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Benzofuroxan and furoxan derivatives are heterocyclic compounds well known for their
ability to act as nitric oxide (NO) donors. Due to their NO-releasing properties, these compounds
have attracted considerable attention for their antimicrobial, antiviral, and antitumor activities.
Their potential use in treating cardiovascular, gastrointestinal, and neurodegenerative disorders
further underscores their pharmacological relevance. Given the increasing research interest
in these compounds, there is a need to consolidate recent findings related to their chemical
properties and biological potential. This mini-review aims to provide an up-to-date overview of
the synthetic strategies and bioactivities of benzofuroxan and furoxan derivatives. Rather than
focusing on ring synthesis, this review highlights the reactivity of side-chain functional groups
and the design of hybrid molecules. Representative examples of drug-like compounds are
discussed, along with their biological profiles. The review also explores emerging directions in
the development of novel NO donors based on these frameworks with improved pharmaceutical
efficacy and controlled NO release.
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BeH3zodypoKcaH MmeH GpypoKcaH TyblHAbINAPbI @30T TOTbIFbIHLIH, (NO) AOHOpPAapbI peTiHae
6enrini retepounkngi kocoinbictap 6onbin Taboinagbl. NO 6eny KabineTiHiH apkacbiHaa 6yn
KOCbI/IbICTap aHTUMMKPOOTBIK, BMPYCKA »3HE iCiKKe Kapcbl 6enceHAiNikTepiMeH FfblabiMu
KbI3bIFYLWbINbIK TyAblpbin OTbip. COHbIMEH KaTap, ONapAbl KYPeK-KaH Tamblpnapbl, ackasaH-
ilWeK JXaHe HelpoaereHepaTMBTi aypynapabl empeyae KoA4aHy MYMKIHZIr onapabiy,
bapmaKonornaAnbiK MaHbI34bIIbIFbIH apTThipa Tycyae. byn KocbinbicTapFa KaTbiCTbl 3epTTeynep
CaHbIHbIH, apTybl ONAPAbIH, XMMUANBIK KacueTTepi meH Buonoruaneik aneyetiHe 6alinaHbiCTbl
COHFbl FbINbIMU KETICTIKTepAi XKylheneyai kaxkeT eteai. Ocbl KbiCKala WONYAbIH, MaKcaTbl —
6eH30dypoKcaH MeH ypOKcaH TyblHAbINAPbIHbIH, CUHTE3I MeH Buonorusanbik 6enceHginiriHe
KaTbICTbl 3amaHayn AepeKTepai *KMHaKTan ycbiHy. LWony 6eH30/n cakuHacbiH Kypyfa emec,
byiipnik TisbekTepaeri GyHKUMOHANAbIK TONTapAblH pPeakuuanbik KabineTiHe xaHe rubpuari
mosiekynanapgbl skobanayra 6aca Hasap aygapagbl. [apinik 3aTTapfa yKCac KOCbLIbICTapAblH
MblCanzapbl MeH 0n1apablH 6UoNoruaANnbIK KacueTTepi KenTipinreH. CoHbIMeH KaTtap, 6y Loy ocbl
reTepouMKAAEepAi KYpAeni MONeKynanblk KypblibiMAapFa eHrisy sKaHe TuiMmai api 6akblnaHaTbiH
NO 6ene anatbiH KaHa AOHOPAAPAbI 33ipsiey 6afbiTbiHAAFbI FbIIbIMM i34EHICTEPAI CMNaTTalnAbl.
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BeH3o¢ypoKcaH M NpousBogHble pypoKcaHa NpeacTaBAAT CObOW retepoumKanYeckne
coeANHEHMA, XOPOLLO U3BECTHbIE CBOEN CNMOCOBHOCTLIO AeCTBOBATb KaK AOHOPbLI OKCMAa a30Ta
(NO). Bnarogapna csoiicTey BbicBOb0OXAaTh NO, 3T COeAMHEHUA NPUBAEKAU 3HAUYUTEbHOE
BHMMaHME KaK areHTbl C aHTUMMWKPOOHOW, NPOTMBOBUPYCHOW W NPOTUBOOMYXONEBOMN
aKTUBHOCTbIO. MIX NOTeHUManbHOE NPUMEHEHME B IeYEHUU CePAEYHO-COCYANCTbIX, KeNyA0YHO-
KULLIEYHbIX M HelpoaereHepaTUBHbIX 3aboseBaHU NoAdYEpKMBaeT MX GapMaKONOTUYECKyHo
3HauMmocTb. C y4yéTOoM pacTyllero Hay4yHOro MHTepeca K 3TUM COeAUHEHWAM BO3HWKaeT
HEeobxoAMMOCTb B CUCTEMATM3aUMU MOCAEeAHUX AaHHbIX 06 WX XMMUYECKMX CBOWCTBAX M
6uonornyeckom noteHumane. Llenbto HacToswero mMuHuW-ob3opa ABNAETCA NpeacTaBieHue
aKTyanbHOW MHPOPMaALMK O CTpPATErnAX CMHTE3a U BUONOTMYECKON aKTUBHOCTU MPOU3BOLHbIX
6eH3odypoKcaHa 1 dypoKcaHa. B 063ope aKkUEHT caenaH He Ha CMHTe3e KO/bLEBbIX CTPYKTYP,
a Ha peaKuMOHHOM cnocobHOCTM GYHKUMOHANbHBLIX Tpynn 6GOKOBbIX Uenei M co3gaHuu
rM6pPUAHBIX MONEKYN. PaccMaTpuMBalOTCA MPUMEPbI N1EKAPCTBEHHO-NEPCNEKTUBHbIX COEANHEHNI
N ux buonormyecknii npoodunb. TaKKe paccMaTpPUMBAlOTCA NEpPCneKkTVMBbl Pa3paboTKU HOBbIX
AoHopoB NO ¢ ynyylweHHbIMU GpapMaLeBTUYECKUMWN XapaKTePUCTUKAMU U KOHTPOAMPYEMbIM
BbicBO6OXKAeHMem NO.

KnioueBble cnoBa: 6eH3odypokcaH; ¢ypokcaH; poHop NO; retepoumKamyeckue
coeguHenuns; rubpuaHble coeguHeHus; aHTMBaKTepManbHble CBOMCTBA; NPOTUBOBUPYCHbIE U
NpPOTMBOOMNYXONEBbIE NPenapaThl.
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1. Introduction

The exploration of new classes of biologically active
compounds and the development of innovative synthetic
methods are critical and valuabla endeavours in the field of
organic chemistry. N-oxide heterocyclic compounds are
emerging as promising platforms for the development of novel
pharmacological treatments against diseases such as
tuberculosis, malaria and neglected tropical diseases such as
leishmania amazonensis. Notable antimicrobial agents,
including  minoxidil, acipimox, chlordiazepoxide and
quinoxidine, as well as veterinary antimicrobials such as
quindoxin and carbadox, all incorporate an n-oxide fragment in
their molecular architecture.

The diverse biological activities of n-oxide heterocycles
can be attributed to their ability to releasa nitric oxide (NO)
under physiological conditions. The seminal work of nobel
laureates R.F. Furchgott, L.J. Ignarro and F. Murad highlighted
NO as a key regulator of cellular metabolism, with significant
effects on various physiological processes in mammals [1].

A particularly noteworthy class of cyclic compounds
containing an N-oxide fragment capable of NO release is the
1,2,5-oxadiazole-2-oxide, commonly known as furoxan [2].
Furoxans exhibit a remarkable array of chemical properties,
including tautomerism, ease of ring opening, and reactivity
with both electrophiles and nucleophiles. These attributes have
positioned furoxans as intriguing candidates for various
applications due to their demonstrated capabilities as NO
donors, as well as their antitumour, cardiotropic, antibacterial

and antiparasitic properties. In addition, the cytotoxic effects
of furoxans may be partly related to oxidative stress.

Among the furoxans, benzofuroxans stand out due to
their introduction of different

substituents on the aromatic ring can significantly influence

unique properties. The

their physicochemical characteristics, enhancing their ability to
penetrate lipid membranes and consequently altering their
biological activity. This potential for modification paves the way
for further research and development in the field, highlighting
investigations
heterocycles and their applications in medicine.

the importance of ongoing into N-oxide

In recent decades, there has been a significant increase in
patents related to the use of benzofuroxan as thiol-dependent
NO-donors. Unlike other NO-donors, furoxan uniquely releases
nitrogen (Il) oxide molecules gradually, which can enhance their
biological effectiveness. The mechanism involving the attack of
the thiolate anion on the c-3 and/or c-4 atom of the furoxan ring
with ring opening and subsequent release of no-from furoxans,
as noted in the review by V.G. Granik and N.B. Grigorev [3].

