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Abstract—Nine compounds are studied for antioxidant activity, including those from the class of catechol-
amines containing 3,4-hydroxyphenyl (catechol) as a common structural fragment, which imparts antioxi-
dant properties to the compounds in the reactions of hydrocarbon substrate oxidation. The antiradical activity
is determined by the chemiluminescent method by the interception of peroxyl radicals in the model reaction
of the initiated oxidation of ethylbenzene (RH). The mechanism of the inhibition of chain oxidation pro-
cesses by diatomic phenol compounds is provided by the presence of two active hydroxy groups with a possi-
ble intramolecular hydrogen bond, leading to a weakening of the O—H bond and a high rate constant of
hydrogen abstraction in the reaction with peroxyl radicals (k;,;). This reaction is dominant and determines
the inhibitory activity of antioxidants in oxidation processes. The maximum inhibitory activity is shown by
3,5- and 3,6-di-fert-butylpyrocatechins, dopamine, and epicatechin.
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INTRODUCTION

Diatomic phenols containing OH groups in the
ortho-position are widespread in wildlife. Fragments
of pyrocatechol are present in many flavonoids. Such
compounds play an important role in inhibiting
unwanted oxidative processes in living systems, pro-
tecting them from the effects of oxidative stress. There
is substantial interest in studying polyphenols due to
the ability of these compounds to reduce the risk of
atherosclerosis, cancer, and cardiovascular diseases.
Until the 1990s, there was practically no information
in the literature on the antioxidant and biological
properties of sterically complicated diatomic phenols
of the catecholamine group. Recently, a great deal of
attention has been paid to determine the antioxidant
activity (AOA) of these compounds. A variety of
approaches are used in the research to assess the AOA.
However, the results of many works seem to be ambig-
uous. The AOA of natural compounds and their ana-
logs is most often studied in heterogeneous systems
that mimic the structure of a cell of a living organism:
micelles and liposomes. However, the AOA deter-
mined under these conditions depends on various fac-
tors. In order to exclude the influence of these factors,
it is necessary to carry out studies on the oxidation of
model systems in a homogeneous system. The study of
the AOA of polyphenols upon inhibition of oxidation
in solution seems to be relevant.

The search for drugs among compounds of
diatomic phenols and their derivatives seems to be one
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of the most promising ways to create new drugs for the
treatment of diseases such as polyneuropathy of vari-
ous etiologies, Parkinson’s disease, Alzheimer’s, and
complications after a disease caused by ther coronavi-
rus infection COVID-19.

Catecholamines are a group of biogenic amines
containing 3,4-dihydroxyphenol (catechol) as a com-
mon structural fragment, which gives these com-
pounds the status of antioxidants in the oxidation of
organic compounds. Catecholamines are water-solu-
ble compounds that function as natural neurotrans-
mitters in living organisms (adrenaline, norepineph-
rine, dopamine) [1—6]. This circumstance raised the
problem of determining the key kinetic characteristics
of the antioxidant action and developing convenient
and reliable instrumental methods for their determi-
nation.

To study the kinetics of oxidative processes, includ-
ing those involving antioxidants, it is most convenient
to use chemiluminescent methods [7—15]. In this
study, we consider the possibilities of using the chemi-
luminescent method based on measuring the intensity
of chemiluminescence (CL) accompanying the initi-
ated oxidation of hydrocarbons to obtain quantitative
characteristics of the antiradical activity of diatomic
phenols: the rate constants of the reaction of a perox-
ide radical with an inhibitor molecule (k;,,) and stoi-
chiometric inhibition coefficient (f). The structural
formulas of the compounds studied in this work are
shown in Fig. 1.
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Fig. 1. Structural formulas of the studied diatomic phenols.

EXPERIMENTAL

In this study we investigated five compounds of
diatomic phenols, homologs of pyrocatechol, synthe-
sized and provided by the laboratory for the synthesis
of complicated phenols (Institute of Biochemical
Physics, Russian Academy of Sciences (IBCP RAS)),
and four compounds of a number of natural catechol-
amines (Fluka) for antiradical activity in relation to
peroxyl radicals leading the oxidation chain. The anti-
radical properties of diatomic phenols were investi-
gated by the effect of inhibition of the liquid-phase
oxidation of ethylbenzene (RH), initiated by the ther-
mal decomposition of the initiator 2,2'-azobisisobuty-
ronitrile (AIBN). The initiator was recrystallized twice
from ethanol, followed by drying in a vacuum to a con-
stant weight. The solvent chlorobenzene (Merck) and
the model hydrocarbon ethylbenzene (Aldrich,
99.8%) were used without preliminary purification.
The oxidizing reaction mixture (5 mL) was placed in a
chemiluminometer cuvette thermostated at 50°C and
saturated with oxygen by bubbling air with an injection
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compressor. Weak primary luminescence (triplet-sin-
glet emission of light by an excited product, acetophe-
none) was enhanced by transferring energy to an effective
phosphor, 9,10-dibromoanthracene (DBA), and
recorded on a chemiluminometer with an H7467 photo-
sensor module (Hamamatsu, Japan) with an RS-232C
interface.

