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Abstract
Introduction: Biphenyl and imidazobenzimidazole derivatives attract ongoing attention as a combination of these two
privileged substructures with promising pharmacological activities. The aim of this study was to synthesize and investigate in vitro antioxidant activity of promising novel compounds: 2-(biphenyl-4-yl)imidazo[1,2-a]benzimidazoles.
Materials and methods: The newly synthesized compounds were characterized by IR, 1H NMR and CHBr(Cl)NO
analyses. All newly synthesized compounds were screened for their in vitro antioxidant activity: inhibition of lipid peroxidation (LPO), 2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+) radical cation decolorization and
inhibition of hemoglobin (Hb)-H2O2-induced luminol chemiluminescence.
Results and discussion: 2-Amino-3-[(2-biphenyl-4-yl)-2-oxo-ethyl)]-1-R-1Н-benzimidazolium bromides were
synthesized, and their cyclization into functionalized imidazo[1,2-a]benzimidazole derivatives was studied. The
resulting compounds showed LPO inhibitory activity comparable to that of dibunol. Compounds 1a and 1d (see
graphical abstract), containing a methyl or dimethylaminoethyl substituent in the N9 position also proved to be equally
highly active in the Hb-H2O2-induced luminol chemiluminescence model, while compound 1a was somewhat more
active than 1d in the ABTS• radical scavenging assay.
Conclusion: The study showed that compounds 1a and 1d have the highest antioxidant activity. Thus, this new class of
2-(biphenyl-4-yl)imidazo[1,2-a]benzimidazole derivatives represents a valuable leading series with great potential for
use as antioxidants and as promising candidates for further efficacy evaluation.
Graphical abstract:
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Introduction
One of the main mechanisms of the normal development
of the body is to maintain a balance between the processes
of free radical and peroxidation of various substrates and
the state of antioxidant protection. Free radical oxidation
is a necessary process for natural physiological reactions
to occur in body cells, but it is also one of the universal
mechanisms of their damage (Lankin et al. 2001; Jones
2008). Intensive formation of free radicals with insufficient activity of the endogenous antioxidant compensating
system of the body leads to the occurrence of oxidative
stress, which is involved in the development of numerous pathologies, for example, tumors (Kinnula and Crapo
2004; Valko et al. 2006), atherosclerosis (Förstermann et
al. 2017; Kattoor et al. 2017; Marchio et al. 2019), cardiovascular diseases (Golikov et al. 2003; Petrie et al. 2018;
Zhao et al. 2021), neurodegenerative diseases (Guidi et
al. 2006; Chen and Zhong 2014; Tönnies and Trushina
2017), diabetes mellitus (Petrie et al. 2018; Luc et al.
2019; Zhang et al. 2020), non-alcoholic fatty liver disease
(Cichoż-Lach and Michalak 2014; Masarone et al. 2018;
Chen et al. 2020), etc. In cases where the mechanism
that prevents and eliminates the consequences of damage
caused by free radical oxidation, namely the endogenous
antioxidant system, including antioxidants present in the
cell in low concentrations, cannot cope with the pathological process, protection against the action of free radical
oxidation can be enhanced by the intake of antioxidants.
By chemical nature, antioxidants represent a wide class
of compounds: phenols and polyphenols (tocopherols,
eugenol, pyrocatechol, gallic acid derivatives), flavonoids
(rutin, quercetin), steroid hormones (lecithin, cephalin)
and many other compounds (Belviranli and Okudan
2015; Neha et al. 2019). In addition, the N9-substituted
imidazo[1,2-a]benzimidazole derivatives, which we
are actively studying, also demonstrate antioxidant
properties, which allows us to consider this group of
compounds as promising for further modification and
development of new antioxidants (Anisimova et al. 2007,
2016; Kosolapov et al. 2013; Spasov et al. 2017).
When developing new pharmacologically active compounds, considerable attention is paid to the so-called
”privileged” substructures (DeSimone et al. 2004). In continuation of research on the search for new pharmacologically active compounds, the present work describes the
synthesis of previously unknown imidazo[1,2-a]benzimidazoles containing a biphenyl group in position 2, as well
as various substituents at the nitrogen atom N9. Biphenyls
are of interest as pharmacologically important substructures whose derivatives are characterized by a number of

pharmacological effects, including antioxidant ones (Severinsen et al. 2008; Jain et al. 2017). Their antioxidant
potential lies in the ability to serve as scavengers of reactive oxygen species and inhibit lipid peroxidation (LPO)
(Maddila et al. 2012; Shashikumar et al. 2014; Rikhi et al.
2015). In this regard, it is promising to study the activity of a combination of these two privileged substructures
(Kim et al. 2014; Schneider and Schneider 2017), biphenyl and imidazobenzimidazole derivatives, for which high
antioxidant activity should also be expected.