A considerable amount of research has been dedicated to
advancing the fields of medicine and furoxan chemistry,
particularly in the synthesis of bifunctional compounds. These
integrate furoxan fragments with
various pharmacological groups, creating hybrid molecules that
possess and NO-donor
properties. Such hybrid compounds often demonstrate a

innovative compounds

both pharmacological activities
broader range of pharmacological effects while exhibiting lower
toxicity compared tosingle-pharmacological-group compounds,
paving the way for more effective therapeutic options.
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As nitric oxide (NO) donors, furoxans and benzofuroxans
are widely utilized in various fields. NO donor agents play a
crucial role in pharmaceutical chemistry, particularly as antiviral
and antitumor agents, in the treatment of antibiotic-resistant
bacteria and biofilm infections, as well as in cancer
chemoprevention and chemotherapy. As demonstrated in the
extant literature, these substances have been shown to
contribute to memory formation in the central nervous system
[4]. Furthermore, they have been demonstrated to be significant
in the therapeutic management of diabetes and
neovascularization. Benzofuroxans’ ability to
pharmacophore groups into their structures, along with the
potential to synthesize heterocyclic compounds with NO donor
properties, positions them as valuable compounds for creating
multifunctional therapeutic agents.

Benzofuroxan derivatives show significant activity against
various forms of Leishmania amazonensis, being more effective
than amphotericin B and pentamidine by a factor of three.
Benzofuroxans also exhibit high fungicidal activity against
phytopathogenic fungi, such as Rhizoctonia solani and Fusarium
graminearum. Additionally, they are used as aldose reductase
inhibitors, making them promising for treating cardiovascular
complications associated with type 5 diabetes. Hybrid
compounds containing both benzofuroxan and fluoroquinoline
fragments demonstrate superior antibacterial activity
compared to the original fluoroquinolines.

Benzofuroxans are also employed as synthetic precursors
for obtaining new biologically active compounds, such as
quinoxaline dioxide and benzimidazoles. The introduction of
various substituents into the benzofuroxan ring significantly
influences their chemical reactivity and biological activity.

This mini-review examines the scientific literature
published in Russian and English over the last few years
concerning heterocyclic compounds synthesized based on
benzofuroxan. It focuses on their potential as biologically active
substances in medical chemistry. The importance of this
research lies in expanding the knowledge of benzofuroxan and
furoxans as a promising class of compounds for drug
development. The results can contribute significantly to the
development of medicinal chemistry, organic synthesis, and
new treatment methods for severe diseases.

introduce

2. Main part

2.1 Chemical structure and synthesis methods of
Benzofuroxans

Furoxan is the common name for 1,2,5-oxadiazole-2-oxide
(Scheme 1a). It is characterized by an oxygen atom outside the
ring attached to the nitrogen atom’s electron lone pair, making
the furoxan ring asymmetric. The oxygen atom located outside
the ring structure is indicated as position 1, whereas the
nitrogen atom, which is bonded to an oxygen atom, occupies
position 2 [5]. The other atoms in the molecular framework are
numbered sequentially as positions 3, 4, and 5. Notably,
derivatives of Furoxan (Scheme 1a) and Benzofuroxans (Scheme

1b) have undergone extensive investigation in the field of
medicinal chemistry [6]. These compounds are of significant
interest due to their diverse biological activities and potential
applications in drug development, thus underscoring the
importance of their structural elucidation and analysis.

Benzofuroxan is the common name for benzo[1,2-c] [1,3,6]
oxadiazole-1-oxide [1] (Scheme 1b), where the oxygen atom
outside the ring makes the benzofuroxan ring asymmetric,
leading to the existence of two regioisomers when the
substituents R! and R?are different [7].

. (o) o
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Scheme 1 - Chemical structure of furoxan (a) and
benzofuroxan (b) [7,8]

The position of the N-oxide fragment is indicated as 1-N or
N1-oxide in the case of Benzofuroxan. The numbering of atoms
in the heterocyclic ring system follows Scheme 1 [7,8].

The functional group of N-oxide is formed by the
attachment of an oxygen atom to the nitrogen atom’s electron
lone pair, which makes this group neutral, although nitrogen
and oxygen carry formal positive and negative charges.

The furoxan ring is an aromatic system with 6 mt-electrons,
but due to the presence of heteroatom-heteroatom bonds, the
aromatic stabilization energy is relatively low. Furoxan,
depending on the nature of the substituents, is stable in both
oxygen and water and can be purified by silica gel
chromatography. Many low molecular weight furoxans are
solids at room temperature, making their molecular structure
reliably determined by single-crystal X-ray analysis. Furoxans
with normal carbon substituents show chemical shifts in the
13C NMR spectrum around 115 And 160 ppm for C3 And C4
carbons, respectively. It is evident that the elevated magnetic
field resonance associated with carbon atom C3, in comparison
to carbon atom C4, is unequivocally attributable to mesomeric
electron donation of the oxygen atom located outside the ring
to adjacent carbon atom C3 [2]. This significant difference in
behavior is pivotal for accurately determining
isomeric structures. By examining these resonance variations,

chemical

researchers can precisely uncover the electronic environments
of the atoms within the molecule, which is essential for
clarifying the compound’s molecular architecture and
reactivity. Such understanding is crucial in medicinal chemistry,
where elucidating the impact of structural modifications on
biological activity is drug development
and optimization.

Almost all furoxan regioisomers are stable at ambient
temperature, but most furoxans tend to isomerize at
temperatures above 100°C. This thermal isomerization has

paramount for
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been proposed to proceed via dinitrosoalkenes as
intermediates [9]. Professor Alberto Gasco’s extensive research
[5,10] demonstrated the varying NO production capacities of
different regioisomeric furoxans with N-oxide groups in
different positions. Furoxan isomers can easily interconvert via
a dinitrosoethylene intermediate upon heating or
photochemical irradiation, leading to the development of new
NO-donor drugs targeted to show different properties based
on the isomeric structure of furoxan [11].

Tautomerism associated with 1,2-dinitroso intermediates
in furoxans and benzofuroxan derivatives demonstrates
significant energetic variations, which are profoundly influenced
by the chemical character and positional arrangements of
attached functional groups. This influence is particularly marked
when the subject under discussion pertains to benzofuroxans
[12]. These variations are further impacted by solvent
interactions and the specific temperature conditions utilized
during the reactions [12]. Furoxans, with their more complex
electronic structures, necessitate a greater input of energy for
interconversion, while benzofuroxans achieve a rapid
equilibrium state at ambient conditions, reflecting their lower
activation energy barriers. Consequently, the energy needed
for interconversion in furoxans is substantially elevated and is
intricately linked to the distinctive properties of substituents R1
and R2, which can significantly influence the overall stability of
the tautomers. Rauhut et al. have provided compelling evidence
that, in the context of benzofuroxans, the dinitrobenzene
interim is effectively stabilized by strong aromaticity derived
from the formation of a quinonoid six-membered ring, which
substantially contributes to the stability of the interim [12]. In
contrast, this stabilising effect does not extend to the energy
requirements for isomerisation in furoxans. This finding
indicates a fundamental difference in their reactivity profiles
and the underlying mechanisms governing their behaviour
(Scheme 2) [13].

R__R" R R.___R"
L — = — "7
N\O/N\o O=N N=0 o NN

4 _
_N-O NO =N
/o ~/ 0
=, N+
N NO R o

Scheme 2 — Isomerization mechanism of the furoxan cycle [13]

Due to weak aromaticity and the presence of numerous
heteroatom-heteroatom bonds, furoxans are prone to ring
cleavage under various reaction conditions. Therefore, the
primary strategy for furoxan synthesis is the introduction of the
necessary substituents into the precursor before forming the
furoxan ring. The formation of C-0 [14], C-S [2], C—N [15], and
carbon-halogen bonds [6] in the furoxan ring is documented in
the literature (Scheme 3).
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a) Formation of C-O bond in the furoxan ring.
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b) Formation of C-S bond in the furoxan ring.
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/ MeCN, 1t /
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¢) C-S Formation of C-N bond in the furoxan ring.

