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Abstract

Oxidative stress that damages cellular components affects various organs including the brain. It is thus believed to play an
active role in neurodegenerative diseases, wherein the intrinsic antioxidant enzymes metabolize toxic intermediates. For
therapeutic purpose, instead of antioxidant enzymes, small organic compounds as antioxidants may be more effective. Here,
reducing power and electrochemical behavior of some flavanols, flavanonols, flavones, flavonols and O—methylated flavonols
have been estimated and confirmed by the calculated bond dissociation energy. Compared to other classes, flavonols exhibited
increased reducing power that decreased with methylation of the oxygen atom in the B-ring. Gossypetin emerged as the most
effective of these flavonols. Generally, compounds with two hydroxyl groups in two consecutive positions of the phenyl ring
and an enolic group in the C-ring with more preference for the hydroxyl group in the ortho position with respect to each other
in the catechol moiety showed major activity. 5 position of the A-ring showed the least effect on the activity. The present
understanding therefore may be applied for identifying compounds to be used as scaffold for designing potent antioxidants.
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the antioxidant system [1-3]. It is lethal for the normal
functioning of the physiological processes for the fact that
it is associated with cell membrane damage owing to lipid
peroxidation, changes in protein structure and function due
to protein oxidation, and finally structural damage to DNA
[4]. Unless addressed, it causes severe damage to differ-
ent organs, the most vulnerable being the brain. This is so
because brain has a high oxygen demand which is 20% of
the total oxygen consumption of the body [5-8], also redox
active metals such as iron or copper that catalyze ROS for-
mation are abundant there and finally, the presence of high
level of polyunsaturated fatty acids in the lipid of brain cells
makes it a peroxidation susceptible area [9-14].

Thus, oxidative stress is believed to play a central role in
the common pathophysiology of neurodegenerative diseases
[6, 8, 15] such as amyotrophic lateral sclerosis, Alzheimer’s
disease [12, 14, 16—-19] and Parkinson’s disease [20-22].
Antioxidant enzymes [23-25] and low molecular weight
compounds [24, 26, 27] act as key players of the antioxi-
dant defense machinery. However, small molecules are of
much importance due to their ability to penetrate the cellular
membrane and thus function both intra- and extracellularly
[28, 29].

Flavonoids are the polyphenolic compounds of plant
secondary metabolites that are already known to act as
non-steroidal anti-inflammatory drugs [30-32]. Their
polyhydroxyphenolic moiety attached with the electron
withdrawing group might exhibit antioxidant activities and
therefore may be a better choice for such purposes. Different
research groups found that the antioxidant activities of these
types of compounds are directly related to their structure
[33-36]. Here, the aim is to study the reducing property and
the electrochemical behavior of 16 compounds from various
groups and relate their activity to structural features, using
theoretical studies.

Reducing agents generally behave as antioxidants; hence,
the reducing power of these organic molecules can be an
indicator of their antioxidant activity. We have therefore
evaluated the reducing power of these compounds esti-
mating their ability to react with potassium ferricyanide to
form potassium ferrocyanide, which then reacts with ferric
chloride to form ferric—ferrous complex. In conjunction, we
have used the same set of compounds for the estimation of
electrochemical oxidation.

Electrochemistry is a significant tool to examine the reac-
tions involving transfer of electrons (either reduction or oxida-
tion); hence, redox behaviors of these small organic molecules
might add important insight. Various research groups have
used a particular type of potentiodynamic electrochemical
measurement that is cyclic voltammetry as a valuable tool
to assess the redox property of various types of substances
[27-29, 36, 37]. Lower oxidation potential of certain com-
pounds, that is compounds with low positive potential
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measured by cyclic voltammetry, reflects greater reducing
power and hence is used as an evaluating index of antioxi-
dant activity. The same principle has been used to evaluate the
redox behavior of the 16 compounds studied here.

Reducing power and redox activity of certain compounds
may be dependent on their atomic hydrogen producing
ability because atomic hydrogen serves as a good reduc-
ing agent. Alcoholic and phenolic compounds can pro-
duce atomic hydrogen by the cleavage of their O-H bond.
It may be expected that lower the O—H bond dissociation
energy, higher the reducing ability as well as redox activity.
So O-H bond dissociation energies have been calculated
in addition to the experimental studies to infer the role of
the hydroxyl groups at various positions of a flavonoid or a
polyhydroxybenzophenone.