The initiated oxidation rate, W), was calculated
using the ratio

Wi =2 fcako [AIBN]
=1.2x1.58 x10" exp(~30800/RT)[AIBN],

where f;, is the exit of radicals from the cell (f;, = 0.6),
and k is the rate constant of the decomposition of the
initiator, which is practically independent of the
nature of the solvent [16—21].

The initiation rate, W, was additionally monitored
and was measured directly in the reaction mixture
before and after the experiment on the CL kinetics
after the introduction of a known amount of the stan-

(1)
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Table 1. The parameters of inhibition of the chemiluminescent process of ethylbenzene oxidation by antioxidants obtained

by processing the data in Fig. 3

Curve no. in Fig. 3 Antioxidant [AO], M S/ kipp, M™!s7! W;(Ms ) ontys
1 o-naphthol 1.96 x 10~° 2.0 3.6 x 10° 6.54 x 107
2 Hydroquinone 9.77 x 107° 2.0 5.5 x 10° 6.78 x 10~
3 Dopamine 1.44 x 107 1.9 1.5 x 103 5.88 x 107
4 Ionol 1.48 x 1075 2.0 2.4 x 10 5.88 x 1079

dard chroman inhibitor (CrC,), 6-hydroxy-2,2,5,7,8-
pentamethylchroman, which also made it possible to
record the effect of oxidation products on the oxida-
tion rate (W, ).

The main problem arising in the study of the AOA
of polyphenols in a nonpolar medium is related to
their extremely low solubility under these conditions.
To prepare working solutions of polyphenols, it is nec-
essary to use additives of polar solvents. However, the
polarity of the medium can have a significant effect on
the activity of inhibitors. The reason for this effect is
the formation of a hydrogen bond between the OH
group of phenol and the solvent. This leads to a com-
plication of the mechanism of the action of antioxi-
dants and an additional error in the measurement of
elementary inhibition constants. Therefore, an
attempt was made to select a solvent that would com-
bine good solubility of the compounds under study
and the minimal effect on the measurement parame-
ters. A suitable solvent was found to be dimethyl sulf-
oxide (DMSOQO) in combination with acetonitrile

(ACN). First, the compound was dissolved in DMSO
to a concentration of 1 x 10—3 M, then a diluted base
solution in acetonitrile (1 x 10~* M) was prepared by
dilution by a factor of 10. DMSO and ACN in the con-
trol measurements did not affect the initiation rate in
the oxidation of hydrocarbons; therefore, subse-
quently, solutions of the inhibitors under study were
prepared using DMSO and ACN.

The effective antiradical activity was measured by
the chemiluminescent method, which records the CL
intensity accompanying the initiated oxidation of
hydrocarbon (RH) at the known initiation rate (W)).
With the introduction of an inhibitor, the oxidation
rate decreases, and the CL intensity changes propor-
tionally, which is then analyzed [17].

The oxidation of hydrocarbons and lipids (RH)
develops according to the free-radical chain mecha-
nism, the key stages of which are initiation, continua-
tion, and termination of the chain [18—21]:

Scheme 1

Initiation of radicals: Y — 2r°

+[RH] +0,

2R’ 2ROO0".

Chain propagation: ROO" + RH—*—5sROOH + R".
Chain termination: ROO" + ROO" —*— Products + Av.

Here R* and RO); are free radicals, Y is the initiator,
and ROOH is hydroperoxide, the primary oxidation
product. At moderate temperatures (40—60°C), low
conversion levels, and a constant oxidation rate, the
formed hydroperoxides do not affect chain initiation
and are neutral oxidation products, and the reaction
itself proceeds in the oxidation mode with degenerate
branching [21—-23].

The stationary concentration RO in a chain pro-
cess is

(RO | = (w/2k,)", 2
and the oxidation rate is described by the equation
k
Wo, = 2L [RHI()". )

1
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It was found that in the processes of the oxidation
of hydrocarbons, the source of CL is the exothermic
reaction of the recombination of the peroxyl radicals

(RO;), passing through the formation of an interme-

diate tetroxide followed by decomposition into prod-
ucts [19, 22]:

ROO’ + ROO" &5 ROOOOR
— (1-n)P+nP*+ M +0,T.