Scheme 3 - Formation of a) C-0 [14], b) C-S [2], and
¢) C—N [15] bonds in the furoxan ring

As synthetic methods continue to evolve, research into the
applications of furans and benzofurans is gaining valuable
momentum (Scheme 4) [12]. These compounds serve as versatile
intermediates in the synthesis of furazan derivatives, particularly
1,2,5-oxadiazoles, and nitrile oxides. Their utility extends to
various heterocyclic rearrangement processes and numerous
chemical transformations involving heterocyclic compounds.
Additionally, benzofuran derivatives are frequently used as
synthetic intermediates, as evidenced by a wealth of supporting
literature.

This system demonstrates a notable level of reactivity
towards a range of electron-rich compounds, including enamines
and enolates. Sebban et al. [16] emphasizes the capacity of this
system to react with a variety of these substrates, facilitating
the formation of heterocyclic compounds that exhibit diverse
biochemical properties [12]. This finding provides new
opportunities for research and development. Furthermore,
J.C.Halle [16] emphasises the pivotal role of nitrobenzofuroxan
analogues in  Diels-Alder reactions, functioning as
carbodienophiles, heterodienophiles and heterodienes.

Furthermore, the irradiation of benzofuroxans enhances
the synthesis of numerous heterocyclic compounds, including
among others 1H-azepine-2,7-dione and 6H-furazan([3,4-C]
carbazole-3-oxide [12,17], thereby contributing to the expansion
of synthetic methodologies and the development of novel
chemical entities. This ongoing research contributes not only to
the enrichment of the field of synthetic chemistry but also has
the potential to drive innovative solutionsin various applications.

Benzofuroxans have emerged as some of the most
promising nitric oxide (NO) donor agents in the field of medicinal
chemistry due chiefly to the occurrence of the N*=0- functional
group in benzofuroxans’ chemical constituents [4,20]. Extensive
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Scheme 4 — Main reactions characteristic of a) benzofuroxans and b) furoxans [12,18,19]

research has highlighted the capability of benzofuroxans to
effectively release NO under non-pathological conditions,
thereby promoting the production of a range of reactive
nitrogen species within biological systems. These reactive
species play crucial roles in various physiological processes,
such as vasodilation and neurotransmission [12].

Among the most notable NO donors identified are
compounds CAS 1609 and CHF 2363 (Scheme 5) [4], both of
which were elucidated in the intermediate years of the 1990s
[4]. These compounds have demonstrated powerful vasodilatory
effects, facilitating the relaxation of vascular smooth muscle
and thus aiding in the management of conditions related to

H,NOC OH PhO,S OEt
ml T
~—N N o~
o ~o~ o~
CAS 1609 CHF 2363

Scheme 5 - Structure of CAS 1609 and CHF 2363 [4]

blood flow. Additionally, their anti-aggregatory properties
contribute to the inhibition of platelet aggregation, which can
be beneficial in preventing thrombotic events.

The findings emphasize the substantial therapeutic
potential of benzofuroxans, particularly in the modulation of
vascular function and the treatment of various cardiovascular
disorders. The ongoing exploration of their mechanisms of
action continues to reveal insights that could lead to new
treatment strategies aimed at enhancing overall vascular health
and addressing related pathologies.

With regard to the subject of nitric oxide (NO) donors, CAS
1609 [4] is a highly effective compound that has been shown to
enhance cyclic guanosine monophosphate (cGMP) [4] levels in
rodent models of hypertension. It has been demonstrated that
this compound can effectively reduce blood pressure and left
atrial inferior pressure, even at conservative doses [4]. Following
this discovery, L.L. Fershtat and colleagues elucidated the anti-
aggregatory activity of CAS 1609 against ADP, adrenaline, and
partially collagen-induced aggregation, highlighting its
therapeutic potential in managing cardiovascular conditions
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[21]. Likewise, CHF 2363 exhibits promising cardiorespiratory
benefits, demonstrating substantial NO emission alongside
notable anti-aggregatory and vasodilatory effects [22]. It is
important to note, however, that CAS 1609 [4] shows limited
cellular toxicity and damage at very low concentrations (1
millimole) while the hydrophilic version CHF 2363 [4] shows
comparable effects only at significantly elevated concentrations
(5 moles). This discrepancy highlights the need to understand
the NO donor capabilities of various furoxans, especially in
relation to those without such capabilities, as well as the impact
of NO-scavenging agents like oxygenated hemoglobin in
mitigating these effects.

The thiol-dependent process underlying NO emission in
furoxans is broadly recognized, yet there are critical aspects of
that release pathway that require further investigation. The
furoxan cycle is highly electrophilic due to the electron-
withdrawing nature of its ring, meaning that it can interact with
nucleophilic substances. This leads to two main pathways for
NO release from furoxans, both of which involve the interaction
of thiolate anions from cysteine with either the third or forth
carbon atom within the furoxan frame (Scheme 6) [21]. This
exploration into the mechanisms of action will enhance our
understanding of the therapeutic potential of these compounds
in clinical use.

It has been established that both pathways, designated as
a and b, contribute to the degradation of the furoxan ring, while
concomitantly facilitating the release of nitric oxide (NO).

R3s R' R?

N

4

N

~
NA 0

O

— /1

_\o/+\6 O& o

R? sR3

NO
! R! R? R’
g iey

Recent investigations [24] have indicated that, in certain
instances, the approach of the anionic thiolate moiety to the
3-carbon part in the furoxan structure is associated with
increased reactivity. The reaction involving 4-nitrofurans and
thiolate anions is a well-documented process, involving the
replacement of the nitro group by a sulfonylfuroxan compound
[4]. This phenomenon is likely due to the high reactivity of
thiolate anions with electrophilic centers, which leads to unique
chemical transformations within 4-nitrofuroxan molecules.

Furthermore, recent biochemical studies have
demonstrated a strong correlation with the calculated activation
characteristics of various reactions, thereby reinforcing the
robustness of our understanding in this domain. O.N. Burov and
his colleagues have proposed two potential radical mechanisms
for the release of NO from benzofuroxan [25]. The first of these
mechanisms involves a four-stage process in which the thiyl
radical attacks the C(3) atom, overcoming a maximum energy
barrier of 20.2 kcal/mol [25. This pathway ultimately results in
the formation of nitrosothiophenol, indicating a promising
approach for further exploration of this reaction. Furthermore,
the attack by the thiyl radical on the C(7a) atom of benzofuroxan
is kinetically more favorable [26]. The generation of nitrogen
oxide (Il) occurs in two distinct stages, and the activation barriers
for these processes are comparatively lower [26]. This enhanced
understanding of the reactivity of benzofuroxans and their
potential applications in therapeutic settings is a significant
advancement in the field [26].
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Scheme 6 — Mechanism of NO release from furoxans [18,21,23]
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Scheme 7 — Mechanism of NO-release from benzofuroxan [26]
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Within the domain of organic synthesis, the employment
of sulfonylfuranoic derivatives as reagents is a pervasive
practice, with the aim of synthesizing functional compounds
and biosynthetically active substances [4]. Medana C. and her
team conducted studies involving benzotrifuronic and
benzofuronic derivatives (Scheme 8) [7], and their subsequent
findings confirmed the involvement of N-oxide in the
vasodilation process [7].

fN

N>\?~NMe2
/

N

Scheme 8 — Benzofuroxans as NO-donor agents [7,26]

A methodology for targeted diazotation was formulated
with the objective of facilitating the acquisition of readily
available 4-aminofurans. This approach relies on the utilisation
of NOBF4 which functions as a relatively benign source of
nitrosation [4,27]. This method is of significance in that it leads
to a notable increase in the availability of fluorochloridum
compounds, which can be efficiently purified. In their solid
state, these salts exhibit heightened susceptibility to azo linkage
with reducing agents such as reducing arenes or CH-acids.In
certain instances, NaNO2 has additionally been employed for
diazotation, with the resultant arylazofurans demonstrating the
capacity to undergo photocomputation. In the presence of
visible light, electron isomerisation of the N=N ) [28] bond to
form stable Z-arylalazofurans ) [28] occurs under ambient
conditions (Scheme 9) [28].

It is evident that a significant proportion of photochemical
reactions of this nature follow a similar mechanism. In such
reactions, the E/Z ratio [2] is contingent upon the substituents
present within the furoxan ring and the N=N bond.UV light has
been observed to induce a gradual conversion back to the initial
E-arylalazofurans. Itis noteworthy that the release of N-isomers
is relatively limited (N-isomers released: <10%), whereas the
presence of adducts of E- and Z-isomers results in a considerably
higher level of N-isomer. release (33-52%), which exceeds the

standard of CAS 1609 [4,27]. The phototherapeutic property of
furoxan-based molecular switches is a highly effective result of
their ability to undergo this transformation and become visible
light.

