Hay4Ho-npakTunyeckuin XxypHan OPMI’MHAﬂbHAﬂ CTATbﬂ

gﬁgmxﬁgﬁomrmﬂ DOI: 10.19163/2307-9266-2026-14-2-175-188

(PHARMACY & PHARMACOLOGY)

A oo | [COEIN

Prediction, in silico antioxidant activity,
and targeted synthesis of sterically hindered
phenol azomethine derivatives

T.V. Tsakulova'?, I.P. Kodonidi?, A.S. Chiriapkin?, F.N. Bidarova', M.T. Kisieva?, L.A. Usmanova'

1North Ossetian State Medical Academy,

40 Pushkinskaya Str., Vladikavkaz, Russia, 362019

2pyatigorsk Medical and Pharmaceutical Institute — branch of Volgograd State Medical University,
11 Kalinin Ave., Pyatigorsk, Russia, 357532

E-mail: tsakulova7@mail.ru

Received 27 June 2025 After peer review 09 Jan 2026 Accepted 15 March 2026

Molecular design and synthesis of a new series of biologically active azomethines containing a sterically hindered phenolic
fragment were carried out. Within the scope of the study, 8 compounds were synthesized, and their antioxidant activity
was evaluated under in vitro conditions. To establish the mechanism of action, molecular docking was used to model the
interaction of the synthesized ligands with the active site of glutathione peroxidase-4 (GPx-4). The conducted analysis
revealed key structural features determining antioxidant efficacy and established a correlation between molecular structure
and biological activity.

The aim. Synthesis, computer screening, and investigation of the antioxidant properties of new azomethines based on
sterically hindered phenol, as well as establishing structure—activity relationships.

Materials and methods. A new series of 2,6-di-tert-butyl-4-[C-alkyl-(aryl)-(N-phenyl)-azomethine]phenols was
synthesized by the condensation of corresponding ketones with aromatic amines in the presence of catalytic amounts
of p-toluenesulfonic acid. The structure and purity of the obtained compounds were confirmed by a complex of
physicochemical methods, including IR spectroscopy, H NMR spectroscopy, and elemental analysis. For the initial
assessment of the biological potency of the synthesized compounds, computer prediction (in silico) of their antioxidant,
antiradical, and cardiotonic properties was performed using the online platform PASS Online. Molecular modeling of
potential inhibitory activity against human glutathione peroxidase-4 (GPx-4) was carried out using the Autodock 4.0
program. The conformational mobility of the ligands was taken into account, for which optimal torsion angles were
previously determined and set. Experimental study of antioxidant activity (AOA) was conducted in two model systems:
induction of lipid peroxidation (LPO) in a complex of corn oil fatty acids under UV irradiation; and the Fenton system
(H20,/Fe?*). To compare efficacy, ubiquinone and bottled hydroxytoluene (BHT, the active substance of the drug dibulin),
representing the class of sterically hindered phenols, were used as reference standards.

Results. The spectrum of biological activity of the studied compounds was predicted in silico using the PASS Online service.
As it was expected, all substances have cardiotonic, membrane-stimulating, and antioxidant potential. The presence of
AOA and the ability to scavenge free radicals allows these molecules to be classified as antiradical agents. Experimental
verification of AOA was carried out in two model systems: based on photooxidation (UV irradiation) of a complex of
fatty acids from corn oil (system No. 1) and on the Fenton system (H,0,/Fe?*, system No. 2). In all the cases, the studied
compounds demonstrated high efficacy, inhibiting lipid peroxidation LPO by 42-48%. This result significantly exceeds the
activity of standard antioxidants — ubiquinone (11%) and BHT (39%) — in the same conditions.

Conclusion. The results of molecular docking indicate a high affinity of the new ligands to the GP-4 protein, with the
calculated binding energy for the most promising structures being comparable to that of known standards—ubiquinone,
dibulin (hydroxybutylated toluene), and mexidol. In vitro experimental data confirmed the pronounced antioxidant activity
of the synthesized compounds. “Lead” structures were identified that surpass classical antioxidants—ubiquinone and
dibulin — in efficacy.

Keywords: azomethines; azomethine phenols; sterically hindered phenols; antioxidant activity; lipid peroxidation; PASS
Online

Abbreviations: SHPs — sterically hindered phenols; TLC — thin-layer chromatography; LPO — lipid peroxidation; AOA —
antioxidant activity; UV irradiation — ultraviolet irradiation; PhAs — phenolic antioxidants; WSOM — water, alcohol and oil
mixture; TCA — trichloroacetic acid; Pa — probability of activity manifestation.
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MpoBeaeHO MONEKYNAPHOE KOHCTPYMPOBAHWE M CUHTE3 HOBOTO PAAa BMONOTMUYECKM aKTUBHbBIX a30METUHOB, COAEPMKALLMNX
NPOCTPaHCTBEHHO-3aTPYAHEHHDI GeHONbHbIN dparmeHT. B pamKkax nccnenoBaHua 8 coeguMHEeHUM, A1A KOTOPbIX OLEHeHa
AHTUOKCMAAHTHAA aKTUBHOCTb B YC/MIOBUAX in Vitro. Ona yCTAaHOBAEHMA MexaHu3Ma AeUCTBUA METOLOM MONEKYNAPHOro
OOKMHIA  BbINO/IHEHO  MOZE/NIMpPOBaHWE B3aUMOALEUCTBUA CUHTE3MPOBAHHbIX JIMFTAHAOB C  AKTUBHbIM  LLEHTPOM
rnyTatMoHnepokcnaasol-4 (GPx-4). MpoBeaEHHbIA aHanM3 NO3BOAUA BbiBUTb KAHOYEBLIE CTPYKTYpHble OCOBEHHOCTH,
onpeaensome aHTUOKCUAAHTHYI0 3GDEKTUBHOCTb, U YCTAHOBUTbL KOPPENALMOHHYIO CBA3b MEXAY CTPOEHUEM MOJIEKYA U
MX 6MONIOrMYECKON aKTUBHOCTbIO.