Phenolic hydroxyl group pushes the electron cloud to the
benzene ring by positive resonance (+R effect) increasing
the electron density on the phenyl ring. This electron-rich
phenyl ring further can transfer electrons to other sub-
stances. This phenomenon helps phenolic hydroxyl group
containing organic compounds to become good reducing
agents. Hence, it is expected that the oxidation potential
of these types of organic compounds containing phenolic
hydroxyl group will be lower. It is also expected that the
reducing power of polyphenolic compounds having more
than one phenolic hydroxyl group would increase when the
number of hydroxyl groups increases although the positions
of these phenolic hydroxyl groups might play a significant
role. We have therefore tested various kinds of flavonoids
and some polyhydroxybenzophenones. The flavonoids tested
are flavanols (epicatechin and epigallocatechin), flavanonols
(taxifolin and ampelopsin), flavones (chrysin and luteolin),
flavonols (galangin, quercetin, myricetin and gossypetin)
and O-methylated flavonols (rhamnetin, isorhamnetin and
tamarixetin). The flavonols that we tested initially exhibited
reducing activity that did not always increase with increas-
ing number of hydroxyl group but increased with increasing
number of catechol like centers. To verify the importance
of such centers, we tested three polyhydroxybenzophenones
that differed either in the number of hydroxyl groups or in
the position of the same number of hydroxyl groups. The
compounds chosen were 2,4-dihydroxybenzophenone,
2,2' 4,4'-tetrahydroxybenzophenone and 3,4-dihydroxyben-
zophenone. Structures of all the compounds studied here are
illustrated in Fig. 1

Materials and method
Materials

Potassium ferricyanide was purchased from SRL India,
and potassium ferrocyanide was purchased from HiMedia.
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Fig. 1 Structures of the compounds considered in this study and their relation

Disodium hydrogen phosphate, sodium dihydrogen phos- Method

phate and ethanol were obtained from Merck Specialities

Private Limited. The test compounds, namely chrysin, Reducing power assay
luteolin, galangin, quercetin, myricetin, taxifolin, epicate-
chin, epigallocatechin and all polyhydroxybenzophenones,
i.e. 2,2',4,4'-tetrahydroxybenzophenone, 2,4-dihydroxy-
benzophenone and 3,4-dihydroxybenzophenone, were
bought from Sigma-Aldrich. We purchased gossypetin
and ampelopsin from Indofine Chemical Company, Inc.
Rhamnetin, isorhamnetin and tamarixetin were supplied by
Extrasynthese Genay, France. All the compounds obtained
from respective companies were used as they were without
any further purification.

Reducing power of various test compounds was measured
by the method described by Gow-Chin Yen 1995 [38].
Ferricyanide ion is reduced in the presence of a suitable
reducing agent to form the ferrocyanide ion, and this fer-
rocyanide ion further reacts with ferric ion to form a dark
blue (Prussian blue) colored complex which is known as
the ferricferrocyanide complex. This complex absorbs vis-
ible light with maximum intensity at 700 nm [39, 40].
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[Fe(CN)6]3_ + Reducing agent — [Fe(CN)6]4_
[Fe(CN)e]*™ + Fe¥* — Fe,[Fe(CN)y],.

Using this principle, the reducing power of the flavonoids
and some polyhydroxybenzophenones was tested. Higher
intensity of the blue colored complex would reflect higher
reducing capacity and may therefore be inferred to be effec-
tive as an antioxidant.

The method adopted in our study is a modification of
the method, followed by Canabady-Rochelle et. al [41]. We
have taken 400 uM of potassium ferricyanide and various
concentrations of the test sample varying from 0 to 100 uM,
co-incubated in the presence of phosphate buffer at 50 °C
for 30 min. For control, instead of potassium ferricyanide,
400 uM of potassium ferrocyanide was added and no test
sample was added. 250 pL of each solution was mixed with
240 pL of water and 10 pL of 10 mM ferric chloride which
was further incubated at room temperature for 20 min.
Thereafter, absorbance was measured at 700 nm by using
Agilent Technologies Cary 60 UV-Vis spectrophotometer.

% Reduction = (A/A,) X 100.

whereA = absorbance of control.

A =absorbance of the test sample.

Each experiment was carried out in triplicate, and the
average was used for subsequent calculation. ECyyvalues
were calculated using Origin 8.0.

Electrochemical measurements

The electrochemical measurements of all these compounds
were performed using a Basi-C3 Cell instrument at a scan
rate of 100 mV s~! within the potential range of —0.5
to+ 1.50 V with respect to Ag/AgCl. Cyclic voltammograms
were recorded using 0.1 M TBAP (tetrabutylammonium per-
chlorate) as supporting electrolyte and 500 uM of the test
compounds in ethanol solution. The working electrode was
a glassy carbon disk (0.32 cm?) which was polished with
alumina solution, washed with absolute ethanol, and air
dried before each electrochemical run. The reference elec-
trode was Ag/AgCl, with platinum as counter electrode. All
measurements were carried out in standard electrochemical
cells at 25 °C.