Materials and methods
Synthesis
IR spectra (n/cm-1) of compounds obtained were recorded on a Varian Excalibur 3100 FT-IR spectrophotometer (Varian, USA), using the method of attenuated total
reflection in powder; 1H NMR spectra were recorded
on Varian Unity-300 (Varian, USA) and Bruker Avance
600 N (Bruker, USA) spectrometers. Chemical shifts for
1
H are given relative to the signals of residual protons of
a deuterated solvent (DMSO-d6 and CDCl3, δ 2.49 and
7.24, respectively). Melting points were measured on a
Fisher-Johns Melting Point Apparatus (Fisher Scientific,
USA). Elemental analysis was carried out using a classical method (Gel ́man et al. 1987). Reaction progress and
purity of synthesized compounds were monitored by TLC
(plates with Al2O3 III degree of activity, eluent CHCl3, visualization with iodine vapors in a moist chamber).
General procedure for synthesizing 2-amino-3-[(2biphenyl-4-yl)-2-oxoethyl]-1-R-1H-benzimidazolium
bromides 2
To a hot solution of 3 mmol of the corresponding amine
1 in acetone or acetonitrile at room temperature, 3 mmol
of 4-(bromoacetyl)biphenyl was added. The reaction
mixture was kept for 6–8 h at 25 °C. The hydrobromide
precipitate was filtered off and washed thoroughly with
acetone. The resulting chromatographically pure salts
were dried in air and used in the next step without further
purification. The structure of salts 2c-f was confirmed by
their transformation into imidazo[1,2-a]benzimidazoles,
as well as by spectroscopic data.
2-Amino-3-[2-(biphenyl-4-yl)-2-oxoethyl]-1-butyl-1Hbenzimidazolium bromide (2c)
Yield 97%, mp 246–248 °C. Found (%): C 64.48; H
5.45; Br 17.03; N 8.93. C25H26BrN3O. Calculated (%):
C 64.66; H 5.64; Br 17.21; N 9.05. IR spectrum, n/cm-1:
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3207, 3240 (NH2), 1687 (C=O). 1H NMR spectrum (300
MHz, DMSO-d6), δ, ppm, J (Hz): 0.90–0.95 (t, 3H, CHCH2CH2CH3, J=7.5); 1.34–1.41 (c, 2H, CH2CH2CH2CH3,
2
J=6.9); 1.69–1.74 (t, 2H, CH2CH2CH2CH3, J=7.5); 4.22–
4.26 (t, 2H, NBzm-CH2, J=6.0); 6.01 (s, 2H, CH2CO); 7.27–
7.39 (m, 2H, HAr); 7.46–7.57 (m, 3H, HAr); 7.63–7.68 (t,
2H, HAr, J=7.5); 7.80–7.82 (d, 2H, HAr, J=6.0); 7.95–7.98
(d, 2H, HAr, J=9.0); 8.2 (s, 2H, HAr) 8.88 (br. s, 2H, N+H2).

80%, mp 225–227 °C. Found (%): C 72.12; H 6.15; Cl
8.36; N 13.54. C25H24N4 HCl. Calculated (%): From 72.02;
H 6.04; Сl 8.50; N 13.44. 1H NMR spectrum (300 MHz,
DMSO-d6), δ, ppm, J (Hz): 2.95 (s, 6H, 2CH3), 3.69–3.73
(t, 2H, CH2N(CH3)2, J=6.2) , 4.98 (s, NHet-CH2), 7.34–7.55
(m, 5H, HAr); 7.74–7.76 (d, 2H, HAr, J=7.2); 7.81–7.84 (d,
2H, HAr, J=8.4) 7.93–8.09 (m, 4H, HAr); 8.64 (s, 1H, HAr),
10.68 (br. s, 1H, N+H).

2-Amino-3-[(2-biphenyl-4-yl)-2-oxoethyl)]-1-[2(dimethylamino)ethyl-1H-benzimidazolium bromide (2d)