Lienb. CuHTE3, KOMMbIOTEPHBIN CKPUHUHT M UCCAef0BAaHME aHTMOKCUAAHTHbLIX CBOWCTB HOBbIX a30METMHOB Ha OCHOBE
NPOCTPAHCTBEHHO-3aTPYAHEHHOTO PEHONA, @ TAKMKE YCTAaHOBNEHWE KOPPENALMUI «CTPYKTYPa—aKTUBHOCTbY.

Marepuanbl u metogbl. MeToAOM KOHAEHCALMW COOTBETCTBYIOLWMX KETOHOB C aPOMATUYECKMMW aMUHAMU B NMPUCYTCTBUU
KaTaNIMTUYECKUX KOJIMYECTB M1-TONYONCYNbPOKUCAOTbI Obl OCYLLEeCTBNIEH CUMHTE3 HoBOro psga 2,6-du-mpem-6ytun-4-
[C-ankun-(apun)-(N-dbeHun)-asomeTnHo]beHonoB. CTPYKTypa M YUCTOTA MNONYYEHHbIX COEAMHEHUN MOATBEPMKAEHbI
KOMMNEKCOM GU3MKO-XMMMUYECKMX MeToAoB, BkAtodaa WK-cnektpockonuio, 'H-AAMP-CMEKTPOCKONUIO M 3/1EMEHTHbI
aHanu3. Ona nepBUYHON OLLEHKM BMONOrMYEecKor NOTEHLMU CUHTE3UPOBAHHbIX COEAMHEHWUI MPOBEAEHO KOMMboTEpPHOEe
nporHosupoBaHue (in silico) X aHTMOKCMAAHTHbIX, AHTUPAAMKANBHBIX U KAPAUOTOHUYECKMX CBOWMCTB C UCMONb30BaHUEM
oHnanH-nnatdopmbl PASS Online. MonekynsipHoe MOAEAMPOBAHWE MOTEHLMANbHON WMHIMOUPYOWENn aKTUBHOCTU B
OTHOLLEHWM [NyTaTUOHMNEPOKCMAA3bl-4 (GPx-4) yenoseka BbINoAHANOCHL B nporpamme Autodock 4.0. Mpu aTom yymTbiBaNacb
KOHPOPMaLMOHHAA NOABUKHOCTb NINFAHAOB, ANA KOTOPbIX BblAW NpeaBapuTenbHO onpeaeseHbl U 3agaHbl ONTUMabHble
TOPCMOHHbIE YI/bl. IKCNEPUMEHTANIbHOE U3yYeHMe aHTMOKCUMAAHTHOM akTuBHOCTM (AOA) NpoBOAMIOCH B ABYX MOZE/bHbIX
cucTemax: WMHAYUMpPOBaHWE MNepeKUCHOro okucneHus aunuzos (MOJ1) B KOMMNIEKCE MKMPHbIX KUCAOT KYKYpy3HOrO
macnia nog gencrenem YO-obnyyenus; cuctema dentoHa (H,0,/Fe?*). Ana conoctaBneHma 3GpdEKTUBHOCTM B KayecTse
pedepeHTHbIX CTaHZ4APTOB 6blAM MCMO/b30BaHbl YOUXMHOH U ByTMAMPOBaHHbLIN ruapokcutonyon (BT, aencTsytouiee
BEeLLEeCTBO npenapata AnbynunH), NpeacTaBAAIOWLMIA KNAacC SKPaHMPOBaHHbIX GEeHO0B.

Pe3synbratbl. CnekTp OMONOrMYECKON aKTMBHOCTU UCCNELOBaHHbIX COeAMHEHWIM npeackasaH in silico ¢ nomolybto
cepsuca PASS Online. CornacHo mporHo3y, Bce BellecTBa 06/71a4al0T KapAMOTOHMYECKMM, MEMBPaHOCTUMYANPYIOLLMM
WU aHTMOKCUAAHTHbIM noTeHunanom. Hanuume AOA M cnocobHOCTM 3axBaTbiBaTb CBOOOAHbIE pPaAMKaabl NO3BOAAET
OTHECTU [aHHble MOEKY/bl K KNAacCy aHTMpagMKaAbHbIX areHToB. DKCnepuMmeHTanbHaA nposepka AOA bbina nposeseHa
B [ABYX MOZE/NbHbIX CUCTEMAxX: Ha OCHoBe GOTOOKMUCAeHUA (YP-o6nydeHWe) KoOMMIeKca KUPHbIX KUCIOT KyKypy3HOro
macna (cuctema Ne 1) u Ha cucteme ®deHtoHa (H,0,/Fe?*, cuctema Ne 2). Bo Bcex cnyyasx mccneayemble cOeamHEeHUs
NPOAEMOHCTPUPOBAIU  BbICOKYD 3PdEKTUBHOCTb, WHIMbUpys TONT Ha 42-48%. [aHHblii pe3ynbTaT CyLEeCTBEHHO
NpeBbIWAET aKTUBHOCTb CTaHAAPTHbIX aHTUOKCUAAHTOB — YbuxmuHoHa (11%) u BI'T (39%) — B aHAaNOTMUYHbIX YCIOBUSAX.
3akntoueHue. Pe3ynbTaTbl MONEKYNIAPHOTO AOKMHIA CBUAETENbCTBYIOT O BbICOKOM CPOACTBE HOBbIX IMFAHAOB K 6enky M-4,
npuyYem pacyétHas sHeprus CBA3bIBaHUA 4NA Hanbonee NepcneKkTUBHbIX CTPYKTYpP CONOCTaBMMA C TaKOBOW AJ1A U3BECTHbIX
3TaNIoHOB — YBWUXMHOHA, AMBYNMHA (TMAPOKCUBYTUAMPOBAHHOIO TONYONA) U MEKCMA0NA. DKCNEPUMEHTA/IbHbIE AaHHble
in vitro noATBEPAUAN BbIPAXKEHHYID AHTUOKCUAAHTHYH aAKTUBHOCTb CUMHTE3MPOBAHHbIX COEAMHEHUN. BbiaeneHsl
«IMAepHbIe» CTPYKTYpPbI, NpeBocxoaaLLme no 3GGEeKTUBHOCTU KNaccuyeckne aHTMOKCUAAHTbI — YOUXMHOH 1 ANBYANH.
KnioueBble cnoBa: a3oMeTWHbl; a30MeTUHO(EHO/bl; MPOCTPAHCTBEHHO-3aTPYAHEHHbIE (eHONbl; AHTUMOKCMAAHTHAA
AKTUBHOCTb; NepeKkncHoe okncnerHue amnuaos; PASS Online