Calculation of bond dissociation energy

Initial coordinates of the flavonoids and the polyhydroxy-
benzophenone molecules were prepared using the molecule
builder interface of HyperChem. Thereafter, initial struc-
tural optimization was made using the molecular mechan-
ics (MM +) [42] force field option with Polak—Ribiere
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conjugate gradient algorithm and RMS gradient of
0.001 kecal A" mol™", followed by ab initio method by using
HyperChem release 8.0 software package [43]. In the next
phase, quantum chemical calculations were performed by
using Gaussian 09 package [44]. Density functional theory
[45] method with B3LYP functional [46—49] and 6-31G(d,p)
basis set [50, 51] was deployed. In this phase, at first, geom-
etry of intact molecule obtained from HyperChem (input file
prepared by using Gabedit 2.4.8 [52]) was optimized and
the corresponding energy was calculated. Then, by deleting
the coordinate of the hydrogen atom at a desired position,
the structure of the radical was created, its geometry was
optimized and energy was calculated. O—H bond dissocia-
tion energy was calculated by the following equation [53].

Egp = Erap + Ex—Ewvor-

where Eg =bond dissociation energy.
Eg op =energy of corresponding radical.
Ey=energy of free hydrogen radical.
E\o1, =energy of the intact molecule.

Results and discussion

Here we report reducing power assay and cyclic voltamme-
try of various kinds of flavonoids and some polyhydroxy-
benzophenones. The flavonoids include flavones (chrysin
and luteolin), flavonols (galangin, quercetin, myricetin and
gossypetin), methylated flavonols (rhamnetin, isorhamnetin
and tamarixetin), flavanonols (taxifolin and ampelopsin) and
flavanols (epicatechin and epigallocatechin). Three polyhy-
droxybenzophenones, namely 2,4-dihydroxybenzophenone,
2,2'4,4'-tetrahydroxybenzophenone and 3,4-dihydroxyben-
zophenone, were also tested.

Reducing power assay

We have measured the reducing power of the compounds at
various concentrations. Figure 2 shows the curves for per-
centage of reduction against different concentration of the
chosen compounds.

Flavones

As already mentioned, the hydroxyl group of phenolic com-
pounds donates electron to the benzene ring through + R
effect, which increases the electron density in the ring,
thereby increasing the tendency of electron donation thus
giving rise to compounds with increased reduction power
over compounds containing only benzene ring. Reducing
power of two flavones, chrysin and luteolin has been studied.
Chrysin contains two hydroxyl groups at 5- and 7-position
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Fig.2 Reducing power assay. Plot of % reduction vs. log (concentra-
tion) of a flavones, b flavonols, ¢ O-methylated flavonols, d flavanon-
ols, e flavanols, f polyhydroxybenzophenone, where concentration is
in pM

of the A-ring, while luteolin contains two more additional
hydroxyl groups in the B-ring at 3’- and 4'-positions. Fig-
ure S1 may be referred to follow the ring nomenclature and

atom numbering of the compounds. Our findings indicate
that chrysin has no reducing capacity, but luteolin is a better
reducing agent with ECs, value of 72.90 uM (Fig. 2a). This
refers to the importance of two consecutive hydroxyl groups
in the phenyl ring and hence the importance of the catechol
moiety for exhibiting the reducing property.

Flavonols

In comparison with chrysin, galangin a flavonol contains
only one extra hydroxyl group at 3-position of the C-ring.
This hydroxyl group is also unable to show any effect on the
reducing capacity to the flavonol (Fig. 2b). However, another
flavonol, quercetin seems to be a good reducing agent hav-
ing EC, of 32.42 uM once again indicating the importance
of the catechol moiety. It is also interesting to note that the
reducing power of quercetin is greater than luteolin (flavone)
which implies that though the hydroxyl group at 3-position
itself appears to have no importance on reducing power,
when connected to the catechol moiety it plays a role in
increasing the reducing power.