2.2 Benzofuroxans’ biological activity and prospects for
application

In the current era, organic chemists specializing in organic
synthesis are placing considerable emphasis on the
development of hydroid drugs. These innovative compounds
seek to integrate a nitric oxide (NO) donating furoxan group
[24] with well-established pharmacophores or promising
agents connected through meticulously selected binder
molecules [24]. This constructive approach aims to harness the
advantages inherent in both elements, thereby enhancing
therapeutic efficacy while concomitantly minimizing adverse
effects. Consequently, this paves the way for more effective
treatment options.

Given their current potential as NO donors and their
ability to produce reactive nitrogen species in biological
systems, benzofuroxans have attracted considerable interest
from organic chemists for the synthesis of multifunctional
compounds.

The development of multifunctional drugs is currently a
rapidly advancing direction in medicinal chemistry. Such
biologically active substances can exert a complex influence on
multiple mechanisms of pathological processes simultaneously
and interact with several targets, which generally significantly
enhances their effectiveness and expands their pharmacological
potential, while also reducing undesirable side effects.

Multifunctional drug compounds can provide targeted
delivery. For example, the low bacteriostatic activity of sulfanilic
acid is due to its poor permeability through cell membranes,
which is based on its high hydrophilicity. The introduction of
lipophilicfragmentsinto sulfanilicacid enhancesits antibacterial
activity. Hybrid structures based on sulfanilic acid and
pyridoxine exhibit high antibacterial activity [29].

Research on the synthesis and biological activity of
multifunctional compounds based on various drugs containing
NO-donating organic nitrates is rapidly advancing [30]. For
example, “hybrid” compounds based on aspirin and organic
nitrates retain the anti-inflammatory and antithrombotic
(anti-aggregation) activities characteristic of aspirin, while
also possessing the gastroprotective properties of nitric
oxide. In addition, these compounds reduce the known
aspirin’s side effects as an increased risk of gastrointestinal
disorders [30].
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Scheme 9 - Synthesis and photoisomerization of arylazofuroxans [28]
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Benzofuroxan is regarded to be an optimal foundation for
the development of novel biosynthetically reactive molecules
[26], with the N-releasing capability of the benzoyl group
representing a particularly fruitful research trajectory. The
present study investigates benzofuraxan motifs, with a view to
ascertaining their potential as multifunctional compounds [26].
The subject of this study has been described in literature for a
period of time exceeding 60 years. For example, the chemical
properties and synthesis of benzofuroxans and furoxans have
been published in the works of Gasco A., Boulton A.J. [14], and
Katritzky A.R. [31]. The pharmacological properties and
biochemical activity of benzofuroxans have been studied since
1981. In that year, Ghosh R., Turney B., and Whitehouse M. [32]
published the first comprehensive article on the biochemical
activity of benzofuroxans.

In the last decade, a large number of benzofuroxan
derivatives, showing a wide range of biological activities
including antibacterial, antifungal, antileukemic, acaricidal, and
immunosuppressive properties, have been studied and
described. The chemistry of benzofuroxans is notable for the
ease with which they can be incorporated into the frameworks
of a variety of medically significant substances [2]. The
rhombohedral groups are responsible for the manifestation of
physiological activity, while the furoxan remains unaltered.
Evidently, the group is responsible for the occurrence of
biological activity, whilst preserving the furoxan. In addition, it
has been demonstrated that the group is able to obtain a wide
range of different classes of heterocyclic compounds, which
contain N-donors [2]. This determines great prospects for their
use in the targeted synthesis of compounds with useful
properties.

In recent years, several innovative approaches have been
developed for the functionalization of pharmacologically active
benzofuroxans. For instance, the combination of benzofuroxan
carboxylic acid with drug-designing amines has led to the
creation of a range of biologically active amides. Notably, the
thiomorpholine derivatives of these amides have demonstrated

remarkable antibacterial activity against Mycobacterium

tuberculosis strains that are resistant to conventional drugs
[33]. This progress underscores the significant potential of
benzofuroxan-based compounds in addressing critical
challenges in the field of antimicrobial therapy. The research by
Fernandes G.F.S. and colleagues falls short in providing
thorough in vivo studies, detailed toxicity assessments, clear
mechanistic explanations, and pharmacokinetic evaluations,
which hinders the practical application of benzofuroxan
derivatives as viable treatments for multidrug-resistant
Mycobacterium tuberculosis [33].

Three- and tetracyclic ring systems containing
nitrofuroxanquinoline have demonstrated remarkably elevated
nitric oxide (NO)-donating capacity, thus establishing them as
highly promising candidates for further drug development [34].
Benzofuroxans that incorporate supplemental free-electron-
pair acceptor groups are recognized as super-electrophiles,
facilitating the rapid and efficient attachment of various
pharmacophore fragments [35]. In recent years, there has been
extensive research on the reactivities of 4,6-dichloro-5-
nitrobenzofuroxan [35] with both heteroaromatic amines and
homomeric amines [35]. The super-electrophilic properties of
benzofuroxan have been harnessed in the synthesis of a series
of promising anticancer agents featuring 2-amino thiazoles,
which show potential in therapeutic applications.
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Scheme 11 - Synthesis of hybrid compounds based on
benzofuroxan and 2-aminothiazole [23,35,36]
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Scheme 10 — Benzofuroxan derivatives with anti-M-tuberculosis activity [33]
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As demonstrated in the extant literature, the substrate
toxicity of the primary compound with a 4-methoxybenzyl
substituent is associated with the induction of the early stage of
programmed cell death in M-HELa cells [37]. As demonstrated
in Figure 30, at concentrations ranging from 50 to 100 M, a
proportion of 10.7-17.3% [37] of the cells exhibited
characteristics of the cell cycle [37].

It has been demonstrated that a number of alternate
furoxan compounds also manifest a broad spectrum of
biomedical characteristics, as illustrated by the identification of
3-cyano- and 3-nitro-4-phenylfuroxan as anti-aggregatory
agents [38]. Furthermore, the compound in particular has been
shown to inhibit the growth of Pseudomonas aeruginosa (PAO1)
[38] and to hinder the formulation of PAO1l biofilms [39].
Moreover, hybrid compounds of furoxans and perrithinides have
been exhibited to display microbicidal qualities, as evidenced by
their ability to impede the formation of Staphylococcus aureus
and Escherichia coli biofilms [40]. The main compound, PGR150
(3-methylfurane-4-carbonylhydride) [40], is being explored as a
potential candidate for new analgesics to effectively treat severe
diabetic neuropathy, with the administration of the drug known
as RG150 [41] having been demonstrated to result in a significant
reduction in the mechanical load on the rato model of noxious
diabetic nerve pain [41].

The investigation revealed that the PRG150 exhibited both
metabotropic resonance and bio-distribution within the
somatosensory system [41] when utilising carbon-11 and
nitrogen-13 nuclear magnetic resonance-labelled compounds
[42]. The use of carbon-11 and nitrogen-13 nuclear magnetic
resonance-labelled phosphorus emission tomography has been
demonstrated to show higher uptake of the nitrogen-13 isotope
in the dorsal neural tube compared to carbon-11. This finding
suggests a pivotal function for NO release in the nociceptive
neurotransmission process, which contributes to the analgesic
effect of PPG150 [43]. Subsequent studies have corroborated
the role of Nogo in the treatment of severe diabetic neuropathy,
as well as the effect of PPG150 on forskolin-based studies.
Furthermore, the adenosine monophosphate (AMP) has been
demonstrated to modulate the opioid receptor signal in both in
vitro and in vivo experiments [44].

Notwithstanding, the initial
compounds were synthesised at the terminus of the despite the

constituents of said

initial members of these communities being sunthesiazed
towards the close of the 19th century [45], the exploration of
novel benzofuroxan derivatives persists. Researchers from the
university of lllinois, showed that
benzofuroxans act as thiol-bioactivated NO mimetics, exhibiting
biological activity through NO [45]. Using the
benzofuroxan fragment as a basis, new non-steroidal anti-

such as Thatcher J.,

release

inflammatory drugs were developed from diclofenac (Scheme

12) [46]. A common negative side effect of nsaids as
gastrointestinal toxicity, was reduced by incorporating
benzofuroxan into the structure while maintaining the

biological activity of diclofenac [46].

Recent advancements in the fields of pharmaceutical
science and the study of benzofuroxan moieties [47] have led to
the development of hybrid compounds [47], which combine
benzofuroxan fragments with diverse pharmaceutical groups
within a single molecule [48]. These bivalent drugs interact with
a pharmacophore group and the NO-donor sarcosine of
benzofuroxan chromane, typically [47]. The former exhibits a
more extensive pharmacologic spectrum and reduced toxicity
in comparison to the latter, which consists of a single farmacorhe
unit.