CnUcok cokpaweHui: N3P — npocTpaHCTBEHHO-3aTPYAHEHHbIE dpeHonbl; TCX — ToHKOCN0MHaA xpomaTtorpadpusa; MO —
nepekncHoe okucaeHne amnuaos; AOA — aHTUOKCMAAHTHAA aKTUBHOCTb; YOO — ynbTpaduronetoBoe obnyyeHune; PAO —
deHonbHble aHTMOKcUAaHTbl; BCM — BogHO-cnMpTOoBO-macnsHaa cmecb; TXYK — TpuxnopyKcycHaa kucnota; Pa —
BEPOATHOCTb MPOAB/IEHUA AKTUBHOCTH.
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INTRODUCTION THE AIM. Synthesis of new sterically hindered
The modern view on the role of |lipid phenol azomethine derivatives, in silico prediction of

peroxidation (LPO) indicates that an imbalance in
this process is a key pathogenetic link in numerous
pathologies, especially cardiovascular diseases. In
particular, recent studies have led to the concept that
LPO significantly contributes to the development of
venous thrombosis and thromboembolism in patients
with heart failure. This is based on oxidative stress,
characterized by excessive generation of reactive
oxygen which ultimately

thrombogenic potential of blood [1-3].

species, increases the
In the context of developing new drugs, one of
the current strategies in pharmaceutical science is the
creation of molecules with combined action, capable
of simultaneously affecting multiple biological targets.
Such polypharmacological effects are achieved through
the rational design of “hybrid” main compounds and
the pharmacophore fragments of so-called “privileged
molecules” are integrated into their structure [4-6].
Azomethines, considered as a basis for antiplatelet
drugs targeting thrombosis [7-9], are a promising
chemical class for such design. The synergistic effect,
combining antioxidant and antiradical action, can be
enhanced by incorporating a free radical scavenger—a
structural element of a sterically hindered phenol
(SHP)—into the azomethine molecular scaffold [10, 11].
Among polyfunctional phenolic antioxidants (PhAs),
derivatives of 4-methyl-2,6-diisobornylphenol, which
exhibit antiplatelet and antithrombotic activity [12], are
the most thoroughly studied and used. However, the
range of such polyfunctional compounds on the market
is extremely limited, which is due to the following main
problems:
The
compound preparation methodologies, economic costs,

multi-step nature of known synthetic
and poor adaptability for industrial scaling.

The lack of systematized knowledge and data on
the relationship between the chemical structure of
polyfunctional PhAs and their antioxidant efficacy
(“structure—activity”) hinders the targeted synthesis of
compounds superior to existing analogs.

Thus, up-to-date task is the targeted search and
study of new highly effective and safe compounds that
combine the properties of antioxidants, antiradical,
and antithrombotic agents. A promising direction in
this field is the investigation of a series of azomethines
containing a sterically hindered phenol fragment,
followed by an assessment of their antioxidant

potential in vitro.

Tom 14, Beinyck 2, 2026

compounds with optimal pharmacokinetic parameters,
in vitro study of antioxidant activity, and identification
of structure-activity relationship patterns.

MATERIALS AND METHODS

Prediction

The structural formulas of the modeled compounds
were constructed using BIOVIA Draw 17.2. Computer
analysis of the biological activity of virtual compounds
was performed using the PASS program, based on
the analysis of structural descriptors of multilevel
atomic neighborhoods of known substances. The
obtained results were presented as a list of biological
activities with calculated probabilities of activity
manifestation (Pa) for each constructed substance [13].
docking was performed using the
[14].
Molecular modeling was carried out considering the

Molecular
freely distributed program Autodock 4.0
conformational mobility of ligands, whose torsion
angles were set and defined in this program. The
charges of all atoms in the modeled system were
calculated using the Gasteiger algorithm. The program
was set to search for 200 energetically favorable
conformations of molecular complex formation
between the studied compounds and the protein target
using the Lamarckian genetic algorithm scoring function
for calculating interaction energy (Lamarckian GA 4.2).
The grid spacing was 0.364 A. A three-dimensional
model of the enzyme for computational experiments
was selected from the RCSB Protein Data Bank (www.
rcsb.org) [15].

Virtual structures of the modeled compounds
were built in HyperChem 8.0.4 and then geometrically
optimized using the Ablnitio method with the STO-3G
basis set [16].

The conversion of the .hin format to .pdb, required
for molecular modeling, was performed in Open Babel
2.4.1[17].

As a target for predicting the inhibitory activity of
compounds against glutathione peroxidase-4 (GP-4),
a virtual model of the human enzyme with
identification number 6HKQ was used. This structure
contains an inhibitor of this enzyme—ML162 ((2S)-2-
[2-chloroanilino(3-chloro-4-methoxyphenyl)amino]-N-
[18-20]. The
computational experiment region is a cube centered

at the following coordinates: x = -22.487, y = 9.200,

(2-phenylethyl)-2-thiophenylacetamide)
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z = 2.438. The number of points along the x and y axes
is 40, and along the z axis is 26.