Myricetin which has further addition of a hydroxyl group
in its B-ring shows quite similar reducing power as querce-
tin, with ECs,, of 35.62 uM. Thus, increase in the number
of hydroxyl group above two, in the B-ring, does not hold a
linear relationship with reducing power. This implies that, in
case of flavonol, the pyrogallol moiety has very little effect
on the reducing property over catechol moiety. Like querce-
tin, gossypetin also contains a catechol moiety as B-ring.
But, in the A-ring, gossypetin contains three hydroxyl
groups at 5-, 7- and 8-positions instead of two. Here the two
consecutive hydroxyl groups at 7- and 8-positions serve as
another catechol like center in gossypetin. It showed an ECy
value of 24.25 uM which is the best not only with respect
to flavonols but also among all the compounds examined in
the study. It is to be noted that both myricetin and gossypetin
contain the same number of hydroxyl groups.

0-Methylated flavonols

Methylation on various oxygen atoms of quercetin may ham-
per the reduction ability as the methoxy group is unable to
donate atomic hydrogen unlike phenolic hydroxyl group that
can easily do so by dissociating the covalent bond between
hydrogen and oxygen. We have already seen that hydroxyl
group at 7-position of A-ring has no effect on reducing
power so we may expect methylation of this oxygen not
to show any increment on the reducing power. Rhamne-
tin which is 7-O-methylquercetin shows a reducing power
with ECs value of 30.93 uM which is quite close to that of
quercetin (Fig. 2c). On the other hand, B- ring as catechol
moiety has shown significance and absence of this moiety
makes flavonols inert. We therefore studied the reducing
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power of isorhamnetin and tamarixetin in order to see the
effect of methylation in the B-ring at 3'- and 4’-oxygen
atom of quercetin, respectively. Methylation at 3'-position
decreases the reduction ability of isorhamnetin (3'-O-meth-
ylquercetin) as reflected from large ECs;, (50.88 uM). Effect
of O-methylation at 4'-position resulted in an even larger
ECjs of tamarixetin (98.19 uM).

Flavanonols

Like flavonols, flavanonols contain double bonded oxy-
gen atom at position 4 of C-ring although double bond
between C2 and C3 is absent. Ampelopsin, the pyrogallol
moiety containing flavanonol, has quite lower value of ECs,
(38.82 uM) than other flavanols but is still greater than the
flavonols studied here (Fig. 2d). The catechol moiety con-
taining taxifolin has ECs, as 44.36 uM. It may be due to
the fact that absence of double bond between C2 and C3
atoms in flavanonols as well as in flavanols gives rise to non-
planar sp® hybridized carbon containing compounds. These
compounds are unable to drag unpaired electron of the free
radical intermediates from B- ring. Hence, the formation of
such unpaired electron containing free radical intermediates
is not facilitated.

Flavanols

Unlike flavonol, flavanol lacks the double bond between 2-
and 3-position of C-ring and also the double bonded oxygen
atom at 4-position of C-ring. We realized the importance
of the double bond between C2 and C3 and also the double
bonded oxygen atom of 4-position of flavonol during the
study of the reducing power of flavanols. Epicatechin is a
flavanol which contains a catechol moiety. Reducing power
assay of epicatechin, a catechol moiety containing flavanol,
confirmed the ECs, value as 47.03 uM (Fig. 2e) which is
quite greater than that of quercetin. Such kind of increment
in EC5, was also obtained for epigallocatechin which too is
a flavanol, but like myricetin it contains a pyrogallol moiety
as B-ring. Epigallocatechin showed ECs, of 44.31 uM which
is comparable to epicatechin but greater than that of its cor-
responding flavonol myricetin.

Polyhydroxybenzophenone

Importance of the catechol moiety could be further verified
through estimation of reducing power of polyhydroxyben-
zophenones. Here, the keto group has electron withdrawing
capability. So addition of polyhydroxyphenyl group joined
with keto group might exhibit considerable reducing power.
In this series, first we have studied 2,4-dihydroxybenzophe-
none which contains one resorcinol moiety. In the given
condition, this compound showed no reducing capability
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(Fig. 2f). Even upon addition of two resorcinol moiety as
in 2,2',4,4'-tetrahydroxybenzophenone, no reducing activity
was observed. Thus, it becomes evident that the number of
resorcinol moiety plays no role, on the contrary resorcinol
moiety containing compounds turned out to be in capable
of showing any reducing power. We also found 3,4-dihy-
droxybenzophenone has a reducing power with ECs, value
71.19 uM. Though 3,4-dihydroxybenzophenone is not so
good as a reducing agent in comparison with flavonoids,
but it is much better than the other two polyhydroxyben-
zophenones. So it is clear that reducing capability does not
depend on the number of polyhydroxyphenyl group but the
arrangement of the hydroxyl groups on phenyl ring matters.

