ring. The highest value (424.80 kJ/
mol) was found for the 6-OH in AA.

The results of PA and ETE confirm that the SPLET mech-
anism is more favored for EGCg than EC and RSV.

The effect of water medium on thermodynamic
parameters

In view of the results obtained from thermodynamic parame-
ters, calculated in the aqueous phase for the studied molecules,
we can stipulate that calculated BDEs in the gas phase and in
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Table 2 BDE, AIP, PDE, PA and

ETE of EGCg, EC, RSV, and AA Molecule BDE AIP PDE PA ETE Ring
in kJ/mol obtained at B3LYP/6-
3114+ G(d,p) level of theory, in EGCg 5-OH 375.88 708.88  995.01 144448  259.41 A
the gas phase 7-OH 377.41 996.54 1463.07 24236 A
3-OH  337.63 956.76 1409.52 27074 B
4'0H 300.45 919.59 138730  241.17 B
5-0H 33176 950.89 141037 24941 B
3"-OH  333.02 952.15 133746 32357 D
4"0OH  307.78 926.91 1358.64  277.15 D
5"-OH  337.58 956.71 1322.19 34341 D
EC 3-OH  439.59  707.28 1060.32 149476  272.85 c
5-OH 364.98 985.71 144544 24756 A
7-OH 378.23 998.96 1471.66 23458 A
“OH 33841 959.14 1433.73 23270 B
“OH  336.01 956.74 143054 23348 B
RSV 3-OH 369.93 672.24 1025.70 145754 24040 A
343.13*  658.72°  989.82° 144385 207.32°
348.2° 683.73°  1375.12 1423.70°  242.02°
34526° 67423"  1024.93"  1473.03"  210.63
5-OH 371.60  gs6512  1027.37 145998  239.64 A
342.13% 989.82¢ 1441.55*  210.75%
353.6° 1026020 1423.70°  242.02°
345.26° 1474.99"  201.60"
4-0OH 35144 1007.21 143349 24597 B
325.49* 970.17° 141229*  22233°
325.7° 1348.39 1396.95°  249.12°
325.62° 1006.71"  144327"  222.16"
AA 2-OH 362.75 794.81 895.96 147407  216.69 Inside the pentacycle
324.12¢  995.6°
3-OH 357.23 890.43 1370.95 314.29 Inside the pentacycle
289.46¢
5-OH 463.27 996.48 1370.95 420.34 Outside the pentacycle
398.75¢
6-OH 452.29 985.50 1355.51 424.80 Outside the pentacycle
417.864
*[38]
°[39]
[40]
4[41]
°[42]
'143]
£[44]
"[45]
'[46]

water are close to each other for all compounds. The largest
deviation between BDE values in the two phases is only 17.77
kJ/mol, which is in concordance with literature [51]. It has
been stressed that the gas phase and water BDE values follow
the same trend except for 3'-OH and 5"-OH sites in EGCg
and for 2-OH and 3—OH for AA; however, in the two envi-
ronments, the most preferred sites for antioxidant activity are

in gallate moiety for EGCg and in B rings for all polyphenolic
compounds.

From results presented in Table 3, we can notice that PDE
and PA values in water medium, ranging from —34.36 to
110.08 kJ/mol and from §87.48 to 221.57 kJ/mol, respectively,
are dramatically lower than those found in the gas phase
(890.43-1060.32 kJ/mol for PDE and 1322-1494.76 kJ/mol
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Table 3 BDE, AIP, PDE, PA,

and ETE in kJ/mol obtained at Molecule BDE AlIP PDE PA ETE Ring
B3LYP/6-311++ G(d,p) level of
theory, in water, for EGCg, EC, EGCg  5-OH 36327 470.67 17.49 152.53 335.63 A
RSV, and AA 7-OH 366.82 21.04 161.85 329.86 A
3-OH 33845 732 131.08 332.26 B
40H 313.89 -31.87 117.00 321.78 B
5"OH 334.94 -10.82 131.20 328.64 B
3"-OH  338.06 771 104.25 358.70 D
4"0OH 32122 -24.54 110.92 335.19 D
5"-OH  342.98 2.79 87.48 380.38 D
EC 3-OH 44734 462.15 110.08  221.57 350.66 C
5-OH 362.69 25.43 157.38 330.19 A
7-OH 369.19 31.94 169.17 32491 A
5'-OH 340.79 3.53 145.83 319.85 B
'_OH 33836 1.10 144.62 318.63 B
RSV 3-OH 368.78 422.05 72.55 164.55 329.12 A
34397°  519.61°  82.63°  202.73¢  333.56°
5-OH 370.68 497.16°  73.52 165.71 329.86 A
344.93* 84.39° 202.73¢  333.56¢
4-OH 344.12 46.96 156.23 312.78 B
32236" 59.48° 193.11¢ 315179
AA 2-OH 344.98 504.24 -34.36 153.18 316.69 Inside the pentacycle
3-OH 350.51 -28.83 103.52 371.88 Inside the pentacycle
5-OH 465.17 85.82 103.52 486.54 Outside the pentacycle
6-OH 455.19 75.84 95.51 484.57 Outside the pentacycle
*[38]
°[44]
“[46]
“140]