Analysis

Melting point determination was performed on
a PTP (M) TU 92-891 (Russia) instrument. IR spectra
were recorded on an FSM 1201 FT-IR spectrometer
(InfraSpec LLC, Russia) in a KBr pellet. 1H NMR spectra
were recorded on a Bruker instrument (Germany)
at a working frequency of 400 MHz in DMSO-d6 or
deuterated chloroform (CDCI3) solutions, using the
solvent as an internal standard. Reaction progress was
monitored by thin-layer chromatography using “Sorbfil”
plates. The mobile phase used was a chromatographic
(4:1:2).
light.
Elemental analysis was performed on a Flash EA 1112
CHNSO analyzer (Thermo Scientific, USA).

system of n-butanol-acetic acid—water
Substance spots were detected under UV

Synthesis

General procedure for the preparation of 2,6-di-
tert-butyl-4-[C-alkyl-(aryl)-(N-phenyl)-azomethine]-
phenol derivatives. To a solution containing equimolar
amounts (0.01 mol) of the corresponding 1-(3,5-di-
tert-butyl-4-hydroxyphenyl)-alkyl-(aryl)-ketone and a
primary aromatic amine in 50 mL of anhydrous toluene,
a catalytic amount of p-toluenesulfonic acid was added.
The mixture was boiled for 4 hours, cooled, and the
precipitated solid was washed with petroleum ether,
dried, and recrystallized from aqueous methanol.

4-[N-(4-bromophenyl)-C-methyl-azomethine]-
2,6-di-tert-butyl-phenol (3a). The reaction product is a
fine crystalline, odorless beige substance. Yield—76 %.
M.p. = 145-147 °C (recrystallization from methanol).
IR spectrum (in KBr pellet): 3560 (OH), 3052 (CH,__),
2851 (t-Bu), 1663 (C = N) cm™. 1H NMR spectrum
(400 MHz, CDCI3), 6, ppm: 1.35, 1.46 (2s, 1H each,
C(3) tert-Bu, C(5) tert-Bu, J = 4.91); 5.72 (s, 1H, C(4)
OH, J = 4.83); 7.61 (s, 2H, Ar, ) = 10.05); 7.40, 7.43 (2d,
1H each, H(5, 6), J = 5.14, ) = 5.17). Elemental analysis
data (%) for C,,H,,BrNO (402.34): Calculated: C, 65.67;
H, 7.01; Br, 19.86; N, 3.48; O, 3.98. Found: C, 65.81; H,
7.06; Br, 20.10; N, 3.53; O, 4.05.

4-[N-(2-aminophenyl)-C-ethyl-azomethine]-2,6-di-
tert-butyl-phenol (3b). Yield—74 %. M.p. = 132-134 °C
(recrystallization from methanol). IR spectrum (in KBr
pellet): 3562 (OH), 3044 (CHarom), 2847 (t-Bu), 1662
(C = N) cm™ 1H NMR spectrum (400 MHz, CDCI3), §,
ppm: 1.38, 1.48 (2s, 1H each, C(3) tert-Bu, C(5) tert-
Bu, J =4.92); 5.78 (s, 1H, C(4) OH, ) = 4.90); 7.58 (s, 2H,
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Ar, J = 10.02); 7.42, 7.44 (2d, 1H each, H(5, 6), J = 5.10,
J = 5.16). Elemental analysis data (%) for C,,H,,N,O
(352.48): Calculated: C, 78.36; H, 9.15; N, 7.95; O, 4.54.
Found: C, 78.81; H, 9.22; N, 8.02; O, 4.05.
2,6-di-tert-butyl-4-[C-methyl-N-(p-tolyl)-
azomethine]-phenol (3c). Yield—80 %. M.p. 142-
144 °C (recrystallization from methanol). IR spectrum
(in KBr pellet): 3600 (OH), 3050 (CH,_ ), 2865 (t-Bu),
1663 (C = N) cm™. 1H NMR spectrum (400 MHz, CDCI3),
6, ppm: 1.36, 1.42 (2s, 1H each, C(3) tert-Bu, C(5) tert-
Bu, J = 4.88); 5.80 (s, 1H, C(4) OH, J = 4.91); 7.65 (s, 2H,
Ar, J = 10.02); 7.40, 7.48 (2d, 1H each, H(5, 6), J = 5.14,
J = 5.16). Elemental analysis data (%) for C,,H, NO
(337.47): Calculated: C, 81.85; H, 9.26; N, 4.15; O, 4.74.
Found: C, 81.74; H, 9.18; N, 3.98; O, 4.05.
N-[4-[1-(3,5-di-tert-butyl-4-hydroxy-phenyl)-
ethylideneamino]-phenyl]-acetamide (3d). Yield—80 %.
M.p. = 147-149 °C (recrystallization from methanol).
IR spectrum (in KBr pellet): 3600 (OH), 3050 (CH, ),
2865 (t-Bu), 1663 (C = N) cm™ 1H NMR spectrum
(400 MHz, CDCI3), §, ppm: 1.40, 1.46 (2s, 1H each, C(3)
tert-Bu, C(5) tert-Bu, J = 4.90); 5.72 (s, 1H); (s, 1H, C(4)
OH, J = 4.82); 7.62 (s, 2H, Ar, J = 10.05); 7.44, 7.49 (2d,
1H each, H(5, 6), J = 5.17, J = 5.12). Elemental analysis
data (%) for C,,H,,N,O, (380.49): Calculated: C, 75.75;
H, 8.48; N, 7.36; O, 8.41. Found: C, 78.81; H, 8.18; N,
7.88; 0, 8.05.
1-[4-[1-(3,5-di-tert-butyl-4-hydroxy-phenyl)-
ethylideneamino]-phenyl]-ethanone (3e). Yield—78 %.
M.p. = 100-102 °C (recrystallization from methanol).
IR spectrum (in KBr pellet): 3600 (OH), 3050 (CH__ )
2865 (t—Bu), 1663 (C = N) cm™. 1H NMR spectrum
(400 MHz, CDCI3), &, ppm: 1.38, 1.48 (2s, 1H each,
C(3) tert-Bu, C(5) tert-Bu, J = 4.94); 5.74 (s, 1H, C(4)
OH, J = 4.88); 7.63 (s, 2H, Ar, ) = 10.02); 7.38, 7.42 (2d,
1H each, H(5, 6), J = 5.15, J = 5.10). Elemental analysis
data (%) for C,H, NO, (365.48): Calculated: C, 78.86;
H, 8.55; N, 3.83; O, 8.76. Found: C, 78.92; H, 8.18; N,
3.72; 0, 8.05.
2,6-di-tert-butyl-4-[C-(4-chlorophenyl)-N-
phenylazomethine]-phenol  (3f).  Yield—72 %.
M.p. = 185-187 °C (recrystallization from methanol).
IR spectrum (in potassium bromide pellet): 3600 (OH),
3050 (CHarom), 2865 (t-Bu), 1663 (C = N) cm™. 1H NMR
spectrum (400 MHz, CDCI3), &, ppm: 1.34, 1.42 (2s, 2H,
C(3,5)-tert-Bu, J = 4.90); 5.80 (s, 1H, C(4) OH, J = 4.92);
7.61 (s, 2H, Ar, J = 10.00); 7.40, 7.48 (2d, 1H each, H(5,
6), J = 5.14, J = 5.09). Elemental analysis data (%) for
C,,H,,CINO, (419.95): Calculated: C, 77.21; H, 7.20; Cl,
8.55; N, 3.34; O, 3.81. Found: C, 77.92; H, 7.55; Cl, 8.19;
N, 3.72; O, 8.014.