Pharmacological activity

Yield 85%, mp 190–193 °C. IR spectrum, n/cm-1: 3208,
3245 (NH2), 1687 (С=O). Found (%): C 62.45; H 5.50; Br
16.48; N 11.50. C25H27BrN4O. Calculated (%): C 62.63;
H 5.68; Br 16.67; N 11.69. 1H NMR spectrum (300 MHz,
DMSO-d6), δ, ppm, J (Hz): 2.26 (s, 6Н, N(CH3)2), 2.67 (s,
2Н, N-CH2 exocycle); 4.33–4.37 (t, 2H, NHet-CH2, J=5.9);
6.01 (s, 2H, CH2CO); 7.27–7.38 (m, 2H, HAr); 7.46–7.65
(m, 5H, HAr); 7.80–7.82 (d, 2H, HAr, J=7.2); 7.95–7.98 (d,
2H, HAr, J=8.4); 8.16–8.19 (d, 2H, HAr, J=8.4); 9.0 (s, 2Н,
N+H2).
2-Amino-3-[(2-biphenyl-4-yl)-2-oxoethyl)]-1-[2(diethylamino)ethyl-1H-benzimidazolium bromide (2e)
Yield 98%, mp 208–210 °C. IR spectrum, n/cm-1: 3208,
3245 (NH2), 1687 (С=O). Found (%): С 63.80; H 6.23;
Br 15.63; N 10.95 C27H31BrN4O. Calculated (%): 63.92;
H 6.15; Br 15.74; N 11.04. 1H NMR spectrum (300 MHz,
DMSO-d6), δ, ppm, J (Hz): 0.81–0.85 (t, 6H, N(CH2CH3)2,
J=7.05), 2.54–2.50 (t, 4Н, N(CH2CH3)2, J=6.45), 2.74–
2.77 (t, 2Н, N-CH2 exocycle, J=5.25); 4.33–4.30 (t, 2H,
NHet-CH2, J=5.25); 6.01 (s, 2H, CH2CO); 7.26–7.38 (m,
2H, HAr); 7.46–7.65 (m, 5H, HAr); 7.80–7.82 (d, 2H, HAr
J=7.2); 7.95–7.98 (d, 2H, HAr, J=8.4); 8.16–8.19 (d, 2H,
HAr, J=8.4), 9.0 (s, 2H, N+H2).
2-Amino-3-[(2-biphenyl-4-yl)-2-oxoethyl)]-1-[2(morpholino)ethyl-1H-benzimidazolium bromide (2f)
Yield 98.2%, mp 219–221 °C. IR spectrum, n/cm-1: 3208,
3245 (NH2), 1688 (C=O). Found (%): C 62.09; H 5.65;
Br 15.26; N 10.65. Calculated (%): C 62.19; H 5.57;
Br 15.35; N 10.75. 1H NMR spectrum (300 MHz, DMSO-d6), δ, ppm, J (Hz): 2.4 (br. s, 4H, CH2NCH2), 2.7 (s,
2H, CH2), 3.3 (br. s, 4H, CH2OCH2), 4.36 (s, 2H, CH2),
6.01 (s, 2H, CH2CO), 7.27–7.39 (m, 2H, HAr), 7.47–7.57
(m, 3H, HAr), 7.62–7.65 (m, 2H, HAr), 7.8–7.83 (t, 2H, HAr,
J=7.2), 7.96–7.98 (d, 2H, HAr, J=8.4), 8.16–8.19 (d, 2H,
HAr, J=8.1), 8.97 (s, 2Н, N+Н2).
Synthesis of 2-(biphenyl-4-yl)-9-[2-(dimethylamino)ethyl]9H-imidazo[1,2-а]benzimidazole hydrochloride (1d)
A mixture of 1 mmol of bromide 2d and 2 mmol of fused
sodium acetate was refluxed in 7 mL of glacial acetic acid
until the reaction was completed (3–4 h). The precipitate
formed during cooling was filtered off, washed with water, and dried in air. The resulting base was purified by
recrystallization from DMF. It was then converted to the
hydrochloride by the action of concentrated HCl. Yield

Inhibition of LPO
Antioxidant activity in vitro was studied in the ascorbate-induced LPO model (Lankin et al. 1975). A 4% rat
liver homogenate was used as a substrate. The LPO reaction was induced by adding 50 mM of ascorbic acid
(Chemapol, Czech Republic). The rate of oxidation was
judged by the accumulation of products that give a positive
reaction with 2-thiobarbituric acid (Fluka, Switzerland)
(TBA-positive products). The optical density of the colored sample was measured at a wavelength of 532 nm on a
spectrophotometer PD-303UV (APEL, Japan) in a cuvette
with an optical path length of 10 mm. The activity of the
studied compounds was expressed as a percentage relative
to the control sample (without adding compounds). Butylated hydroxytoluene (dibunol) (Merck, Germany) and
trolox (Sigma, USA) were used as reference substances.
All compounds were tested in the concentration range
from 0.1 to 10 µM to evaluate the concentration-effect
relationship and calculate the median inhibitory concentration (IC50).
ABTS•+ radical cation decolorization
Antiradical activity in vitro was studied on the model of
the oxidation reaction of 2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•) (Rice-Evans and Miller
1994). The reaction medium with a total volume of 3 mL
contained 0.1 mg of hemoglobin (hemoglobin, Hb) and
0.1 mg of ABTS• (Sigma, USA) in phosphate-buffered
saline (pH 6.8). The oxidation of ABTS• was induced by
adding a solution of H2O2 (0.612 mM) in phosphate-buffered saline. The optical density of the sample was measured at a wavelength of 734 nm for 30 min with an interval of 5 min on a spectrophotometer PD-303UV (APEL,
Japan) in a cuvette with an optical path length of 10 mm.
The activity of the studied compounds was expressed as a
percentage relative to the control sample (without adding
compounds) at the tenth minute of the reaction. Trolox
(Sigma, USA) was used as a reference substance. All
compounds were tested in the concentration range from
10 to 100 µM to evaluate the concentration-effect relationship and calculate the IC50.
Inhibition of Hb-H2O2-induced luminol
chemiluminescence
In addition, antiradical activity in vitro was studied in the
model of free radical formation in the Hb-H2O2-luminol
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system by measuring the chemiluminescence kinetics (Teselkin et al. 1997), which was recorded at 37 °C for 10 min
on a Lum-100 chemiluminometer (OOO DISoft, Russia).
The reaction medium with a total volume of 1 mL contained 0.01 mg Hb and 1 µM luminol (Serva, Germany)
in phosphate-buffered saline (50 mM KH2PO4, 100 µM
EDTA, pH 7.4). Free-radical oxidation of luminol was induced by adding 0.025% H2O2 solution in phosphate-buffered saline. EDTA was added to the buffer to prevent the
decomposition of H2O2 by heavy metals present in trace
amounts in water and chemical reagents. For all obtained
chemiluminescence kinetic curves, the integral under the
kinetic curve was calculated for a time equal to 10 min.
The activity of the studied compounds was expressed as
a percentage relative to the “control kinetics” of chemiluminescence of the model system without the addition of
compounds. Trolox (Sigma, USA) was used as a reference
substance. All compounds were tested in the concentration range from 0.1 to 10 µM to evaluate the concentration-effect relationship and calculate the IC50.
Statistical data processing
Statistical processing of the results was carried out using the non-parametric Kruskal-Wallis test with Dunns
multiple comparisons post-test and the regression analysis method for analyzing the concentration-effect relationship and calculating IC50 in the GraphPad Prism 6.0
(GraphPad Software Inc., San Diego, CA, USA).