for PA), this is due to the high solvation enthalpies of proton
[52].

Due to their charge, cationic radicals are sensitive to the
polarity of water; as expected, the AIP values in water
(422.05-504.24 kJ/mol) are considerably lower than those
of the gas phase (672.24-794.81 kJ/mol) for all studied
molecules.

According to the SPLET mechanism, electron transfer ten-
dency is studied as the second step by estimating ETEs. It can
be seen that the values of this thermodynamic parameter of all
compounds are higher in the water medium (312.78 to 486.54
kJ/mol) than the gas phase (216.69 to 424.80 kJ/mol). This is
in line with results obtained by many authors such as Anitha
et al. [29].

PDE, PA, and AIP values follow the same sequence for
both phases while ETE values in the gas phase do not always
follow the same trend as in water medium.

We can conclude from the values obtained by the calcula-
tion of BDE, PDE, and PA in the aqueous phase that the
second step of SET-PT and the first step of SPLET mecha-
nisms are more dominant and preferred than HAT mechanism
in all studied molecules.

@ Springer

Frontier orbitals, spin density, and electrostatic
potential maps

HOMO and LUMO are among the most important parameters
of the molecular electronic structure. According to front orbital
theory in DFT [53], the higher the HOMO energy of a mole-
cule, the easier it loses electrons and the faster the reaction of
electron donating is. On the other hand, the lower LUMO en-
ergy of a molecule indicates its ability to accept electrons.

As shown in Table 4, the use of diffuse function caused a
decrease in HOMO and LUMO energies for all molecules.
Results indicate that EC is slightly more electron donating
than EGCg.

Our results also show that EGCg and RSV have the same
LUMO energy (—1.65 eV) in the presence of diffuse function.
We should mention that our results for HOMO and LUMO
values of RSV are in good concordance with literature [40, 55].

The lowest values of HOMO energy for both basis set were
found for AA. When diffuse function was used, HOMO en-
ergy for AA decreased slightly from —6.13 to —6.45 eV which
is closer to the value reported in the literature (—6.329 eV)
[57]. On the other hand, the value of LUMO of AA is greater
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Table 4 HOMO and LUMO energies of EGCg, EC, RSV, and AA
obtained at B3LYP/6-311G(d,p) level of theory with and without
diffuse function

Basis set 6-311++G(d,p) ~ HOMO (V) LUMO (eV) Gap (eV)
EGCg -6.10 -1.65 4.45
EC -5.99 -0.76 5.23
RSV -5.62 -1.65 3.97
-5.618° -1.661° 3.95°
-5.58° -0.62° 4.96°
AA -6.45 -1.07 5.38
Basis set: 6-311G(d,p) HOMO (eV) LUMO (eV) Gap (eV)
EGCg -5.89 -1.22 4.67
EC -5.78 -0.22 5.56
RSV -5.46 —1.44 4.02
-521° -1.15° 4.03°
-5.48¢ —1.45¢ 3.954
-521° -1.17° 4.04°
AA -6.13 -0.71 5.42
Basis set : 6-311++G(d,p) HOMO (V) LUMO (eV) Gap (eV)
EGCg -6.10 -1.65 4.45
EC -5.99 -0.76 5.23
RSV -5.62 -1.65 3.97
-5.618° -1.661% 3.95°
-5.58° -0.62° 4.96°
AA —-6.45 -1.07 5.38
Basis set: 6-311G(d,p) HOMO (eV) LUMO (eV) Gap (eV)
EGCg -5.89 -1.22 4.67
EC -5.78 -0.22 5.56
RSV -5.46 -1.44 4.02
-521° -1.15° 4.03°
-5.48¢ —1.45¢ 3.95¢
-521° -1.17° 4.04°
AA -6.13 -0.71 5.42
*[40]

°[42] (B3LYP/6-31+G(d,p))
°[54] (B3LYP/6-31G(d))
41551 (B3LYP/6-31G(d,p))
°[56] (B3LYP/6-31G(d;p))

than that of EGCg and RSV but lower than that of EC with or
without diffuse function.