’
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N-[4-[1-(3,5-di-tert-butyl-4-hydroxy-phenyl)-
propylideneamino]-phenyl]-acetamide (3g). Yield—76 %.
M.p. = 128-130 °C (recrystallization from methanol).
IR spectrum (in KBr pellet): 3600 (OH), 3050 (CH, ),
2865 (t—Bu), 1663 (C = N) cm™. 1H NMR spectrum
(400 MHz, CDCI3), 6, ppm: 1.40, 1.52 (2s, 1H each,
C(3) tert-Bu, C(5) tert-Bu, J = 4.94); 5.74 (s, 1H, C(4)
OH, J = 4.86); 7.60 (s, 2H, Ar, J = 10.04); 7.42, 7.48
(2d, 1H each, H(5, 6), J = 5.18, J = 5.14). Elemental
analysis data (%) for CH N O, (394.52): Calculated:
C, 76.21; H, 8.69; N, 7.10; O, 8.11. Found: C, 76.92; H,
8.55; N, 7.21; O, 8.17.

2,6-di-tert-butyl-4-[C-methyl-N-(4-nitrophenyl)-
azomethine]-phenol (3h). Yield—80 %. M.p. = 132-
134 °C (recrystallization from methanol). IR spectrum
(in potassium bromide pellet): 3600 (OH), 3050 (CH_ ),
2865 (t-Bu), 1663 (C = N) cm™, 1520 (vas NO,), 1360
(vs NO,). 1H NMR spectrum (400 MHz, CDCI3), 6,
ppm: 1.38, 1.45 (2s, 1H each, C(3) tert-Bu, C(5) tert-
Bu, J = 4.91); 5.78 (s, 1H, C(4) OH, J = 4.80); 7.63 (s, 2H,
Ar, J = 10.02); 7.40, 7.48 (2d, 1H each, H(5, 6), J = 5.15,
J = 5.10). Elemental analysis data (%) for C,,H, N.O,
(383.47): Calculated: C, 72.03; H, 8.15; N, 7.30; O,
12.52. Found: C, 72.44; H, 8.05; N, 7.52; O, 12.36.

In vitro study of the antioxidant activity

of compounds 3a—3h

The antioxidant properties of the synthesized
azomethine phenols were evaluated in model systems
based on corn oil containing a complex of saturated
and unsaturated fatty acids. Lipid oxidation was
initiated both physically (ultraviolet irradiation, UVI)
and chemically, using the Fenton system (H,0,/Fe?*) as
a free radical generator. This protocol was previously
successfully tested in our studies of benzimidazole
derivatives containing a sterically hindered phenolic
fragment [21]. To quantitatively assess the obtained
results, the antiradical activity of the compounds was
compared with the action of reference antioxidants:
ubiquinone (Biologische Heilmittel Hee, Germany) and
butylated hydroxytoluene (BHT, 99.0 %, CDH, India)—a
representative of the sterically hindered phenol class
used in the drug “Dibulin”. The antioxidant activity
of ubiquinone under all experimental conditions was
taken as the reference (100 %, or 1.0 ubiquinone unit).

General method for determining the in vitro
antioxidant activity of 2,6-di-tert-butyl-4-[C-alkyl-
(aryl)-(N-phenyl)-azomethine]-phenols 3a—3h

To study the antioxidant activity (AOA) of
(3a—3h), a system-induced

compounds Fenton
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oxidation model was used. Each compound under
investigation was pre-dissolved to a concentration of
10 %. The model lipophilic medium was prepared as a
water—alcohol—oil emulsion: 800 pL of oil was added to
3 mL of ethanol, vigorously shaken, and brought to the
mark in a 100 mL volumetric flask with distilled water.
The incubation mixture was formed in centrifuge tubes
by combining 2 mL of the prepared emulsion, 100 uL of
the test substance solution, 200 pL of a 10 % solution
of iron (ll) sulfate (FeSO4), and 10 pL of 3 % hydrogen
peroxide (H,0,) to generate hydroxyl radicals. The
reaction was carried out in a thermostat at 37 °C for
60 min. In the control experiment, the test substance
was replaced by an equivalent volume of distilled water.
After incubation, 1 mL of 28 % trichloroacetic acid (TCA)
was added, and the mixture was centrifuged for 10 min
at 600 rpm. The content of LPO products was assessed
by reaction with thiobarbituric acid. 1 mL of a 1 % TBA
solution was added to 2 mL of the supernatant, and the
mixture was heated for 15 min in a boiling water bath.
After cooling, the optical density was recorded on a
SF-46 spectrophotometer (JSC “LOMO”, Russia). For
differential assessment of LPO stages, measurements
were taken at 450 nm (diene conjugates) and
532 nm (malondialdehyde). The incubation medium
without the addition of the test substances served
as the control. The percentage of LPO inhibition was
calculated by the formula:

k

ING% =100 —[le 100] )

where |o is optical density of the test sample; | is
optical density of the positive control sample.