The scope of NO-donating “hybrid” substances [47] has
been expanded to encompass anti-inflammatory properties, in
the context of procterial and pharmacological interventions for
the treatment of numerous pathologies, including heart
diseases, motility disorders of the gastrointestinal tract, and
migraines [47]. Robotic interventions are also employed in the
treatment of carcinomas, Parkinson’s disease, high blood
pressure, and a range of other conditions [38,49-51].

Benzofuroxan compounds represent a pivotal class of
hydrophobic, thiol-dependent N-oxide donors [52]. After the
identification of NO as a pivotal intraspecies modulator within
metabolic networks, the elevated NO-releasing capacity of
benzofuroxan derivatives and their in vivo tumor-suppressing
properties have rendered them indispensable the
development of anticancer pharmaceuticals. It is noteworthy
that these heterogeneous compounds can generate various
forms of nitric oxide (NO), including its two redox forms: nitroxyl
(HNO) and oxidized form (NO*) [26,52].

Following the initial publications on the anti-oncological

in

potential of benzofuraxans, a plethora of derivatives have been

s
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Incorporation of the benzofuroxan fragment into the diclofenac molecule [46]

BecTHuK KasHY. Cepua xummyeckana. — 2025. — Ne 1



M.N. Zhanakov et al. 31

synthesized and subjected to mutagenicity testing against an
array of cancer cell lines. A subset of benzofuroxano structural
variants has been observed to impede the proliferation of
M-Hela cells at the cellular level, while others have exhibited
divergent responses. Conversely, certain derivatives have
exhibited pronounced efficacy in the context of P388 lymphoma
and Ehrlich ascites in murine models [26,47,53]. Of particular
interest is the observation that the potent anti-cancer effect
associated with these molecules is linked to certain properties.
It has been demonstrated that the ability to impede DNA
polymerase and the occurrence of individual- and dual-stranded
DNA damage [47] are associated with these compounds. It has
been established that individual-strand DNA damage is
efficiently restored via a variety of intersegmental DNA recovery
mechanisms [47]. Conversely, the restoration of numerous
damaged sites is considerably more challenging and has the
potentialto culminatein cell death. One study [54] demonstrated
the presence of electron-accumulating nitrocompounds. The
presence of electron-accumulating groups in the benzofuroxan
group of nucleosides has been demonstrated to contribute to
the process of mutagenesis.

A modular approach based on n-(4,4-
diethoxybutyl)urea reactions was used to develop a method for
obtaining new  2-(hetero)aryl-pyrrolidine-1-carboxamides
containing benzofuroxan fragments (scheme 13) [26,53]. The
anticancer functionality associated with these communities
was studied both in vitro and in vivo. Some compounds exhibited
in vitro activity against M-HELA cancer cell lines that was twice
as potent as the reference drug tamoxifen, while their
cytotoxicity against normal Chang Liver cells was not higher
than that of tamoxifen. In vivo studies showed an increase in
survival duration (ils) of up to 44,7% and up to 83% of the
animals surviving the 60-day observation period. Thus, these
compounds have been identified as promising candidates for
further development as anticancer agents [54]. The research by
Smolobochkin and colleagues has notable limitations, such as a
lack of detailed understanding of how the synthesized
compounds exert their anticancer and anti-biofilm effects,
limited in vivo studies to confirm the promising in vitro results,

Mannich

OH
]
NN
EtO HN
OEt HN—R O,N N
N+ ~o
o cl SN+
o

and insufficient investigation into their toxicity and
pharmacokinetic behavior. These gaps hinder the potential for
developing the 2-(het)arylpyrrolidine derivatives into practical
therapeutic options [55].

Furthermore, it is imperative to acknowledge the
significance of NO as a constituent element of the mechanism
of non-specific immunity [56]. It is a component that protects
against numerous pathogens, including bacteria, viruses, and
fungi [56]. Numerous publications have documented the
pronounced fungicidal properties of so-called ‘hybrid’ benzoyl
derivatives, which are derived from benzoyl itself [56]. The
furfuryl fragment is comprised of known pharmaceuticohor
fragments (aminosides, nitrates of amino alcohols, phenols and
polyene antibiotics) [57]. The investigation focused on the
efficacy of 4,6-dinitro-5,7-dichlorobenzofuroxan analogue in
combating trichomonads. The level of orthonin mentagrophytes
was found to be four times higher than that of the antifungal
drug nystatin [58]. The present study investigates the high
activity of benzofuroxan compounds against phytotrophogenic
fungi (Rhizomucoraceae, Sclerotin) [59]. The following were
identified: Clorotium, Fusarium, Gramineum, and Phytophtora
sarcasii  [59], in addition to the antibiotic-resistant
Staphylococcus bacillus [59,60].

Benzofuroxan derivatives are promising compounds for
the in vitro antiparasitic activity in trophozoites of T.vaginalis
(treatment of trichomoniasis). It has been hypothesized that
the NO moiety of these substances may be capable of releasing
toxic radicals, such as NO, which have been shown to generate
reactive oxygen and nitrogen species. These radicals have been
identified as the cause of the destabilization of the Trypanosoma
cell membrane. A similar mechanism can be applied to T.
vaginalis, as the activity of these compounds is associated with
their ability to inhibit the cellular respiration of the parasites
[61]. However, the study does not explore the potential for
Trichomonas vaginalis to develop resistance to benzofuroxan
derivatives over time. This is a major limitation, as the
emergence of resistance could ultimately render these
compounds ineffective, undermining their long-term

CHCI3, TFA,
rt, 12 ¢

therapeutic utility.
N
J
N
H
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Scheme 13 - Synthesis of new 2-(hetero)aryl-pyrrolidine-1-carboxamides containing benzofuroxan fragments [18,54]
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Scheme 14 - Benzofuroxan compounds used against T. Vaginalis: EA2, EH1, EH2, EH3[61]

In recent decades, significant advancements have been
made in the field of anticancer drug development. However,
despite these efforts, there is still a lack of effective medications
available to treat cancer. Despite the significant progress made
in the field, the development of effective anti-cancer drugs has
not been achieved. The majority of anticancer drugs in clinical
use exhibit inadequate aqueous solubility, a property that can
compromise their effectiveness. Furthermore, there is a risk of
adverse effects associated with oral ingestion, as well as with
intramuscular and intravenous injection [62].

The dissolution of oncological pharmaceuticals in agueous
solutions is a pivotal factor in determining their efficacy. In
certain instances, the utilization of excipients with deleterious
side effects may be imperative. To illustrate, the intraoral
administration of the investigational kinase suppressant
NEXAVAR® (SORAFENIB) finds application in the management of
gastric and hepatic cell proliferations [63]. In accordance with
the system for the categorization of pharmaceuticals according
to their bioavailability, sorafenib is designated as follows: This is
a consequence of its categorization as a compound with limited
soluble potential and elevated permeation characteristics.
Sorafenib demonstrates minimal soluble properties and
exhibits a sluggish dissolution rate within the digestive system,
which is the pivotal phase for its absorptive process and ensuing
interaction with initial metabolic processes. This results in a
diminished bioavailability when administered orally [64]. Poor
aqueous solubility of sorafenib results in lack of therapeutic
effect or acute toxicity [65,66].

Our research group previously synthesized a series of
novel amino-containing derivatives of benzofuroxan by
substituting the chlorine atom in  4,6-dichloro-5-
nitrobenzofuroxan with various aliphatic and aromatic amine
fragments. These compounds exhibited promising anticancer
properties, demonstrating high activity against several cancer
cell lines and low cytotoxicity toward normal cells [47]. In
particular, the derivatives displayed selective cytotoxicity
against cervical carcinoma (M-Hela) and human breast
adenocarcinoma (MCF-7) cell lines, with efficacy comparable to

the reference drug doxorubicin and significantly surpassing
tamoxifen in terms of anticancer effects. Additionally, the
compounds showed potent activity against glioblastoma
cells (T98G).

Although benzofuroxans are known for their wide
spectrum of biological activities, their medical application has
been substantially limited by poor water solubility, which
hinders pharmaceutical
formulations. Building upon our previous findings, we have now

the development of effective
directed our efforts toward overcoming this limitation by
synthesizing novel
derivatives. These compounds are of particular interest as

water-soluble salts of benzofuroxan
environmentally friendly agents with strong biological activity
against phytopathogens affecting major cereal and leguminous
crops, including rice, barley, wheat, alfalfa, sweet clover, and
sweet sorghum. The study focuses on converting previously
insoluble benzofuroxan derivatives characterized by the
presence of a terminal tertiary nitrogen atom into water-soluble
forms. This strategy enhances their potential use in both
agricultural and medical applications while preserving their
high bioactivity [47].