Results and discussion
The synthesis of 9H-imidazo[1,2-a]benzimidazoles
1a-f containing a biphenyl group directly linked to the
benzimidazole tricycle is shown in Fig. 1.
The synthesis of biphenyl derivatives 1a-f was carried
out in two stages by quaternization of 1-R-2-aminobenimidazoles 3a-f with 4-(bromoacetyl)biphenyl, followed
by acid-catalyzed cyclization of the resulting 1-R-(4-biphenoyl)-methyl-2-iminobenzimidazole hydrobromides
2a-f. Quaternary salts 2a-f are formed in almost quantitative yield (92–95%) and can be used in the next step without further purification. The cyclization of bromides 2a-f

was carried out by boiling in acetic acid in the presence of
fused sodium acetate for 4 h. The tricycles 1a-f that precipitated from the reaction mass on cooling were washed
with water, dried, and purified by crystallization. Mixing
tests of these compounds did not show depression with
the compounds previously prepared by basic catalyzed
cyclization. Physicochemical characteristics of compounds 1a-c,e,f and 2a,b were published in (Spasov et
al. 2017).
The structure of the obtained biphenyl derivatives
1d, 2a-f was confirmed by IR and 1H NMR spectroscopy
and elemental analysis. IR spectra of quaternary benzimidazolium salts 2a-f are characterized by the presence of
absorption bands of the immonium group >N+=C (1687–
1688 cm-1) and stretching vibrations of the primary amino group (two bands in the region of 3150–3240 cm-1).
In the 1H NMR spectra of bromides 2a-f, in addition to
other signals, there are two-proton singlets of the protons
of the methylene groups of the biphenoylmethyl fragments (δ 5.9–6.0 ppm) and the protonated imino group
(δ 8.83–8.88 ppm). In the spectra of cyclization products,
imidazobenzimidazole bromohydrates 1a-f, such signals
are absent, but downfield signals of the N+H fragment and
the H(3) proton of the imidazole ring formed during the
reaction are observed.
First of all, the antioxidant activity of the newly synthesized 2-(biphenyl-4-yl)imidazo[1,2-a]benzimidazoles
1a-1f was studied in vitro using an ascorbate-induced
LPO model. This model is a widely used method for
primary testing chemical compounds for the presence
of antioxidant activity and belongs to the so-called enzyme-independent methods (Alam et al. 2013; Romulo
2020). According to the results of the experiment, it was
found that all the studied compounds 1a-1f at a maximum concentration of 10 μM significantly suppressed
the process of ascorbate-induced LPO (Table 1). Their
activity was comparable to the activity of the reference
substance dibunol and statistically significantly (p<0.05)
exceeded the activity of the other reference substance
trolox by almost 2 times. At a lower concentration of 1
µM, only two compounds, 1a and 1d, containing a methyl or dimethylaminoethyl substituent at the N9 position
of imidazo[1,2-а]benzimidazole, respectively, retained

Figure 1. Scheme of 9H-imidazo[1,2-a]benzimidazole derivatives synthesis. 1-3: R=H (a); CH3 (b); (CH2)2CH3 (c); CH2N(CH3)2
(d); CH2N(C2H5)2 (e); CH2N(CH2CH2)2O (f). Reagents and conditions: i. 4-(bromoacetyl)biphenyl, acetone; ii. СH3COONa, glacial acetic acid CH3COOH, boiling; iii. HCl.
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high antioxidant activity. At the same time, the IC50 of
compounds 1a and 1d turned out to be similar to that for
dibunol and was lower than the IC50 of trolox by 95 and
50 times, respectively.
Next, the antiradical properties of compounds 1a and
1d with the highest antioxidant activity according to the
results of the first experiment were studied in vitro using
the ABTS• oxidation reaction model (Rice-Evans and
Miller 1994). When ABTS• is incubated in the presence of
Hb and H2O2, a relatively stable ABTS•+ radical cation is
formed, and compounds with antiradical properties reduce
ABTS•+radical cation to ABTS• and decolorize its solution
(Alam et al. 2013; Romulo 2020). According to the
experimental results, both the reference substance trolox
and compounds 1a and 1d at high concentrations of 50
and 100 µM significantly suppressed the ABTS• oxidation
reaction. At a lower concentration of 10 μM, compounds 1a
and 1d, but not trolox, also showed little antiradical activity
(Table 2). At the same time, the IC50 of compound 1a was
slightly more than 2 times lower than the IC50 of trolox,
while the IC50 of compound 1d was similar to that of trolox.
In addition, the antiradical properties of compounds
1a and 1d were studied in vitro in a free radical formation
model in the Hb-H2O2-luminol system by measuring the
chemiluminescence kinetics (Teselkin et al. 1997). When