In this reaction, an energy of 100 to 120 kcal /mol
is usually released, and in each such elementary act,
one molecule of the product, a carbonyl compound P*
(in the case of ethylbenzene oxidation, it is acetophe-
none) is excited, which emits a CL light quantum. The
Vol. 16
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speed of this reaction W, = 2k,[R0O3]%. Consequently,
the measurement of the CL intensity can be used as a
convenient kinetic method, since it is proportional to

k[RO3 2.

53

A measure of the antioxidant activity of the inhibi-
tors can be the degree of quenching of CL by them. In
the presence of inhibitors (InH), the chain termina-
tion rate increases due to the participation of the
inhibitor (InH) in reactions with peroxyl radicals:

Scheme 2

ROO’ + InH—f=3ROOH + In’,
ROO’ + In"—*=—5 Products,

In" + In" — Products.

The straight chain termination reactions on the

inhibitor lead to a decrease in the concentration RO}
and the rate of inhibited oxidation, which in the sim-
plest case, not complicated by the side reactions
involving an inhibitor, is determined by the relation

_ k,IRHW,

= 4

"k flInH] @

where f is the stoichiometric inhibition coefficient

showing the number of chain breaks per [InH] mole-
cule (usually 1 << 2).

For pyrocatechol derivatives, the mechanism Scheme 3 of interaction with peroxyl radicals is presented as follows

[23, 24]:

Scheme 3

+ RO;

108
+ RO;

L,
ey
L

The end product of the reaction is a quinone,
which does not interact with peroxyl radicals (it reacts
only with alkyl radicals), but can be reduced to an
inhibitory radical when interacting with the starting
catechol compound. The stoichiometric coefficient of
inhibition is f= 2.

When studying the kinetics of oxidation, it is con-
venient to use not absolute (/) but relative (/) values of
the CL intensity determined by the relation

i=1/1,=[RO; ] / [Ro‘z]i = k[RO; | /W (5)

where [ is the current value of the absolute intensity
and [, is the intensity value in the absence of the inhi-
bitor.

The area of the CL light sum above the kinetic curve
of CL quenching by the inhibitor shows how many per-
oxyl radicals died in the inhibitor from the moment of
administration until its complete consumption, and is a

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 16

Kiny = 10°-108

ICERI
R,

0. R,
:[::[ + ROOH,
HO R,
6} R,
O. R,
— 2 j@:
HO R,

quantitative characteristic of the stoichiometric coeffi-
cient of inhibition findependent of &;,;,.

+ ROOH,

The role of oxidation products was minimized by
using a low initiation rate W, ~ 10~ M s~!, which was
additionally controlled by measuring it directly in the
reaction mixture before and after the experiment on
the kinetics of CL quenching with the standard inhib-
itor, a synthetic analog of o-tocopherol—chroman
(CrC,)) in accordance with the relation

W, = f[InH]o/To.S: (6)

in which for chroman f = 2, [InH], is the concentra-
tion of the inhibitor, 1, 5 is the deceleration period in
seconds from the moment that chroman is introduced
until the glow intensity reaches the level of 0.5/, as the
antioxidant is consumed.

No.1 2022
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Fig. 2. Kinetic curves of CL quenching during the oxidation of ethylbenzene (20% solution in chlorobenzene, W; = 4.8 x 107°M s_l,
[DBA] =2.0 X 1074 M, 50°C) after the introduction of antioxidants: 7, chroman ([CrC;] = 3.8 x 1077 M); 2, epicatechin (|[EPC] =
4 x 107% M). The arrows on the kinetic curves indicate the braking periods T.5 and the inverse slope of the kinetic curve of the CL inten-

sity recovery (7= 1/tan¢@, where @ is the slope of the curve at the inflection point).

RESULTS AND DISCUSSION

Figure 2 shows the kinetic curves of CL quenching
in the process of ethylbenzene oxidation by additions
of chroman (CrC,) and a sample of catecholamine
(epicatechin). As the antioxidant is consumed, the CL
intensity is restored according to the S-shaped sym-
metric curve determined by the rate constant (k;,;,) of
the reaction of an antioxidant with a peroxide radical,
i.e., the individual kinetic characteristics of the antiox-
idant. The maximum slope of the luminescence
recovery curve CL i(f) at the inflection point is
defined as

(difdr) =1T =0.273W" ki /2k)". (1)

From expression (7), the calculated relation for &,

_ k)" tang
0273w,

Figure 3 shows four characteristic kinetic curves of
CL quenching after the introduction of the studied
antioxidants into the model reaction of ethylbenzene
oxidation. The results of measuring the parameters of
inhibition are summarized in Table 1 together with the
experimental conditions.