Importantly, while this research builds on the advanced
methodologies of the Russian scientific school, it also
contributes to the expansion of this knowledge within
Kazakhstan. By involving Kazakhstani researchers [35, 47,53,
67], the research lays a foundation for the development of
approaches in
Kazakhstan, fostering scientific growth and strengthening

innovative drug design and agrochemical

international collaboration in this emerging field.

3. Conclusion

Benzofuroxan compounds are characterized by their NO-
donor properties and consist of structures that combine
benzofuroxan molecules with various biologically active
substances, making them promising for use in medicinal
chemistry. Unlike other NO-donor agents, benzofuroxans
provide a slow release of NO, which helps to prolong their
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biological effectsit is important to acknowledge the
potential of benzofuroxan-based reactions, encompassing the
maintenance of the furoxan cycle (involving the substitution of
one or two readily exhaling chlorine atoms) and
the disruption of the furoxan ring [53,67]. This renders
research in the domain of N-oxide-containing heterocycles
highly promising from a synthetic perspective, particularly
concerning the development of new heterocyclic compounds
with valuable practical applications.

This review touches on recent studies of benzofuroxan
derivatives as potential antituberculosis, antibacterial,
cardiovascular, gastrointestinal and neurodegenerative
disorder agents. Some furoxan derivatives, for example, CAS
1609 and CHF 2363 [4], have been observed to have powerful
vasodilatory effects, which could help to relax vascular smooth
muscle and therefore assist in managing conditions related to
blood flow. It has been suggested that 2-(hetero)aryl-
pyrrolidine-1-carboxamides containing benzofuroxan
fragments could be ideal starting points for further
investigations. It is possible that they could be promising
candidates for further development as anti-cancer agents [4].
Therefore, it could be worthwhile to consider both of them as
ideal starting points for further investigations.

Acknowledgements

E.A. Chugunova et al. are grateful to the government
assignment for the FRC Kazan Scientific Center of RAS.

Conflict of interest

The authors declare that there is no conflict of interest
regarding the data presented in this article.

Information about the Authors

Zhanakov Mukhtar Nurlanovich — PhD candidate at the
Department of Chemistry, L.N.Gumilyov Eurasian National
University.

Zhatkanbayeva
Professor at the Department of Chemistry, L.N.Gumilyov
Eurasian National University, Candidate of Chemical Sciences,
Associate Professor.

Chugunova Elena Alexandrovna — Lead Researcher of the
Laboratory of Redox-Active Molecular Systems A.E. Arbuzov
Institute of Organic and Physical Chemistry, Doctor of Chemical
Sciences.

Akylbekov Nurgali lkramovich — Head of the Engineering
Laboratory "Physicochemical Methods of Analysis", Korkyt Ata
Kyzylorda University, PhD, Associate Professor.

Zhatkanbayev Yerlan Erzhanovich — Associate Professor at

Zhanna Kalanbekovna - Associate

the Department of Chemistry, L.N. Gumilyov Eurasian National
University, Doctor of Technical Sciences.

ISSN 1563-0331
elSSN 2312-7554

CRediT authorship contribution statement

M.N. Zhanakov: writing - original draft, conceptualization,
methodology, data collection, formal analysis, visualization.
Zh.K.Zhatkanbayeva: reviewing and editing, project
management, E.A. Chugunova: reviewing and
editing, N.I. Akylbekov: literature search, data
analysis, visualization. Ye.Ye. Zhatkanbayev: conceptualization,
validation, reviewing, and editing.

resources.
resources.

References (GOST)

1 Rabelink A.J. Nobel prize in Medicine and Physiology
1998 for the discovery of the role of nitric oxide as a signalling
molecule // Ned. Tijdschr. Geneeskd. — 1998. — Vol. 142, Is. 52.
—P. 2828-2830.

2 Gasco A., Boulton A.J. Furoxans and Benzofuroxans //
Advances in Heterocyclic Chemistry / ed. Katritzky A.R., Boulton
A.J. London: Academic Press, 1981. — Vol. 29. — P. 251-340.

3 N.B.Grigoriev V.G.G. Oxid Azota (NO): Novyi put’ k Poisku
Lekarstv [Nitric Oxide (NO): New Approach to Drug Search].
Moscow: University Book, 2004.

4 Fershtat L.L., Makhova N.N. Molecular Hybridization Tools
in the Development of Furoxan-Based NO-Donor Prodrugs //
ChemMedChem. - 2017. - Vol. 12, Is. 9.—P. 622-638.

5 Gasco A. et al. NO donors: Focus on furoxan derivatives //
Pure Appl. Chem. -2004. -Vol. 76, Is. 5.—P.973-981.

6 Cerecetto H., Gonzalez M. Benzofuroxan and Furoxan.
Chemistry and Biology. — 2007. — P. 265—-308.

7 Medana C., Di Stilo A., Visentin S., Fruttero R., Gasco
A., Ghigo D., Bosia A. NO donor and biological properties of
different benzofuroxans // Pharm. Res. — 1999. — Vol. 16, Is. 6.
—P. 956-960.

8 Abu Yousef M., Matsubara R. Recent progress in synthesis
and application of furoxan // RSC Adv. — 2023. — Vol. 13, Is. 8.
—P. 5228-5248.

9 Mallory F.B., Cammarata A. Evidence for the Transient
Existence of 1,2-dinitrosoalkenes 1 // J. Am. Chem. Soc. 1966. —
Vol. 88, 1s. 1.—P. 61-64.

10 Ferioli R. Folco G.C., Ferretti C., Gasco A.M., Medana C.,
FrutteroR., CivelliM., Gasco A. A new class of furoxan derivatives
as NO donors: mechanism of action and biological activity // Br.
J. Pharmacol. — 1995. - Vol. 114, Is. 4.—P. 816-820.

11 R. Calvino, V. Mortarini, A. Gasco M.A.B. and M.L.R.
Furazan and furoxan sulfones-Synthesis and antimicrobial
activity // Synth. Antimicrob. Act.—1977.—Vol. 12. - P. 157-159.
12 Cerecetto H., Porcal W. Pharmacological properties of
furoxans and benzofuroxans: Recent developments // Mini-
Reviews Med. Chem. - 2005.-Vol. 5, Is. 1.—P. 57-71.

13 J. Stevens, M. Schweizer G.R. Some recent studies on
benzofuraxans //J. Am. Chem. Soc.—2001.—Vol. 123, Is. 7326.
14 Flores-Santana W. et al. The Specificity of nitroxyl
chemistry is unique among nitrogen oxides in biological
systems // Antioxid. Redox Signal. — 2011. — Vol. 14, Is. 9. —P.
1659-1674.

Chemical Bulletin of Kazakh National University 2025, Issue 1



34 Mini-review: Advances in the synthesis and biological activity of benzofuroxan...

15 Zavarzina O. V., Rakitin O.A., Khmel’nitskii L.l. Substitution
of the Nitro Group in Chloronitrofuroxan by N- and
O-Trimethylsilyl Derivatives // Mendeleev Commun. — 1994. —
Vol. 4,1s. 4.—P. 135.

16 Sebban M. et al. Diels—Alder trapping of an o-dinitroso
intermediate in the 1-oxide/3-oxide interconversion of a
2,1,3-benzoxadiazole derivative // Chem. Commun.—1999. — Is.
11.-P. 1009-1010.

17  Y.Fukai, T.Miyazawa, M.Kojoh, T.Takabatake M.H. No Title
// J.Heterocycl.Chem. — 2001. - Vol. 38.—P. 531-534.

18 David M. Jameson and Shan S. Wong. Chemistry of Protein
and Nucleic Acid Cross-Linking and Conjugation, 2011.

19 KumarsS. et al. Recent Advances in the Synthesis of Acyclic
Nucleosides and Their Therapeutic Applications // Top. Curr.
Chem.—-2024.-Vol. 382, Is. 4.— P. 34.

20 Bohn H. et al. Cardiovascular actions of the furoxan CAS
1609, a novel nitric oxide donor // Br. J. Pharmacol. — 1995. —
Vol. 114, 1s. 8.— P. 1605-1612.

21 Ustyuzhanina N.E. et al. Antiaggregant activity of water-
soluble furoxans // Mendeleev Commun. — 2018. — Vol. 28, Is.
1.— P.49-51.