interacting with some reactive molecules (free radicals,
reactive oxygen species), luminol undergoes oxidation,
during which chemiluminescence quanta are emitted. In
this regard, luminol is used as a luminescent probe for
reactive oxygen species. The introduction of inhibitors of
free radical oxidation into the model chemiluminescence
system leads to a change in the parameters of the
chemiluminescence kinetics of luminol. This change is
manifested in an increase in the latent period, a decrease
in the light sum and the intensity of the glow. The
nature of the change in these parameters depends on the
mechanism of action of the test compound (Kobayashi et
al. 2001). Compounds 1a and 1d and reference substance
trolox were able to scavenge reactive oxygen species
and luminol radicals formed in the reaction system in the
model of Hb-H2O2-induced luminol chemiluminescence.
At the same time, in compounds 1a and 1d, the antiradical
properties turned out to be statistically significantly
(p<0.05) more pronounced than in trolox, which is also
confirmed by their IC50 values, which were approximately
5.5–5.9 times lower than that of trolox (Table 3).
The high antioxidant properties of 9H-imidazo[1,2-a]
benzimidazoles are explained by the fact that fused
benzimidazole derivatives are polynuclear aromatic
compounds (Pozharskiy 1985) with a complex

Table 1. Antioxidant activity of N9-substituted-2-biphenylimidazo[1,2-a]benzimidazoles and reference substances in the model of
ascorbate-induced LPO in vitro

Compound
1a
1b
1c
1d
1e
1f
Dibunol
Trolox

R
CH3
C2H5
C4H9
CH2CH2N(CH3)2
CH2CH2N(C2H5)2
CH2CH2N(CH2CH2)2O
–
–

Inhibition of ascorbate-induced LPO, mean±SE, n=6 (%)
10 µM
1 µM
94.27±2.70*
73.06±0.26
91.75±1.06*
25.06±1.20#
91.50±1.31*
46.12±1.29
92.17±1.13*
67.99±3.47
93.50±6.17*
33.64±1.39#
92.66±0.83*
49.93±0.60
92.95±0.78
77.58±2.49
48.22±0.19
–a

IC50 (µM)
0.19
2.37
1.22
0.36
1.88
1.01
0.27
18.1

Note: Statistical significance: *p<0.05 vs. Trolox, #p<0.05 vs. Dibunol (Kruskal-Wallis test with Dunn’s multiple comparisons post-test); a – not tested.

Table 2. Effect of N9-substituted-2-biphenylimidazo[1,2-а]benzimidazoles and reference substance on ABTS• oxidation reaction
in vitro

Compound
1а
1d
Trolox

R
CH3
CH2CH2N(CH3)2
–

Inhibition of the ABTS• oxidation reaction, mean±SE, n=6 (%)
50 µM
10 µM
90.87±1.19*
31.48±1.24*
67.17±1.41
12.72±1.63
67.04±2.56
0.77±0.32

Note: Statistical significance: *p<0.05 vs. Trolox (Kruskal-Wallis test with Dunn’s multiple comparisons post-test).

IC50 (µM)
22.4
50.1
49.5
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Table 3. Antiradical activity of N9-substituted-2-biphenylimidazo[1,2-a]benzimidazoles and reference substances in the model of
Hb-H2O2-induced luminol chemiluminescence in vitro

Compound

1а
1d
Trolox

R

CH3
CH2CH2N(CH3)2
–

Chemiluminescence inhibition,
m±SE, n=6 (%)
1 µM
97.37±0.31*
97.23±0.46*
40.04±5.11

IC50 (µM)
0.27
0.29
1.6

Note: Statistical significance: *p<0.05 vs. Trolox (Kruskal-Wallis test with Dunn’s multiple comparisons post-test).

π-electron system with unpaired electrons, which
gives this condensed system the properties of “electron
redundancy” and makes it vulnerable to attack by
electrophilic particles (Grandberg and Nam 2016). The
structure of imidazo[1,2-a]benzimidazole contains
a 14π-electron system and two pairs of unpaired
electrons in orbitals perpendicular to the π-system.
Thus, imidazobenzimidazole derivatives have a high
π-redundancy and can be donors of electron pairs that are
not part of the aromatic π-system (Avdyunina 1979), and,
therefore, are characterized by high reactivity and the
ability to inhibit free-radical oxidation processes.
Thus, 2-(biphenyl-4-yl)imidazo[1,2-a]benzimidazoles
showed pronounced antioxidant properties in the model
of ascorbate-induced LPO, comparable with the activity
of the reference substance dibunol. When evaluating the
antiradical properties of the two most active compounds in
the model of ascorbate-induced LPO, containing a methyl or
dimethylaminoethyl substituent – 1a and 1d, respectively,
in the N9 position of imidazo[1,2-a]benzimidazole, they
also turned out to be equally highly active in the model of
Hb-H2O2-induced luminol chemiluminescence, whereas
in the ABTS• oxidation reaction model, compound 1a was
slightly more active than 1d.

imidazo[1,2-a]benzimidazole derivatives (1a-1f) in
good yields. All synthesized compounds were tested
for their antioxidant activity. The study showed that
compounds 1a and 1d have the highest antioxidant
activity. Thus, this new class of 2-(biphenyl-4-yl)
imidazo[1,2-a]benzimidazole derivatives represents a
valuable leading series with great potential for use as
antioxidants and as promising candidates for further
efficacy evaluation.