The high reactivity of compounds is characterized by a
small energy gap (¢ = Enomo — ELumo) between the
HOMO and the LUMO energies and also by a low LUMO
energy, this means that these compounds can behave as soft
electrophiles [58, 59]. Reactivity of the studied compounds
follows the trend: RSV > EGCg > AA = EC.

The contours of HOMO and LUMO for the neutral species
of studied compounds are displayed in Fig. 4.

The 7t-cloud in the HOMO of EGCg is distributed on the A
and C rings, and the 7t-cloud in the LUMO is distributed on the D
ring (gallate moiety). For EC, the m-cloud in the HOMO and
LUMO is almost distributed on the three rings. For RSV, it can

be noticed that the HOMO and LUMO are distributed on the
whole molecule. For AA, The HOMO is concentrated on the
pentacycle while the LUMO is distributed on almost the whole
molecule.

The antioxidant activity of the compounds can be deter-
mined by an interpretation of the spin density values of the
radical species studied. Total spin density characterizing the
distribution of electron spin in free radicals is responsible for
radicals’ stability and it is one of the most important quantum
properties of radicals. The more delocalized the spin density in
the radical, the easier the radical is formed and thus the lower
the BDE [60]. In our study, spin density was calculated by HF
and DFT, because according to some authors [61-63], DFT
overestimates spin density values.

The results of spin density calculated by DFT at B3LYP/6-
311G(d,p) including or not diffuse function are almost the
same, but they are not in harmony with those calculated by
HF method. From results in Table 5, we can see that the values
of spin density for radicals formed after H-abstraction obtain-
ed by HF/6-31G method are almost half of those obtained by
DFT B3LYP/6-311G(d,p).

For EGCg, spin densities allow us to conclude that the 3"—
O radical in gallate moiety is the most stable, followed by 3'—
0O, 5'-0, and 5"-O radicals. The most stable radicals in EC
and RSV are 3-O and 4'-0O, respectively, according to HF
calculations. But according to DFT results, 4'O in EC and
5'-0 in EGCg are the most stable. In AA, we recorded the
lowest spin density value by HF method but at the same time
the highest by DFT attributed to the 6O radical.

According to results displayed in Table 5 and combining
the three mechanisms and spin densities evaluated by DFT,
we can conclude that the pharmacophores designated for each
molecule are:

— 4'-OH, 5'-OH, and 3”-OH for EGCg
—  5'-OH and 4'-OH for EC

—  4'-OH for RSV

— 3-OH and 2-OH for AA.

If we take a closer look at spin density images, we find that
for EGCg, the spin density on 5-O and 7-O radicals is concen-
trated on the A ring. For 3'-O, 4'-0, and 5'-O radicals, spin
density is distributed on the B ring. For 3"-O, 4"-0, and 5"-O
radicals, the unpaired electron is located on the gallate moiety.

For EC, the unpaired electron of 3—O position is distributed
over the B and C rings. For 5-O and 7-O radicals, the spin
density is located on both A and C rings. 5-O and 4'-O spin
densities are located on the B ring only.

On the other hand, in 4'-O radical of RSV, the unpaired
electron is disposed on the whole molecule as shown in spin
density contours (Fig. 5), while for the 3—O and 5-O radicals,
the unpaired electron is mainly located on the A ring and
ethylene bridge (Fig. 5).

@ Springer
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Fig. 4 HOMO and LUMO
frontier orbitals of EGCg, EC,
RSV, and AA

HOMO

LUMO

EGCg

For AA, the unpaired electron in 2—-O and 3-O radicals is
mainly located on the pentacycle, while in the 5-O radical,
unpaired electron is almost delocated over the whole radical.
However, the spin density in 6—O radical is concentrated out-
side the pentacycle.

Electrostatic potential (ESP) is another important pa-
rameter, which is fundamental for understanding the
chemical reactivity and the atomic structure of molecules
[64]. In the ESP mapped surface, the negative potential
energy (nucleophilic region) is colored in red and posi-
tive potential energy (electrophilic region) is colored in
blue.