As we can see from Table 1, the initiation rates for
all AO are similar, which made it possible to combine
them on one graph (Fig. 3).

(kinh )|tan(p (8)
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Table 2 shows the results of determining the
parameters of the antioxidant activity of diatomic phe-
nols: the rate constants of interaction with peroxyl rad-
icals k;,;, and the stoichiometric inhibition coefficients
Jfwhen using relations (8) and (6), respectively. For the
data presented in Tables 1 and 2, the measurement
error was <15%.

The presence of two phenolic OH groups in adja-
cent positions in the structure of the pyrocatechol
fragment leads to the formation of an intramolecular
hydrogen bond, due to which one of the bonds of the
hydroxy group is weakened. This leads to a sharp
increase in the rate constant of the interaction with
peroxyl radicals in comparison with phenol and other
diatomic phenols. It was shown that the mentioned
property is preserved for di-zert-butyl-substituted
pyrocatechols. Thus, the 3,5- and 3,6-di-tert-
butylpyrocatechols in the rate constant of the inter-
action with peroxyl radicals significantly exceed the
di-fert-substituted phenols and are similar in effi-
ciency to ao-tocopherol [23—27]. In this case, the
stoichiometric coefficient of inhibition /= 2.

A feature of pyrocatechins is the low stability of the
products formed in the process of inhibition of the
ortho-quinones, which determines their high level of
activity with respect to alkyl radicals when measuring
the AOA of catecholamines in aqueous micellar sub-
strates [27—31, 33].

Vol. 16
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Table 2. Parameters of inhibition of the chemiluminescent process of ethylbenzene oxidation by diatomic phenols

Structural formula Name ki, M1 s7! f
HO
\O\ n-dihydroxybenzene (hydroquinone) 5.5% 10° 2.0
OH
OH
@/OH o-dioxybenzene (catechol) 2.8 x 10° 2.0
OH

>: E 4-tert-butyl pyrocatechol 4.0 x 10° 2.1
HO

OH
OH 3,5-di-fert-butyl pyrocatechol 7.7 % 10° 2.1

HO OH
H 3,6-di-tert-butyl pyrocatechol 6.8 x 10° 1.8
\ 7/
OH
HO 0 O
O oh |Epicatechin 7.0 x 10° 2.0
OH
OH
HO NH,
:©/\/ Dopamine 1.5 % 10° 1.9
HO
OH

HOD)\/NHz Norepinephrine 2.4 %103 0.5
HO

OH
HOD)\/NH\ Adrenalin 4.9 x 10° 1.6
HO
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Fig. 3. Kinetic curves of CL quenching during the oxidation of ethylbenzene (20% solution in chlorobenzene, W} = 4.8 x 10°M s,
[DBA] =2.0 X 1074 M, 50°C) after the introduction of the studied antioxidants (1—4, see Table 1).

Thus, according to [32], the solubility of atmo-
spheric oxygen in chlorobenzene at 50°C is 47 times
higher than its concentration in the aqueous micellar
substrate, which excludes the presence of a sufficient
concentration of alkyl radicals to activate their reac-
tion with ortho-quinone. Therefore, in our model
reaction of the initiated oxidation of ethylbenzene, the
interaction of catecholamines with alkyl radicals is not
manifested. It is possible that the high level of activity
of adrenaline in aqueous micellar media can manifest
itself as a result of a more complex mechanism of the
inhibition of the oxidation process and an increase in
the stoichiometric coefficient due to the additional
inhibition by oxidation products, in contrast to the
model reaction of hydrocarbon oxidation [34—36].

CONCLUSIONS

A method is proposed for determining the true
reactivity of diatomic phenols with respect to peroxyl
radicals using a hydrocarbon—ethylbenzene model as
a substrate for oxidation is proposed, based on which
the parameters of the antioxidant activity (k;,, and f)
are determined for nine compounds of catechol-
amines during the oxidation of ethylbenzene. The
stoichiometric coefficient value f= 2, regardless of the
number of hydroxyl groups.

It was found that diatomic phenols are strong anti-
oxidants, comparable in the efficiency of inhibition of
oxidation processes with o-tocopherol. The maxi-
mum inhibitory activity was shown by 3,5-di-fert-
butyl pyrocatechol, 3,6-di-tert-butyl pyrocatechol,
epicatechin, and dopamine.
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