Conclusion

Acknowledgments

In conclusion, we have described a simple and efficient
protocol for the synthesis of novel 2-(biphenyl-4-yl)

This work was carried out using the equipment of the
Common Use Center of the Southern Federal University.

Funding
The chemical section was financially supported by the
Ministry of Science and Higher Education of the Russian
Federation (state task in the field of scientific activity,
Southern Federal University, 2020, project FENW-20200031 [0852-2020-0031]).

Conflict of interests
The authors have declared that no competing interests
exist.

References
 Alam MN, Bristi NJ, Rafiquzzaman M (2013) Review on in vivo
and in vitro methods evaluation of antioxidant activity. Saudi
Pharmaceutical Journal 21(2): 143–152. https://doi.org/10.1016/j.
jsps.2012.05.002 [PubMed] [PMC]
 Anisimova VA, Tolpygin IE, Spasov AA, Kosolapov VA,
Stepanov AV, Orlova AA, Naumenko LV (2007) Synthesis and
pharmacological activity of aroylmethyl derivatives of tricyclic
benzimidazole systems containing hydroxy groups in aroyl radicals.

Pharmaceutical Chemistry Journal 41: 126–130. https://doi.
org/10.1007/s11094-007-0028-z
 Anisimova VA, Zhukovskaya ON, Spasov AA, Kuznetsova VA,
Kosolapov VA, Yakovlev DS, Solov’eva OA, Sorotskii DV,
Brigadirova AA, Vorob’ev ES (2016) Synthesis and pharmacological
activity of 2,9-disubstituted imidazo[1,2-a]benzimidazole phenyland alkylthiocarbamides. Pharmaceutical Chemistry Journal 49:
653–656. https://doi.org/10.1007/s11094-016-1346-9

Research Results in Pharmacology 8(3): 41–48

47

 Avdyunina NI (1979) Sintez i prevrashcheniya 3-karbonilzameshchennyh imidazo[1,2-a]benzimidazolov [Synthesis and transformations of 3-carbonyl-substituted imidazo[1,2-a]benzimidazoles].
Extended abstract of Cand. Sci. (Chem.) dissertation. [in Russian]
 Belviranli M, Okudan N (2015) Well-known antioxidants and newcomers in sport nutrition: Coenzyme Q10, Quercetin, Resveratrol,
Pterostilbene, Pycnogenol and Astaxanthin. In: Lamprecht M (Ed.)
Antioxidants in Sport Nutrition. Boca Raton (FL): CRC Press/Taylor
& Francis; 2015. Chapter 5. [PubMed]
 Chen Z, Zhong C (2014) Oxidative stress in Alzheimer’s disease.
Neuroscience Bulletin 30(2): 271–281. https://doi.org/10.1007/
s12264-013-1423-y [PubMed] [PMC]
 Chen Z, Tian R, She Z, Cai J, Li H (2020) Role of oxidative stress
in the pathogenesis of nonalcoholic fatty liver disease. Free Radical
Biology & Medicine 152: 116–141. https://doi.org/10.1016/j.freeradbiomed.2020.02.025 [PubMed]
 Cichoż-Lach H, Michalak A (2014) Oxidative stress as a crucial factor
in liver diseases. World Journal of Gastroenterology 20(25): 8082–
8091. https://doi.org/10.3748/wjg.v20.i25.8082 [PubMed] [PMC]
 DeSimone RW, Currie KS, Mitchell SA, Darrow JW, Pippin DA
(2004) Privileged structures: applications in drug discovery. Combinatorial Chemistry & High Throughput Screening 7(5): 473–494.
https://doi.org/10.2174/1386207043328544 [PubMed]
 Förstermann U, Xia N, Li H (2017) Roles of vascular oxidative
stress and nitric oxide in the pathogenesis of atherosclerosis.
Circulation Research 120(4): 713–735. https://doi.org/10.1161/
CIRCRESAHA.116.309326 [PubMed]
 Gelman NE, Terentyeva EA, Shanina TM, Kiparenko LM (1987)
Quantitative Organic Elemental Analysis Methods [Metody kolichestvennogo organicheskogo elementnogo analiza] Chemistry
[Khimiya], Moscow, 292 pp. [in Russian]
 Golikov AP, Boitsov SA, Mikhin VP, Polumiskov VYu (2003)
Free-radical oxidation and cardiovascular pathology: correction
with antioxidants [Svobodnoradikal’noe okislenie i serdechnososudistaya patologiya: korrektsiya antioksidantami]. Clinitian
[Lechashchii Vrach] 4: 70–74. [in Russian]
 Grandberg II, Nam NL (2016) Organic Chemistry [Organicheskaya
khimiya] 8th Edn. Moscow, Yurajt, 608 pp. [in Russian]
 Guidi I, Galimberti D, Lonati S, Novembrino C, Bamonti F, Tiriticco
M, Fenoglio C, Venturelli E, Baron P, Bresolin N, Scarpini E (2006)
Oxidative imbalance in patients with mild cognitive impairment
and Alzheimer’s disease. Neurobiology of Aging 27(2): 262–269.
https://doi.org/10.1016/j.neurobiolaging.2005.01.001 [PubMed]