Electrochemical behavior

Cyclic voltammetry (CV) is a powerful electrochemical
technique popularly applied to study the reduction and oxi-
dation processes of molecular species. More importantly,
CV is employed to study the electron transfer-initiated chem-
ical reactions. We have therefore recorded the response in
current when a voltage is being applied across individual
solution of the compounds in ethanol and the reference elec-
trode. Figure 3 shows cyclic voltammograms (current versus
potential plot) for all the compounds.

Flavones

For flavone type of molecules, cyclic voltammogram of
chrysin shows no prominent peak on forward or reverse
scan, but for luteolin one peak is observed at E, = +0.71 V
on forward scan and another at E; = +0.50 V on reverse
scan due to the almost reversible oxidation process (Fig. 3a).
The absence of any peak in cyclic voltammogram of chrysin
indicates the redox inactive nature of this compound. Hence,
it is clear that hydroxyl group of 5- and 7-positions of A-ring
is unable to exert much redox activity to these compounds.
A single peak in cyclic voltammogram of luteolin signifies
that the compound is oxidized in one step. Luteolin becomes
a redox active system when the normal B-ring of chrysin
transforms to catechol moiety and the peak in cyclic voltam-
mogram corresponds to the catechol moiety. The B-ring as
catechol moiety is thus important for redox activity.

Flavonols

Addition of one hydroxyl group at 3-position of redox inac-
tive flavone chrysin makes it the flavonol galangin. In the
cyclic voltammogram of galangin, one peak is observed at
E,;=+0.82V on forward scan and another at E; = +0.70 V
on reverse scan implying one step oxidation/reduction pro-
cess at the electrode surface (Fig. 3b). So it is clear that this
hydroxyl group at position 3 has an impact on redox activity.
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Fig.3 Electrochemical behavior. Cyclic voltammograms of 500 uM a
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Likewise, in case of quercetin that has an extra hydroxyl
group at 3- position in comparison with another flavone
luteolin, an extra peak is observed on forward anodic scan.
Compound quercetin in ethanol (Fig. 3b) shows two waves

on forward anodic scan (—0.5 to+ 1.50 V) for the two step
oxidation process at the electrode surface. The peaks are
observed at E; = +0.65 V and E, = + 1.0 V, and for myri-
cetin, they are observed at E;=+0.54 Vand E,=+1.02 V.
These clearly indicate that oxidation of the catechol moi-
ety in quercetin and of the pyrogallol moiety in myrice-
tin has a similar nature. However, gossypetin shows three
peaks at E;=+4+049 V,E,=+0.70 V and E;=+1.15V
with respect to Ag/AgCl electrode. The presence of this
third redox active center in gossypetin may be due to the
presence of two consecutive hydroxyl groups at the 7- and
8-position of A-ring. On reverse scan, oxidized products
of these three compounds are reduced through two steps
at the electrode surface and the corresponding peaks are
observed at E;= +0.05 V and E, = +0.51 V for querce-
tin; at E;= +0.42 V and E,= +0.86 V for myricetin and at
E;=+0.30 Vand E,= +0.57 V for gossypetin. The three
compounds (quercetin, myricetin and gossypetin) show
similar type of CVs with two peaks for two quasi-reversible
oxidation processes. Among these flavonols, the oxidation
potential (E,) of gossypetin is the lowest.

O-Methylated flavonols

The cyclic voltammograms of O-methylated flavonols also
show two waves on forward anodic scan (Fig. 3c), and the
peaks are observed at E;=+40.69 V and E,= +1.04 V
for rhamnetin; at E;= +0.71 V and E,=+1.14 V for
isorhamnetin and at E;=+40.74 V and E, = +0.99 V for
tamarixetin. Here also two very small peaks are observed
at E;=+0.51 V and E,= +0.91 V for rhamnetin; at
E;=+0.52 V and E,= +0.94 V for isorhamnetin and at
E;=+0.63 Vand E,= +0.87 V for tamarixetin. Beside this,
rhamnetin shows another peak at E;= +0.04 V for irrevers-
ible reduction process. In these molecules, the two peaks on
forward scan are due to the two quasi-reversible oxidation
processes.