AOA was expressed in ubiquinone units (Q — ed) by
the formula:

AOA(Q - ed) = %AING, — %AING

where %AING; is a percentage decrease in the
formation of TBA-reactive products in the test system
in the presence of the tested synthetic sample; %AING
is a percentage decrease in the formation of TBA-
reactive products in the test system in the presence of
ubiquinone.

For comparison, the AOA of typical antioxidants—
butylated
studied. A 1 % solution of butylated hydroxytoluene

ubiquinone  and hydroxytoluene—was
substance was prepared, 100 uL was taken, added
to the test system described above, and incubated
under standard conditions; for ubiquinone, 100 pL of

a working solution of the preparation, prepared by
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dissolving 1 capsule of ubiquinone in 10 mL of distilled
water, was added to the test system described above
and incubated under standard conditions.

Statistical analysis

Statistical analysis of the results was performed
using computer software packages: “Microsoft Excel
2010” (Microsoft Office, USA) and “Statistica 10”
(Statsoft, USA) using the paired Student’s t-test. The
Pearson method was used to assess correlational
relationships between individual parameters studied.

RESULTS AND DISCUSSION

2,6-di-tert-butyl-4-[C-alkyl-(aryl)-(N-phenyl)-
azomethine]-phenols 3a—3h were synthesized by
boiling equimolar amounts of the corresponding
substituted 1-(3,5-di-tert-butyl-4-hydroxyphenyl)-
alkyl-(aryl)-ketones and primary aromatic amines in
anhydrous toluene in the presence of catalytic amounts
of p-toluenesulfonic acid for 4 h (Fig. 1).

The structure of 2,6-di-tert-butyl-4-[C-alkyl-(aryl)-
(N-phenyl)-azomethine]-phenols was confirmed by
IR spectroscopy, 'H NMR, and elemental analysis. All
compounds exhibit characteristic absorption bands for
the valence vibrations of the unassociated (v 3600 cm™)
and associated (v 3400 cm™) O-H groups, bands for
the valence vibrations of aromatic ring C-H bonds
(v 3000-3050 cm™), bands for the asymmetric and
symmetric valence vibrations of tert-butyl group C-H
bonds (v 3000-2850 cm™), and bands for the valence
vibrations of the >C=N- bond (v 1663 cm™). In the IR
spectrum of compound 3h, intense absorption bands
in the region of 1520-1526 cm™ and 1330-1360 cm™,

. L S
attributed to asymmetric v* , and symmetric v°

2
valence vibrations of the nitro group, are indicative.

In the '™H NMR spectra of the obtained compounds
3a—3h, there are two singlets for the protons of
the tert-butyl which  exhibit

inequivalence; the chemical shifts for these protons

groups, magnetic
are observed in the range of 1.34-1.42 ppm and
1.45-1.52 ppm.

A singlet (s) with chemical shifts in the range of
5.72-5.80 ppm corresponds to one proton of the
hydroxyl group.

The signal of the aromatic protons of the phenolic
fragment of the molecule (positions 3,5) has a chemical
shift of 7.61-7.65 ppm and an intensity in the range of
10.01-10.05 ppm, which corresponds to two protons.
of the aromatic

The aromatic protons ring
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(positions 5, 6) give two doublets due to spin-
spin coupling with chemical shifts in the range of
7.38-7.40 ppm and 7.43-7.49 ppm.

Information on some physicochemical parameters
of compounds 3a=3h is presented in Table 1.

To assess the prospects of synthesizing new
2,6-di-tert-butyl-4-[C-alkyl-(aryl)-
(N-phenyl)-azomethine]-phenols

derivatives of
3a-3h, an in
silico prediction of the spectrum of their probable
pharmacological properties was performed using the
online service PASS Online. A list of probable biological
activities with the probability of their presence (Pa)
and absence (Pi) in fractions of a unit is presented
in Table 2.
Comparative analysis of predicted data for
aromatic Schiff base derivatives containing a shielded
phenol fragment indicates their potentially high
pharmacological activity. Representatives of this series,
according to predictions, may exhibit a cardiotonic
effect and the ability to stabilize cell membranes.
Furthermore, expected increased expression of the
CYP2J2 enzyme may mediate cardioprotection through
ATP-dependent
potassium channels (mitoKATP) [22, 23], providing
physiological
species production.

the activation of mitochondrial

benefits by altering reactive oxygen

The results of computational modeling indicate
that a
demonstrate potential activity against the GP-4 target.

series of studied azomethine derivatives

The molecular complex with compound 3h exhibits
the greatest stability, with a formation energy of
-6.60 kcal/mol, indicating its high affinity (Table 3).
Compounds 3f and 3a may also exhibit a pronounced
inhibitory effect. A key structural feature common to
the active ligands (3a, 3f, 3h) is the presence of strong
electron-withdrawing groups—bromine, chlorine, and
nitro groups.