Figure 6 illustrates the ESP maps of studied compounds.
Regarding EGCg, the gallate part of the molecule is electrophil-
ic, and all OH groups are nucleophilic. For EC, the A ring and
the 4'—OH site can accept an electrophilic attack.

@ Springer

If we consider the ESP map of RSV, we can see the dom-
inance of the nucleophilic region with a small electrophilic
character.

The ESP map of AA shows a predominance of the electro-
philic region. The OH groups of the pentacycle have a nucle-
ophilic character.

Overall, the results of the ESP show a concordance with the
results of frontier orbitals (HOMO and LUMO).

Determination of acidity

To determine the acidity of polyphenols, two methods were
investigated: (i) calculation of pKa and (ii) determination of
the enthalpy difference between the anion (A") and its neutral
species (HA).
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Table 5 Mulliken spin densities

on oxygen atom in radicals of Radical

Method

EGCg, EC, RSV, and AA
obtained by UHF/6-31G, UHF/6-
B3LYP/6-311G(d,p), and 31G

B3LYP/6-311++G(d,p)

DFT
B3LYP/6-311G(d.p)

DFT
B3LYP/6-311++G(d.p)

EGCg-5-0 021
EGCg-7-O 0.20
EGCg-3'-0 0.19
EGCg-4'-0 023
EGCg-5'-0 0.19
EGCg-3"-0 0.18
EGCg-4"-0 0.24
EGCg-5"-0 0.19
EC-3-O 0.10
EC-5-O 0.19
EC-7-0 0.17
EC-5-O 0.18
EC-4'-0 0.19
RSV-3-O 0.18
RSV-5-0 0.19
RSV-4-0 0.13
AA-2-O 0.23
AA-3-O 0.15
AA-5-0 0.03
AA-6-O 0.01

0.38 0.37
0.48 0.47
0.42 0.41
0.39 0.38
0.36 0.35
0.39 0.39
0.41 0.40
0.41 0.40
0.72 0.70
0.38 0.37
0.41 0.40
0.35 0.34
0.34 0.34
0.39 0.38
0.40 0.39
0.31 0.30
0.39 0.40
0.26 0.26
0.70 0.68
0.85 0.84

As shown in Table 6, for our phenolic compounds (EGCg,
EC, and RSV), the pKa values of the OH sites belonging to the
A ring are between 10.04 and 11.46. Regarding the B ring, the
pKas of the OH sites are 8.45 for 5~OH of EC and 8.24 for 4'—
OH of EC and RSV.

The pKa values in A and B rings are consistent with the
PDE values which were found to be lower in the B ring than
those in the A ring, for all three phenolic compounds.

The pKa values of the OH groups in the gallate moiety are
the lowest. All pKa values for EGCg in the B ring are lower
than 7.00, indicating that all OH sites of EGCg are more acidic
than those of EC and RSV in the B ring.

It can be concluded that the high antioxidant activity of
EGCg is in part related to the strong acidity of the OH groups,
especially in the gallate moiety.

One of the antioxidant mechanisms of polyphenols is che-
lation of metals. Metals are entrapped in these polyphenols—
metals complexes and are hence prevented from being in-
volved in some reactions, such as the production of free rad-
icals. Chelation of metals often occurs through deprotonated
hydroxyls in the polyphenols.

The determination of the acidity of these compounds is an
important thermodynamic parameter that must be taken into
account. The smaller the energy required to deprotonate the
OH groups (acidity), the easier the metals chelation will be.

On the basis of B3LYP/6-311++G(d,p) increasing acidity
values, an order can be given by comparing the smallest en-
thalpy value of each molecule:

EGCg (1315.99 kI/mol) < AA (1349.31 kJ/mol) < EC
(1424.34 kI /mol) < RSV (1427.29 kI /mol).

Calculated acidity values are in the same trend of pKa
values:

For EGCg : 5"-OH < 3"-OH < 4"-OH < 4'
—OH < 3'-OH < 5-OH < 5-OH < 7-OH.
For EC : 4—-OH < 5-0OH < 5-OH < 7-OH < 3-OH.

For RSV : 4-0OH < 3-OH < 5-OH.

The value of acidity for EGCg is the smallest (1315.99 kJ/
mol). This finding is in agreement with all calculated
parameters.