Flavanonols

In case of flavanonols, the cyclic voltammograms of each
of the compounds show two peaks. For ampelopsin, the
peaks are at E;=+40.64 V and E,= +1.04 V (Fig. 3d),
but for taxifolin, the two peaks are merged to one broad
peak at E; = +0.86 V. Ampelopsin also shows a small peak
at E; = +0.90 V, whereas taxifolin shows two peaks at
E;=+4+0.21 V and E,= +0.73 V on reverse scan. The two
peaks on forward anodic scan indicate the two step oxida-
tion of the compounds. Therefore, the oxidation process of
taxifolin is quasi-reversible in nature, but for ampelopsin, it
is almost irreversible in nature.
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Flavanol

For flavanol, the cyclic voltammograms of each of the com-
pounds also show two peaks (Fig. 3e): at E; = +0.76 V
and E,= +1.02 V for epicatechin; at E; = +0.77 V and
E,=+0.96 V for epigallocatechin and on reverse scan, epi-
catechin shows one prominent peak at E; = +0.04 V and a
very small peak at E, = +0.65 V, whereas epigallocatechin
shows only a small peak at E; = +0.12 V. Thus, oxidation
of epicatechin is quasi-reversible and is almost irreversible
for epigallocatechin.

Polyhydroxybenzophenone

In another type of hydroxybenzophenone molecules, cyclic
voltammogram of 2,2'.4,4'-tetrahydroxybenzophenone does
not show any peak on forward or reverse scan (Fig. 3f),
whereas compound 2,4-dihydroxybenzophenone shows only
one small peak at E; = +0.94 V on forward scan but no peak
on reverse scan due to the irreversible oxidation process. The
cyclic voltammogram of compound 3,4-dihydroxybenzophe-
none shows one peak at E; = +0.95 V on forward scan and
at E; = 40.37 V on reverse scan for the nearly reversible
oxidation process. Here also the absence of any significant
peak in cyclic voltammogram of 2,2',4,4'-tetrahydroxyben-
zophenone and a very small peak in cyclic voltammogram
of 2,4-dihydroxybenzophenone indicate that both com-
pounds have similar type of redox inactive nature. Among
these three compounds, only 3,4-dihydroxybenzophenone
reversibly oxidizes, whereas the other two compounds are
almost redox inactive. These results once again show the
importance of the catechol moiety in redox activity

Bond dissociation energy calculation

Compounds that can readily dissociate atomic hydrogen can
easily reduce other substances. For polyphenolic compounds
we can say that the bond dissociation energies of O—H bonds
are very important to justify the mechanism of the exhib-
ited redox property. Hydroxyl group having weak O—H bond
gives away the atomic hydrogen easily; hence, it takes part in
the reduction reaction more responsibly. Figure 4 shows the
bond dissociation energies of the hydroxyl groups present
in the chosen compounds.

Flavones

Chrysin has two hydroxyl groups at 5- and 7- position of the
A-ring. In our study we have found that O-H bond dissocia-
tion energy of 5-position is greater than that of 7-position
indicating removal of hydrogen atom from hydroxyl group
at 5-position by homolytic bond cleavage is quite difficult
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than removal of atomic hydrogen from the hydroxyl group
at 7-position. The radical formed from hydroxyl group of
5- position destabilizes due to field effect of double bonded
oxygen atom of C- ring (Fig. S2), whereas this kind of repul-
sive, destabilizing field effect is absent in case of the radical
formed from 7-OH. We also can see that O—H bond dissocia-
tion energy of hydroxyl group of 3'-position and 4'-position
of B-ring is lower than bond dissociation energy of the other
two hydroxyl groups of the A-ring. Hence, we can say that
rather than A-ring, removal of hydrogen atom by homolytic
bond cleavage of O-H bond from B-ring is favorable. After
removal of hydrogen from the hydroxyl group at the 4'-posi-
tion of B-ring, the resulting radical is stabilized by hydrogen
bond formation with the hydroxyl group of the next carbon
(Fig. S3) and also by resonance. It may be noted that in
this case, the unpaired electron is delocalized through the
B- ring and up to the ketonic oxygen of C-ring via double
bond between C2 and C3 (Fig. S4). On the other hand, pres-
ence of similar radical at the 3'-position is also stabilized by
the formation of hydrogen bond with neighboring hydroxyl
group, but in case of resonance the unpaired electron is delo-
calized only within the B-ring (Fig. S5). Hence, the removal
of hydrogen from the 4’-position is quite easier than that of
the 3’-position. This is also reflected by the bond dissocia-
tion energy of these two O—H bonds, where we can see that
bond dissociation energy of 4’-hydroxyl group is quite lower
than that of 3'-hydroxyl group. Here also we can see that
presence of the catechol moiety in two consecutive position
of benzene ring plays a significant role to release atomic
hydrogen and thus become a good reducing agent.