Thus, it can be concluded that the introduction
into  the
azomethine structure significantly increases their
ability to bind to the active site of GP-4 [24].
Ubiquinone, hydroxybutylated toluene, and mexidol

of electron-withdrawing substituents

have significantly lower affinity for the GP-4 binding
site. It is known [25] that mexidol exhibits pronounced
antioxidant activity, including through the activation
of endogenous antioxidant enzymes. The performed
computer modeling suggests that the binding energy
of the studied ligands with the GP-4 enzyme will

be comparable in effectiveness to the reference
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compounds: ubiquinone, hydroxybutylated toluene, Investigation of the antioxidant activity

and mexidol itself. Molecular docking revealed key
amino acid residues of the enzyme’s active center
involved in interaction with virtual ligands: GIn 45,
Sec 46, Gly 47, Lys 48, GIn 81, Trp 136, Asn 137, and
Phe 138. Analysis of the bond types showed that:
compounds 3d and 3g form hydrogen bonds through
carbonyl groups with the Asn 137 residue. Ligand
3e forms a similar hydrogen bond with the Gly 47
residue. Compounds 3f and 3h are characterized by the
formation of a hydrogen bond between the nitrogen
of the azomethine group and the amino acid Trp 136
(see Table 3).

The preliminary prediction stage allows for
an assessment of the expediency of both further
molecular design and preparative research for the
synthesis of highly effective and safe drug substances

among derivatives of this series.

Investigation of the antioxidant activity

of derivatives (3a—h) in a test system

with ultraviolet irradiation

During the first stage of the work, a screening
of the AOA of synthesized azomethines containing
a sterically hindered phenol fragment was carried
out. The study was performed in a model test system
based on a complex of saturated and unsaturated fatty
acids. LPO was initiated by ultraviolet irradiation (UVI)
in the presence of Fe?* ions at an optimal biological
concentration (1.0 x 10°2 mol/L). Compounds 3a, 3c,
3e, and 3h demonstrated the greatest antioxidant
(Q-units).
Statistically processed data are presented in Table 4.

Further detailed analysis showed that derivatives
33, 3¢, and 3h inhibit free radical processes by 44—-48 %,
surpassing the reference compound—hydroxybutylated

effect, expressed in ubiquinone units

toluene (39 % inhibition)—in activity. For the remaining
compounds in the series (3b, 3d, 3e, 3f 3g), the
inhibition level was 28-37 %. The lowest AOA was
characteristic of samples 3d and 3g, which is likely due
to steric hindrance created by the bulky acetamide
group in the phenyl fragment conjugated with the
azomethine bond.

During the final stage, the dependence of AOA
on initiator concentration was studied. Comparative
analysis with hydroxybutylated toluene confirmed
that the maximum antioxidant activity of the studied
compounds is observed at a concentration of iron (ll)
ions (1.0 x 1073 mol/L).

Tom 14, Beinyck 2, 2026

of compounds 3a—3h in a test system

with hydrogen peroxide

During the study of the AOA of the investigated
compounds in a test system using chemical (hydrogen
peroxide and iron (Il) sulfate—Fenton system
H,0,/Fe?*) inducers of free radical processes, it was
found that the maximum inhibitory effect was also
observed in the presence of compounds 3a, 3c,
and 3h—42-45 %, exceeding the antioxidant effect
in the same system of the reference substance—
hydroxybutylated toluene (36.5 %) (Table 5).

However, it should be noted that compounds 3a,
3¢, and 3h showed a less pronounced effect in this
test system, indicating lower stability of the described
compounds towards chemical inducers of free radical
processes.

Other tested samples in this series, 3b, 3d,
3e, 3f, and 3g, inhibit free radical processes by
29-38 %. Compounds 3b, 3f, and 3g exhibited the least
pronounced antioxidant properties.

The main structural element determining the
polypharmacological profile of this series of hybrid
compounds is the 2,6-di-tert-butylphenol fragment.
Its incorporation into the structure of N-substituted
3-(benzimidazol-2-yl)-chromones and derivatives of
1,3-dimethyl-8-(chromon-3-yl)-xanthine provides not
only a pronounced antioxidant effect, comparable to
the activity of the standard trolox, but also cytotoxic
action against human colorectal cancer cell lines
HCT116 and breast cancer MCF7 [10, 26].

The ability of this phenolic fragment to induce
cerebroprotective properties is of particular interest.
It has been experimentally shown that 4-hydroxy-3,5-
di-tert-butylcinnamic acid (at a dose of 100 mg/kg)
reduces the degree of neurological deficit in animals,
promotes the restoration of mitochondrial membrane
potential, normalizes the ratio of aerobic and anaerobic
metabolism, and suppresses the activity of caspase-

3—a key effector of apoptosis [27].

Furthermore, compounds containing the
4-hydroxy-3,5-di-tert-butylphenyl substituent
demonstrate a complex neuroprotective effect.

This manifests as the restoration of mitochondrial

enzyme activity (aconitase, citrate synthase, and
a-ketoglutarate dehydrogenase), as well as a reduction
in the pathological accumulation of tau protein in

hippocampal tissue [28].
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OH

R

RZ
3

R = Me, R; = Br (3a); R = Et, R, = NH; (3b); R = Me, R, = Me (3c); R = Me, Rs = NHAC (3d); R = Me,
R, = Ac (3e); R = p-CIPh, R, = R, = H (3f); R = Et, Rs = NHAC (3g); R = Me, R, = NO; (3h).

Figure 1 — Synthesis of 2,6-di-tert-butyl-4-[(Z)-C-alkyl-(aryl)-(N-phenyl)-azomethine]-phenols (3a-3h).

Note: p-TsOH, p-toluenesulfonic acid.

Table 1 — Physicochemical characteristics of compounds 3a—-3h

Compound Code Yield, % (THF:DMF) Mol. mass Gross formula*
3a 76 145-147 402,34 C,H. BrNO

3b 74 132-134 352,48 C,H.N.O

3c 80 147-149 337,47 C,.H.NO

3d 80 142-144 380.49 C,HNO,

3e 78 100-102 365.48 C,H,.NO,

3f 72 185-187 419.95 C, H,CINO

3 76 128-130 394.52 C,.H_NO,

3h 80 132-134 383.47 C_H. N.O

23 31 273

Note: * according to elemental analysis data (obtained values correspond to calculated values). THF,

tetrahydrofuran; DMF, dimethylformamide.