 Kinnula VL, Crapo JD (2004) Superoxide dismutases in malignant
cells and human tumors. Free Radical Biology & Medicine 36(6):
718–744.
https://doi.org/10.1016/j.freeradbiomed.2003.12.010
[PubMed]
 Kobayashi H, Gil-Guzman E, Mahran AM, Rakesh null, Nelson DR,
Thomas AJ, Agarwa A (2001) Quality control of reactive oxygen
species measurement by luminol-dependent chemiluminescence
assay. Journal of Andrology 22(4): 568–574. [PubMed]
 Kosolapov VA, Eltsova LV, Spasov AA, Anisimova VA (2013) Antioxidant properties of pyrrolobenzimidazole derivative RU-792:
Experimental study. Bulletin of Experimental Biology and Medicine 155(4): 461–463. https://doi.org/10.1007/s10517-013-2178-1
[PubMed]
 Lankin VZ, Gurevich SM, Burlakova EB (1975) The study of
ascorbate-dependent peroxidation of tissue lipids by a test with
2-thiobarbituric acid [Izuchenie askorbat-zavisimogo perekisnogo
okisleniya lipidov tkanei pri pomoshchi testa s 2-tiobarbiturovoi
kislotoi]. Papers by Moscow Association of Nature Researchers
[Trudy Moskovskogo Obshchestva Ispytatelei Prirody] 52: 73–78.
[in Russian]
 Lankin VZ, Tikhaze AK, Belenkov YuN (2001) Free-radical processes in normal and pathological conditions [Svobodnoradikal’nye
processy v norme i pri patologicheskikh sostoyaniyakh] Moscow,
Meditsina, 78 pp. [in Russian]
 Luc K, Schramm-Luc A, Guzik TJ, Mikolajczyk TP (2019) Oxidative
stress and inflammatory markers in prediabetes and diabetes. Journal
of Physiology and Pharmacology 70(6): 809–824. https://doi.
org/10.26402/jpp.2019.6.01 [PubMed]
 Maddila S, Damu GLV, Oseghe EO, Abafe OA, Rao CV, Lavanya P (2012) Synthesis and biological studies of novel biphenyl-3,
5-dihydro-2H-thiazolopyrimidines derivatives. Journal of the
Korean Chemical Society 56: 334–340. https://doi.org/10.5012/
jkcs.2012.56.3.334
 Marchio P, Guerra-Ojeda S, Vila JM, Aldasoro M, Victor VM,
Mauricio MD (2019) Targeting early atherosclerosis: A focus on
oxidative stress and inflammation. Oxidative Medicine and Cellular
Longevity 2019: 8563845. https://doi.org/10.1155/2019/8563845
[PubMed] [PMC]
 Masarone M, Rosato V, Dallio M, Gravina AG, Aglitti A, Loguercio
C, Federico A, Persico M (2018) Role of oxidative stress in
pathophysiology of nonalcoholic fatty liver disease. Oxidative
Medicine and Cellular Longevity 2018: 9547613. https://doi.
org/10.1155/2018/9547613 [PubMed] [PMC]

 Jain ZJ, Gide PS, Kankate RS (2017) Biphenyls and their derivatives as synthetically and pharmacologically important aromatic
structural moieties. Arabian Journal of Chemistry 10: S2051–
S2066. https://doi.org/10.1016/j.arabjc.2013.07.035
 Jones DP (2008) Radical-free biology of oxidative stress. American
Journal of Physiology. Cell Physiology 295(4): C849–C868. https://
doi.org/10.1152/ajpcell.00283.2008 [PubMed] [PMC]
 Kattoor AJ, Pothineni NVK, Palagiri D, Mehta JL (2017) Oxidative
stress in atherosclerosis. Current Atherosclerosis Reports 19(11): 42.
https://doi.org/10.1007/s11883-017-0678-6 [PubMed]
 Kim J, Kim H, Park SB (2014) Privileged structures: efficient chemical “navigators” toward unexplored biologically relevant chemical spaces. Journal of the American Chemical Society 136(42):
14629–14638. https://doi.org/10.1021/ja508343a [PubMed]

 Neha K, Haider MR, Pathak A, Yar MS (2019) Medicinal prospects
of antioxidants: A review. European Journal of Medicinal Chemistry
178:
687–704.
https://doi.org/10.1016/j.ejmech.2019.06.010
[PubMed]
 Petrie JR, Guzik TJ, Touyz RM (2018) Diabetes, hypertension, and
cardiovascular disease: Clinical insights and vascular mechanisms.
The Canadian Journal of Cardiology 34(5): 575–584. https://doi.
org/10.1016/j.cjca.2017.12.005 [PubMed] [PMC]
 Pozharskiy AF (1985) Theoretical Foundations of Heterocycle
Chemistry [Teoreticheskiye osnovy khimii geterotsiklov] Moscow,
Khimiya, 279 pp. [in Russian]
 Rice-Evans C, Miller NJ (1994) Total antioxidant status in plasma
and body fluids. Methods in Enzymology 234: 279–293. https://doi.
org/10.1016/0076-6879(94)34095-1 [PubMed]