22 Civelli M. et al. The involvement of the release of nitric
oxide in the pharmacological activity of the new furoxan
derivative CHF 2363 // Br. J. Pharmacol. — 1996. — Vol. 118, Is.
4.— P.923-928.

23 Nitric Oxide Donors / ed. Wang P.G., Bill Cai T., Taniguchi
N. Wiley, 2005.

24  Fershtat L.L., Makhova N.N. Molecular Hybridization Tools
in the Development of Furoxan-Based NO-Donor Prodrugs. //
ChemMedChem. Germany, 2017. —Vol. 12, Is. 9. —P. 622—-638.
25 Burov O.N. et al. Mechanism of Thiol-Induced Nitrogen(ll)
Oxide Donation by Furoxans: a Quantum-Chemical Study //
Chem. Heterocycl. Compd. — 2015. — Vol. 51, Is. 11. —P. 951—
960.

26 Chugunova E.A.A. et al. Benzofuroxans: their synthesis,
properties, and biological activity // Russ. Chem. Bull. — 2019. —
Vol. 68, Is. 5.—P. 887-910.

27 Zhilin E.S. Renaissance of 1,2,5-Oxadiazolyl
Diazonium Salts: Synthesis and Reactivity // European J. Org.
Chem. - 2019.-Vol. 2019, Is. 26.—P. 4248—4259.

28 Zhilin ES. et al Arylazo-1,2,5-oxadiazole
Photoswitches: Synthesis, Photoisomerization and Nitric Oxide
Releasing Properties // ChemPhotoChem. — 2020. — Vol. 4, Is.
12.-P. 5346-5354.

29 Mart. 2480471 Poccua, MKW C07D491/052. AHTnbakTe-
puanbHble COeAMHEHUA Ha OCHOBE CYAbGaHWIOBOM KUCNOTbI
n nupuaokcuHa / M.P. Tapunos, E.B.HuKkutnHa, A.C. MeTyxos,
HO.[.WTbipaunH, A.A.CTpenbHuk; onybn. 27.04.2013.

30 Cepkos W.B., be3yrnos B.B. MHOrodyHKLMOHabHbIE CO-
eQVHeHUs, coaepiKalime opraHuyYeckne HUTpaTbl, — NPOTOTU-
Mbl TMBPUAHBIX JIeKAaPCTBEHHbIX NpenapaTos // Ycnexu xumuu.
— 2009.-Vol. 78, Is. 5.—P. 442-465.

31 Katritzky A.R., Gordeev M.F. Heterocyclic rearrangements

et al

Novel

of benzofuroxans and related compounds // Heterocycles.
1993. - Vol. 35. - P. 483-518.

32 Ghosh P, Ternai B., Whitehouse M. Benzofurazans and
benzofuroxans: Biochemical and pharmacological properties //
Med. Res. Rev. —1981.—-Vol. 1, Is. 2.—P. 159-187.

33 Fernandes G.F.S. et al. Benzofuroxan Derivatives as
Potent Agents against Multidrug-Resistant Mycobacterium
tuberculosis // ChemMedChem. — 2021. — Vol. 16, Is. 8. — P.
1268-1282.

34 Fedik N.S. et al. Comprehensive study of
nitrofuroxanoquinolines. New perspective donors of NO
molecules // Nitric Oxide. — 2019. — Vol. 93. — P. 15-24.

35 Chugunova E. et al. On the Nucleophilic Reactivity of
4,6-Dichloro-5-nitrobenzofuroxan with Some Aliphatic and
Aromatic Amines: Selective Nucleophilic Substitution // J. Org.
Chem. American Chemical Society. — 2020. — Vol. 85, Is. 21.—P.
13472-13480.

36 Sema L. loffe. “Nitronates”, Nitrile Oxides Nitrones and
Nitronates in Organic Synthesis, 2007.

37 Chugunova E. et al. Novel Hybrid Compounds Containing
Benzofuroxan and Aminothiazole Scaffolds: Synthesis and
Evaluation of Their Anticancer Activity // Int. J. Mol. Sci. 2021. -
Vol. 22, Is. 14.—-P. 7497.

38 Ustyuzhanina N.E. et al. New insight into the antiaggregant
activity of furoxans // Mendeleev Commun. — 2016. — Vol. 26, Is.
6.—P.513-515.

39 Orlandi V.T. et al. Anti-Pseudomonas activity of 3-nitro-4-
phenylfuroxan // Microbiology. — 2018. — Vol. 164, Is. 12.-P.
1557-1566.

40 Fei Y. et al. Identification of New Nitric Oxide-Donating
Peptides with Dual Biofilm Eradication and Antibacterial
Activities for Intervention of Device-Related Infections // J.
Med. Chem. - 2020.-Vol. 63, Is. 17.—P. 9127-9135.

41 HuanglL.Y.etal. The furoxan nitric oxide donor, <scp>PRG</
scp> 150, evokes dose-dependent analgesia in a rat model of
painful diabetic neuropathy // Clin. Exp. Pharmacol. Physiol. —
2015.-Vol. 42,1s. 9.—P. 921-929.

42 Makhova N.N., Fershtat L.L. Recent advances in the
synthesis and functionalization of 1,2,5-oxadiazole 2-oxides //
Tetrahedron Lett. —2018. - Vol. 59, Is. 24.—-P. 2317-2326.

43  Pippin A.B. et al. In Vitro Metabolic Stability and in Vivo
Biodistribution of 3-Methyl-4-furoxancarbaldehyde Using PET
Imaging in Rats // ACS Med. Chem. Lett. — 2016. — Vol. 7, Is. 6.
P. 563-567.

44  Huang L. et al. Nitric oxide modulates p-opioid receptor
function in vitro // Clin. Exp. Pharmacol. Physiol. 2019. Vol. 46,
Is. 7. P.676—685.

45  Schiefer I.T. et al. Furoxans (1,2,5-Oxadiazole- N -Oxides)
as Novel NO Mimetic Neuroprotective and Procognitive Agents
// ). Med. Chem. —2012. - Vol. 55, Is. 7.— P. 3076—3087.

46 de Carvalho P.S. et al. Synthesis and pharmacological
characterization of a novel nitric oxide-releasing diclofenac
derivative containing a benzofuroxan moiety // Eur. J. Med.
Chem.—-2010.—Vol. 45, Is. 6.— P.2489-2493.

47 Chugunova E. et al. Water-Soluble Salts Based on
Benzofuroxan Derivatives - Synthesis and Biological Activity //
Int. J. Mol. Sci. —2022. — Vol. 23, Is. 23.—-P. 14902.

BecTHuK KasHY. Cepua xummyeckana. — 2025. — Ne 1



M.N. Zhanakov et al. 35

48 Chugunova E.A., Burilov A.R. Novel structural hybrids on
the base of benzofuroxans and furoxans. Mini-review // Curr.
Top. Med. Chem. —2017. - Vol. 17, Is. 9. —P. 986-1005.

49 dos Santos Fernandes G.F. et al. Synthesis and biological
activity of furoxan derivatives against Mycobacterium
tuberculosis // Eur. J. Med. Chem. — 2016. —Vol. 123. — P. 523—
531.

50 ZhangZ.etal.Design, synthesisand biological evaluation of
novel furoxan-based coumarin derivatives as antitumor agents
// Med. Chem. Res. — 2018. - Vol. 27, Is. 4.—P. 1198-1205.

51 Abdelall E.K.A. Synthesis and biological evaluations of
novel isoxazoles and furoxan derivative as anti-inflammatory
agents // Bioorg. Chem. — 2020. — Vol. 94. — P. 103441.

52 Fershtat L. et al. N-Oxide-Controlled Chemoselective
Reduction of Nitrofuroxans // Synthesis (Stuttg). — 2019. — Vol.
51, Is. 03.—P. 747-756.

53 Chugunova E. Diverse Biological Activity of
Benzofuroxan/Sterically Hindered Phenols Hybrids //
Pharmaceuticals. — 2023. - Vol. 16, Is. 4.—P. 499.

54 Sotgia F. et al. Mitochondrial oxidative stress drives tumor
progression and metastasis: should we use antioxidants as a key
component of cancer treatment and prevention? // BMC Med. —
2011.-Vol.9,Is. 1.—-P.62.

55 Smolobochkin A. et al. Synthesis of Novel 2-(Het)
arylpyrrolidine Derivatives and Evaluation of Their Anticancer
and Anti-Biofilm Activity // Molecules. — 2019. — Vol. 24, Is. 17.
—P. 3086.