Conclusion

In this work, the antioxidant activities of flavonoids, epigallo-
catechin gallate (EGCg), and epicatechin (EC) were
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Fig. 5 Spin density images of
EGCg, EC, RSV, and AA

determined by experimental and theoretical methods and com-
pared to that of a stilbene, resveratrol (RSV), and ascorbic acid
(AA) as a reference.

Results of the study of antioxidant activity, according to the
iron reduction method, show that EGCg has a very interesting
power to reduce the Fe** ion especially at very low concentra-
tions. The DPPH free radical scavenging assay showed that the
EGCg has an anti-radical activity greater than RSV but less
than AA. Using DFT calculations in the gas phase, enthalpy
values (BDE, AIP, PDE, PA, ETE, and acidity) and pKas of

@ Springer

9 ')“J

AA-2-O AA-3-O AA-5-O AA-6-O

EGCg revealed that the gallate moiety and 4—OH in the B ring
are the most favored sites and are responsible for the higher
antioxidant potential of these molecules compared to RSV.

For EC, the two sites 5~OH and 4'-OH in the B ring are
the most preferential active sites for the three mechanisms
(HAT, SET-PT, and SPLET) and show an antioxidant capac-
ity lower than EGCg but greater than RSV.

The three mechanisms of antioxidant activity (HAT, SET-
PT, and SPLET) investigated are favored for EGCg. SET-PT
is the most preferred antioxidant mechanism for the two
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Fig. 6 Molecular electrostatic
potential mapped on the
isodensity surface of EGCg, EC,
RSV, and AA at B3LYP/6-311++
G(d,p) level of theory in gaseous
phase

RSV

Table 6 Enthalpy of acidity in kJ/mol and pKa values for OH groups in
EGCg, EC, RSV, and AA

Molecule AH,gidity pka Ring
EGCg 5-OH 1438.28 10.04 A
7-OH 1456.87 11.44 A
3-OH 1403.32 6.70 B
4'0H 1381.10 421 B
5-OH 1404.17 6.64 B
3"-OH 1331.26 1.81 D
4"-OH 1352.44 3.07 D
5"-OH 1315.99 —0.65 D
EC 3-OH 1488.56 21.18 C
5-OH 1439.24 10.30 A
7-OH 1465.46 11.46 A
5-OH 1427.53 8.45 B
4-OH 1424.34 8.24 B
RSV 3-OH 1451.34 11.21 A
5-OH 1453.78 11.44 A
“OH 1427.29 8.24 B
AA 2-OH 1467.87 9.45 Inside the pentacycle
3-OH 1364.75 0.26 Inside the pentacycle
5-OH 1364.75 0.26 Ouside the pentacycle
6-OH 1349.31 -0.98 Outside the pentacycle

AA

catechins and it is the most suitable in the first step for resver-
atrol. The SPLET mechanism is favored for EC but to a lesser
degree compared to EGCg.

Our results also show that there is a strong relation between
BDE and spin density for EC and RSV since these two pa-
rameters follow the same trend for all radicals.

In water, the second step of SET-PT and the first step of
SPLET are the most thermodynamically favored mechanisms
compared to HAT mechanism for the studied molecules.

Evaluation of acidity of hydroxyl groups by determining both
pKa and enthalpy difference between the anion (A ") and neutral
species (HA) showed that higher antioxidant activity of EGCg is
in part related to strong acidity of its OH groups; indeed, all OH
sites of EGCg, especially in the gallate moiety, are more acidic
than those of EC and RSV. Results of pKa of studied molecules
reinforce the other computed thermodynamic parameters.

The reactivity of molecules was evaluated by mapping ESP
surfaces which showed that resveratrol presents a nucleophilic
character, while EGCg and EC are rather electrophilic but
possess some nucleophilic regions which indicates that stud-
ied molecules are good proton donors.

It should be stressed that Mulliken spin density for radicals
obtained by DFT method agree better with the other calculated
parameters than those obtained by HF method.

Moreover, the use of diffuse function has almost no impact
on the spin density values; however, it caused a decrease in
HOMO and LUMO energies.
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Regarding the concordance of experimental and theoretical
results, there is a good correlation between DPPH scavenging
assay and calculated thermodynamic and electronic
parameters.

Finally, we can conclude that the two flavonoids EGCg and
EC are more potent antioxidants than the stilbene RSV.

This study could be extended to peruse the effect of differ-
ent attracting and withdrawing substituents on this trend.
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