Table 2 — Predicted biological activities of azomethine derivatives of sterically hindered phenol (3a—3h)

using the PASS Online Web Resource

Biological Activity

o i
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Formula o @ < [} 3 o = o 2 S
2 € £ £ 5 28 e R < S € 2
S  of Compound S 5 w o5 2 o 5 = S = o T w £ 2
9 £E28 3 B s 8 s 5 5 £ £ 28 g = + @
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3c OH
>‘\§E)< 73 63 - 59 73 - - - -
3d >k§/k
| 71 85 68 69 86 57 58 63 65
3e >K<A(§/\<
N 83 77 81 78 - 71 73 77 73
3f OH
/?/kigl 73 66 - 69 71 - - - -
3g ?k
| 75 65 - 89 - - - - -
3h >‘\é§)<
N 89 76 65 56 - - - - -

Note: the probability of biological activity is characterized by the Pa value in %.
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Table 3 - Ligand-enzyme complex formation energies of ligands with glutathione peroxidase-4

Docking

Compound Code Energy,
kcal/mol

Ligand Chemical Formula Ligand Location

3a -6,02

3b -5.51

3c -4.49

3d -4.54

3e -4.67
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Compound Code

Docking
Energy, Ligand Chemical Formula Ligand Location
kcal/mol

-6.10 /if)<

3f |
7

3g 453 <j

g

3h -6.60 ﬁk

Ubiquinone -4.23

Hydroxybutylated toluene -5.12

Mexidol -4.39
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Table 4 — Antioxidant activity of compounds 3a-h and reference substances
in the UVI/Fe* test system
Compound Concentration, Optical Density AOA,
Code mol/L A= 450 nm A=532 nm Q-ed
3a 1.0x 103 0.325 £ 0.004 0.125 £ 0.002 55.0 (5.0)
3b 1.0x 103 0.352 £ 0.005 0.168 £ 0.003 48.0 (4.4)
3c 1.0x 103 0.328 £ 0.004 0.152 £ 0.001 52.0(4.7)
3d 1.0x 103 0.402 £ 0.006 0.278 £ 0.003 32.0(2.9)
3e 1.0x 103 0.431+£0.02 0.369£0.01 20.0(1.8)
3f 1.0x 103 0.445+0.01 0.375+0.03 18.0(1.6)
3g 1.0x 103 0.354 £ 0.005 0.196 £ 0.002 45.0 (4.1)
3h 1.0x 103 0.454 +£0.01 0.396 £ 0.02 15.0(1.4)
Ubiquinone 1.0x10° 0.354 £ 0.005 0.196 £ 0.002 45.0 (4.1)
Hydroxybutylated 1.0x 10° 0.460 + 0.003 0.430 + 0.001 11.0 (1.0)
toluene
Note: AOA — antioxidant activity; UVI — ultraviolet irradiation.

Table 5 — Antioxidant activity of compounds 3a-h and reference substances in the Fe?*/H,0, test system
Compound Concentration, Optical Density AOA,
Code mol/L A= 450 nm A=532 nm Q-ed
3a 1.0x 103 0.330 £ 0.004 0.160 + 0.002 51.0(3.2)
3b 1.0x 103 0.355 £ 0.005 0.185 +0.003 45.0(2.8)
3c 1.0x 103 0.332 £ 0.004 0.168 + 0.001 50.0(3.1)
3d 1.0x10°3 0.412 £ 0.006 0.298 + 0.003 29.0(1.8)
3e 1.0x 103 0.448 £ 0.02 0.382+£0.01 17.0(1.1)
3f 1.0x 103 0.451 £0.01 0.389 £ 0.03 16.0 (1.0)
3g 1.0x 103 0.361 £ 0.005 0.219 £ 0.002 42.0(2.6)
3h 1.0x10°3 0.460 +0.01 0.430+0.02 12.0(0.7)
Ubiquinone 1.0x 103 0.450 + 0.003 0.390 + 0.001 16.0 (1.0)
't"oylj;ixgb“ty'amd 1.0x 10° 0.398 + 0.005 0.237 +0.002 36.5 (2.3)

Note: AOA, antioxidant activity.

Thus, the 2,6-di-tert-butylphenol fragment serves
as an effective pharmacophore module, critically
important for realizing the potent antioxidant
potential of molecules. The obtained experimental
data convincingly confirm this role and are in good
agreement with known literature findings on the
mechanisms of action of sterically hindered phenols.

Study Limitations

Limitations of the characterization method for
synthesized azomethine phenols: additional methods
(e.g., X-ray diffraction analysis for crystals) might
be required to confirm the configuration of the
azomethine bond (E/Z isomerism).

Limitations of in silico prediction: molecular
docking was performed on only one target (HT-4),
although biological effects, especially antioxidant
effects, may be mediated through other receptors or
mechanisms.

The study represents a preliminary screening of
a new class of compounds with antioxidant potential.

186

Computer predictions regarding cardiotonic activity
and membrane-stabilizing activity require targeted
verification on appropriate biological models.

CONCLUSION

An optimized synthesis method allowed for the
preparation of 8 derivatives of 2,6-di-tert-butyl-
4-[C-alkyl-(aryl)-(N-phenyl)-azomethine]-phenols,
the structures of which were confirmed by nuclear
magnetic resonance, elemental analysis, and IR
spectroscopy. According to in silico predictions, the
studied compounds may possess significant cardiotonic
properties, stabilize cell membranes, and increased
expression of the CYP2J2 enzyme enhances mitoKATP
activation, which is believed to provide physiological
benefits by altering reactive oxygen species production.
In accordance with the results of molecular docking
calculations, it can be assumed that the optimal
ligand-receptor interaction energy with HT-4 will be
comparable to the values exhibited by ubiquinone,
hydroxybutylated toluene, and mexidol.
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During in vitro pharmacological screening,

are 3a, 3¢, and 3h, which surpass the reference

the substances under investigation demonstrated compounds — ubiquinone and hydroxybutylated
pronounced antioxidant activity. The lead compounds  toluene.
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