Flavonols

Since the arrangement of hydroxyl groups present in the
A-ring of the flavonol galangin is similar with the flavone
chrysin, we got quite similar pattern of O—H bond disso-
ciation energy of hydroxyl groups present in the A-ring
of galangin. We also found that enolic hydroxyl group in
galangin (which was absent in case of flavones) has lower
value of O—H bond dissociation energy than other hydroxyl
groups present in the same molecule. It may be due to the
delocalization of the unpaired electron through the double
bond between C2 and C3. Quercetin also has quite simi-
lar pattern to its flavone homolog, luteolin; in addition, like
galangin, it has lower value of O—H bond dissociation energy
at 3-position of the C-ring. 3-, 5- and 7- hydroxyl groups of
myricetin have quite similar O-H bond dissociation energy
value with quercetin. Unlike quercetin, myricetin contains
three hydroxyl group in the B-ring. Since 3'- and 5’-both
positions of B-ring are meta- position with respect to the
chromone moiety, hydroxyl radicals of these two positions
have similar O-H bond dissociation energy. It is observed
that 4’ hydroxyl group of myricetin has lower O—H bond
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dissociation energy than quercetin. It is because the radical
formed by the release of atomic hydrogen from 4'-hydroxyl
group was stabilized by hydrogen bonding with the hydroxyl
groups of 3'- and 5'-positions, but for quercetin there was
only one hydrogen bond forming hydroxyl group (Fig. S3).
For gossypetin we found hydroxyl groups connected with the
3-, 3'- and 4'-positions that have quite larger values of O-H
bond dissociation energy, but it is also notable that hydroxyl
groups of 5-, 7- and 8-positions have quite lesser value of
O-H bond dissociation energy. From this observation, it is
evident that unlike other flavonols tested here, A-ring of gos-
sypetin takes active part in reducing activity.

O-Methylated flavonols

Methylation of the oxygen atom present in the 7-position
of quercetin has almost zero impact on O—H bond disso-
ciation energy of all other hydroxyl groups present in the
same molecule. So we may expect very faint effect of this
methylation on the reducing behavior. On the other hand,
methylation of the oxygen atom which is connected to
3'-position of B-ring is showing an impact on the O-H bond
dissociation of 4’-hydroxyl group. Because in that situation
radical produced by the removal of atomic hydrogen can-
not be stabilized by hydrogen bonding with neighboring
atoms. For similar reason O-H bond dissociation energy of
4'-hydroxyl group of isorhamnetin is quite larger than that of
quercetin, whereas other hydroxyl groups have quite similar
values with quercetin. Our observation for tamarixetin was
quite similar to isorhamnetin, but here instead of 4'-hydroxyl
group the change was observed for 3" hydroxyl group.

Flavanonols

We mentioned earlier that radical formed from hydroxyl
group of 3-position of flavonol is stabilized by the delo-
calization of unpaired electron through the double bond
between C2 and C3 atom of the C-ring. Due to the absence
of double bond between the C2 and C3 atom of C-ring, the
delocalization of unpaired electron is not possible. Hence,
the radical formed from hydroxyl group of the 3- position
cannot be stabilized. As a result, we can see that, in case of
the flavanonol taxifolin, the O-H bond dissociation energy
of hydroxyl group of 3-position is quite higher than that of
its flavonol homolog, quercetin. Also, we have seen that the
3'- and 4’ hydroxyl group of both luteolin and quercetin have
different O—H bond dissociation value due to their different
position and hence different delocalization behavior of their
corresponding radical. But for taxifolin, due to the absence
of the double bond between C2 and C3, delocalization of
free electron of the radical corresponding to 4'-position up
to the ketonic oxygen of the C-ring does not occur. Hence,
we got similar O—H bond dissociation values of 3’ and 4’
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hydroxyl groups of B-ring. The environment of hydroxyl
groups present in 3-, 5- and 7-positions of ampelopsin are
totally similar with that of taxifolin; these hydroxyl groups
have quite similar O—-H bond dissociation energy. Moreo-
ver, 3'- and 5'-positions are quite similar; hydroxyl groups
of these positions therefore have similar values of O—H
bond dissociation energy. Like B-ring of myricetin, radical
formed from 4'-hydroxyl group of ampelopsin gets stability
by the hydrogen bonding with hydroxyl groups of 3'- and
5'-positions.

Flavanol

Flavanols also do not contain any double bond between C2
and C3 atoms like flavanonols; hence, O—H bond dissocia-
tion energy of hydroxyl group present in flavanols are quite
similar with the flavanonols. It is interesting to note that
unlike all other flavonoids the O—H bond dissociation energy
of hydroxyl group present at the 5-position of A-ring of fla-
vanols is quite low. This is so because this group of com-
pounds does not contain any ketonic oxygen at 4-position.
We mentioned earlier that hydroxyl group at 5 position has
larger O—H bond dissociation value due to the presence of
the ketonic oxygen at 4-position. Except this ketonic oxy-
gen, flavanonol and flavanol are similar in all other respect.
Hence, the O—H bond dissociation energy of all hydroxyl
groups present in the B-ring of epicatechin have similar pat-
tern with its flavanonol homolog, taxifolin, whereas epigal-
locatechin shows similarity with ampelopsin.