48

Spasov AA et al.: Search for compounds with antioxidant activity among benzimidazoles

 Rikhi M, Bharadwaj DK, Bhatnagar S (2015) In vitro antioxidant activity of biphenyl-2,6-diethanone derivatives. International Journal
of ChemTech Research 8: 552–558.
 Romulo A (2020) The principle of some in vitro antioxidant activity
methods: Review. IOP Conference Series: Earth and Environmental
Science 426: 012177. https://doi.org/10.1088/1755-1315/426/1/012177
 Schneider P, Schneider G (2017) Privileged structures revisited.
Angewandte Chemie 56(27): 7971–7974. https://doi.org/10.1002/
anie.201702816 [PubMed]
 Severinsen R, Bourne GT, Tran TT, Ankersen M, Begtrup M, Smythe
ML (2008) Library of biphenyl privileged substructures using a safety-catch linker approach. Journal of Combinatorial Chemistry 10(4):
557–566. https://doi.org/10.1021/cc800006g [PubMed]
 Shashikumar ND, Krishnamurthy G, Bhojyanaik HS, Lokesh MR,
Jithendrakumara KS (2014) Synthesis of new biphenyl-substituted
quinoline derivatives, preliminary screening and docking studies.
Journal of Chemical Sciences 126: 205–212. https://doi.org/10.1007/
s12039-013-0541-4
 Spasov AA, Zhukovskaya ON, Brigadirova AA, Abbas HSA, Anisimova VA, Sysoeva VA, Rashchenko AI, Litvinov RA, Mayka OYu,
Babkov DA, Morkovnik AS (2017) Synthesis and pharmacological
activity of 2-(biphenyl-4-yl)imidazo[1,2-a]benzimidazoles. Russian











Chemical Bulletin 66: 1905–1912. https://doi.org/10.1007/s11172017-1965-7 [in Russian]
Teselkin YuO, Babenkova IV, Lyubitskiy OB, Klebanov GI, Vladimirov YuA (1997) Inhibition of luminol oxidation by serum antioxidants in the presence of hemoglobin and hydrogen peroxide [Ingibirovanie syvorotochnymi antioksidantami okisleniya lyuminola v
prisutstvii gemoglobina i peroksida vodoroda]. Issues of Medicinal
Chemistry [Voprosy Medicinskoi Khimii] 43: 87–93. [in Russian]
Tönnies E, Trushina E (2017) Oxidative stress, synaptic dysfunction, and Alzheimer’s disease. Journal of Alzheimer’s Disease 57(4):
1105–1121. https://doi.org/10.3233/JAD-161088 [PubMed] [PMC]
Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M (2006)
Free radicals, metals and antioxidants in oxidative stress-induced
cancer. Chemico-Biological Interactions 160(1): 1–40. https://doi.
org/10.1016/j.cbi.2005.12.009 [PubMed]
Zhang P, Li T, Wu X, Nice EC, Huang C, Zhang Y (2020) Oxidative
stress and diabetes: antioxidative strategies. Frontiers of Medicine
14(5): 583–600. https://doi.org/10.1007/s11684-019-0729-1 [PubMed]
Zhao S, Cheng CK, Zhang C-L, Huang Y (2021) Interplay between
oxidative stress, cyclooxygenases, and prostanoids in cardiovascular diseases. Antioxidants & Redox Signaling 34(10): 784–799.
https://doi.org/10.1089/ars.2020.8105 [PubMed]

Author Contribution
 Alexander A. Spasov, Doctor Habil. of Medical Sciences, Professor, Member of the Russian Academy of Sciences,
Head of the Department of Pharmacology and Bioinformatics; e-mail: aspasov@mail.ru, ORCID ID http://orcid.
org/0000-0002-7185-4826. The author suggested the concept and design of the manuscript and approved of the
final version of the manuscript.
 Anasyasia A. Brigadirova, PhD in Medical Sciences, Associate Professor of the Department of Pharmacology and
Bioinformatics; e-mail: a.brigadirova@gmail.com, ORCID ID http://orcid.org/0000-0003-0957-7087. The author
conducted the biological experiments, analyzed their results, and wrote the pharmacological part of the manuscript.
 Olga N. Zhukovskaya, PhD in Chemical Sciences, Senior Scientist at the Laboratory of Organic Synthesis, Institute
of Physical and Organic Chemistry; e-mail: zhukowskaia.ol@yandex.ru, ORCID ID http://orcid.org/0000-00032485-2139. The author synthesized the compounds, studied their structure, and wrote the main manuscript text.
 Anatoly S. Morkovnik, Doctor Habil. of Chemical Sciences, Head of the Laboratory of Organic Synthesis;
e-mail: asmork@mail.ru, ORCID ID http://orcid.org/0000-0002-9182-6101. The author was engaged in editing
the chemical part of the manuscript.
 Yuliya V. Lifanova, PhD student in Medical Sciences, Assistant Professor of the Department of Pharmacology and
Bioinformatics; e-mail: j_semenova_pharm@mail.ru, ORCID ID https://orcid.org/0000-0001-9663-5067. The
author obtained the data and revised the manuscript.