Polyhydroxybenzophenone

Though 2,4-dihydroxybenzophenone and 2,2'.4,4'-tetrahy-
droxybenzophenone differ in the number of hydroxyl group
but positions of their hydroxyl groups with respect to keto
group are quite similar. However, 3,4-dihydroxybenzophe-
none has quite different arrangement. Here we have seen
O-H bond dissociation energy values of hydroxyl radicals
present in 3,4-dihydroxybenzophenone are smaller than that
of 2,4-dihydroxybenzophenone and 2,2',4,4'-tetrahydroxy-
benzophenone. So, it is clear that two consecutive hydroxyl
groups show lower bond dissociation energy with respect to
any other arrangements.

Conclusions

It is evident from this study, that not only the number of
hydroxyl groups, also their position plays a vital role in
exhibiting significant reducing property in flavonoids.
Despite having the same number of hydroxyl groups, gos-
sypetin is a better reducing agent than myricetin. According
to Firuzi et al. a pair of hydroxyl group in the B-ring and
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the enolic group of C-ring are most important for antioxi-
dant activity [54]. However, we found the hydroxyl group
at 3-position is much more effective for exhibiting the prop-
erty. More precisely, without the catechol moiety (B-ring),
the sole presence of the enolic group does not contribute
to the reducing power. Likewise, without the enolic group,
the catechol moiety containing flavone, luteolin, showed a
reducing power similar to that of 3,4-dihydroxybenzophe-
none, a nonflavonoid class of compound. Additionally, we
found that, of the two hydroxyl groups at 3'- and 4'-position,
the one at 4’- is more important toward exhibiting reducing
activity. We believe that polyhydroxyphenolic compounds
reduce other substances by releasing atomic hydrogen from
the hydroxyl group. It is expected that during this process
unpaired electron containing the radical will be formed as
an intermediate. This unpaired electron of the radical can be
pulled from para position through —R effect and hence may
stabilize the radical intermediate which further favors the
reduction process. This is by far not possible for a hydroxyl
group in the meta position (3'-position). Another require-
ment is the hydroxyl group at 3-position of the C-ring. The
presence of an enolic group involving the C2 and C3 atom
of C- ring creates a positive impact on the reducing behavior
of flavonoids. From the electrochemical measurement we
found that the chosen compounds are showing peaks dur-
ing forward scan either corresponding to a pair of hydroxyl
group present in the ortho position with respect to each other
or hydroxyl group present in 3-position of the flavonoids.
From bond dissociation energy calculation we found that
hydroxyl groups of two consecutive position of phenyl ring
or enolic hydroxyl group have lower O—H bond dissociation
energy implying these positions to release atomic hydrogen
more easily.

It is thus confirmed that out of all types of compounds
studied here, flavonols are the most efficient reducing agents
and the most efficient flavonol is gossypetin with lowest
ECj, as confirmed through reducing power assay. It showed
three peaks during the study of the electrochemical behav-
ior—one may be associated with hydroxyl groups at 3'-,
4'-positions of the B-ring; another may be for the hydroxyl
groups at 7-, 8-positions of the A-ring and the third for the
enolic group involving the C2 and C3 atoms of the C-ring.
Besides, estimation of the bond dissociation energy revealed
greater contribution of the hydroxyl groups at 7-, 8-positions
of gossypetin over those at 3'-, 4-positions toward reducing
power. And any modifications if demanded for flavonoids,
the 5-position may be a good choice because this position
has very little effect toward the reducing behavior due to
high value of O-H bond dissociation energy. This indicates
that gossypetin has three redox active centers whereas others
have one or two that can be oxidized. It is noteworthy that
the value of the potential corresponding to the first peak for
forward scan is the smallest with respect to the same for all

other compounds we have studied. Moreover, the O-H bond
dissociation energy of the hydroxyl groups of gossypetin is
lower than similar hydroxyl groups present in other com-
pounds. Gossypetin thus emerges out to be the most potent
reducing agent among the compounds studied here that may
play an imperative role in preventing diseases associated
with oxidative stress.
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tary material available at https://doi.org/10.1007/s11030-021-10232-4.
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