56 Cheng,Y.etal. Structure-Activity Studies of N-Heterocyclic
Benzoyl Arylamine Derivatives Led to a Highly Fungicidal
Candidate against Gaeumannomyces graminis var. tritici and
Four Fusarium Wheat Pathogens // Journal of agricultural and
Food Chemistry. —2022.—Vol. 70, Is. 11.

57 Khan F.H. et al. The Role of Nitric Oxide in Cancer: Master
Regulator or NOt? // Int. J. Mol. Sci. — 2020. — Vol. 21, Is. 24. - P.
9393.

58 Shpakovsky D.B. et al. Synthesis, antiradical activity and in
vitro cytotoxicity of novel organotin complexes based on 2,6-di-
tert-butyl-4-mercaptophenol // Dalt. Trans. — 2014. - Vol. 43, Is.
18. - P. 6880—-6890.

59 Wang L. et al. Synthesis and Biological Evaluation of
Benzofuroxan Derivatives as Fungicides against Phytopathogenic
Fungi // J. Agric. Food Chem. —2013. - Vol. 61. — P. 8632-8640.
60 Bogdanov A.. et al. Ammonium-Charged Sterically
Hindered Phenols with Antioxidant and Selective Anti-Gram-
Positive Bacterial Activity // Chem. Biodivers. — 2020. — Vol. 17,
Is. 5. —e2000147.

61 de Giacometi M. et al. Activity of compounds derived from

et al.

benzofuroxan in Trichomonas vaginalis // Exp. Parasitol. 2023.
—Vol. 253. - P. 108601.

62 Gala U.H., Miller D.A.,, Williams R.O. Harnessing the
therapeutic potential of anticancer drugs through amorphous
solid dispersions // Biochim. Biophys. Acta - Rev. Cancer. 2020.
—Vol. 1873, Is. 1. —P. 188319.

63 DIMITRIOS B. Sources of natural phenolic antioxidants //
Trends Food Sci. Technol. —2006. —Vol. 17, Is. 9. —P. 505-512.

ISSN 1563-0331
elSSN 2312-7554

64 TruongD.H. et al. Preparation and characterization of solid
dispersion using a novel amphiphilic copolymer to enhance
dissolution and oral bioavailability of sorafenib // Powder
Technol. —2015. —Vol. 283. — P. 260-265.

65 Boudou-Rouquette P. et al. Variability of Sorafenib Toxicity
and Exposure over Time: A Pharmacokinetic/Pharmacodynamic
Analysis // Oncologist. —2012. -Vol. 17, Is. 9. — P. 1204-1212.
66 Boudou-Rouquette P. et al. Early Sorafenib-Induced
Toxicity Is Associated with Drug Exposure and UGTIA9 Genetic
Polymorphism in Patients with Solid Tumors: A Preliminary
Study // PLoS One. Public Library of Science. — 2012. — Vol. 7, Is.
8.—P.1-9.

67 Zhanakov M.N. et al. Unusual Reduction of Benzofuroxans
to Benzofurazans with the Participation of the Terminal Amino
Group // Russ. J. Gen. Chem. — 2023. —Vol. 93, Is. S2. — P. S491—
S500.

References

1 Rabelink AJ (1998) Ned Tijdschr Geneeskd 142:2828-30.

2 Gasco A, Boulton AJ (1981)In: Katritzky AR, Boulton AJ
(eds) Furoxans and Benzofuroxans, Adv. Heterocycl. Chem.
Academic Press, London, pp 251-340. https://doi.org/https.//
doi.org/10.1016/50065-2725(08)60789-8

3 N.B.Grigoriev VGG (2004) Oxid Azota (NO): Novyi put’
k Poisku Lekarstv [Nitric Oxide (NO): New Approach to Drug
Search]. University Book, Moscow.

4 Fershtat LL, Makhova NN (2017) ChemMedChem 12:622—-
638. https://doi.org/10.1002/cmdc.201700113

5 Gasco A, Fruttero R, Sorba G, Di Stilo A, Calvino R
(2004) Pure Appl Chem 76:973-981. https://doi.org/10.1351/
pac200476050973

6 Cerecetto H, Gonzdlez M (2007) Benzofuroxan and
Furoxan. Chemistry and Biology. pp 265—-308. https://doi.
org/10.1007/7081_2007 064

7 Medana C, Di Stilo A, Visentin S, Fruttero R, Gasco A,
Ghigo D, et al. (1999) Pharm Res 16:956—-60. http://dx.doi.
0rg/10.1023/a:1018974409622

8 Abu Yousef M, Matsubara R (2023) RSC Adv 13:5228-52438.
http://dx.doi.org/10.1039/D3RA00189)

9 Mallory FB, Cammarata A (1966) J Am Chem Soc 88:61-64.
http://dx.doi.org/10.1021/ja00953a012

10 Ferioli R, Folco GC, Ferretti C, Gasco AM, Medana C,
Fruttero R, et al. (1995) Br J Pharmacol 114:816—-820. http://
dx.doi.org/10.1111/j.1476-5381.1995.tb13277.x

11 R.Calvino, V.Mortarini, A.Gasco MAB and MLR (1977)
Synth Antimicrob Act 12:157-159.

12 Cerecetto H, Porcal W (2005) Mini-Reviews Med Chem
5:57-71. http://dx.doi.org/10.2174/1389557053402864

13 J.Stevens, M. Schweizer GR (2001)Some recent studies
on benzofuraxansJournal of the American Chemical Society
123:

14 Flores-Santana W, Salmon DJ, Donzelli S, Switzer CH,
Basudhar D, Ridnour L, et al. (2011) Antioxid Redox Signal
14:1659-1674. http://dx.doi.org/10.1089/ars.2010.3841

Chemical Bulletin of Kazakh National University 2025, Issue 1


https://doi.org/https://doi.org/10.1016/S0065-2725(08)60789-8 
https://doi.org/https://doi.org/10.1016/S0065-2725(08)60789-8 
https://doi.org/10.1002/cmdc.201700113
https://doi.org/10.1351/pac200476050973 
https://doi.org/10.1351/pac200476050973 
https://doi.org/10.1007/7081_2007_064 
https://doi.org/10.1007/7081_2007_064 
http://dx.doi.org/10.1023/a:1018974409622 
http://dx.doi.org/10.1023/a:1018974409622 
http://dx.doi.org/10.1039/D3RA00189J
http://dx.doi.org/10.1021/ja00953a012
http://dx.doi.org/10.1111/j.1476-5381.1995.tb13277.x 
http://dx.doi.org/10.1111/j.1476-5381.1995.tb13277.x 
http://dx.doi.org/10.2174/1389557053402864
http://dx.doi.org/10.1089/ars.2010.3841

36 Mini-review: Advances in the synthesis and biological activity of benzofuroxan...

15 Zavarzina O V., Rakitin OA, Khmel’nitskii LI (1994)
Mendeleev  Commun  4:135.  http://dx.doi.org/10.1070/
MC1994v004n04ABEH000384

16 Sebban M, Goumont R, Hallé JC, Terrier F, Marrot J (1999)
Chem Commun 1009-1010. http://dx.doi.org/10.1039/a902170a
17  Y.Fukai, T.Miyazawa, M.Kojoh, T.Takabatake MH (2001)
JHeterocyclChem 38:531-534.

18 David M. Jameson and Shan S. Wong (2011) Chemistry of
Protein and Nucleic Acid Cross-Linking and Conjugation.

19 Kumar S, Arora A, Chaudhary R, Kumar R, Len C,
Mukherjee M, et al. (2024) Top Curr Chem 382:34. http://dx.do.
0rg/10.1007/s41061-024-00476-7

20 Bohn H, Brendel J, Martorana PA, Schonafinger
K (1995) Br J Pharmacol 114:1605-1612. http://dx.doi.
0rg/10.1111/).1476-5381.1995.th14946.x

21 Ustyuzhanina NE, Fershtat LL, Gening ML, Nifantiev NE,
Makhova NN (2018) Mendeleev Commun 28:49-51. http://
dx.doi.org/10.1016/j.mencom.2018.01.016

22 Civelli M, Giossi M, Caruso P, Razzetti R, Bergamaschi M,
Bongrani S, et al. (1996) Br J Pharmacol 118:923-928. http://
dx.doi.org/10.1111/j.1476-5381.1996.th15487.x

23 Wang PG, Bill Cai T, Taniguchi N (2005) Nitric Oxide Donors.
Wiley. http://dx.doi.org/10.1002/3527603751

24  Fershtat LL, Makhova NN (2017) ChemMedChem 12:622—
638. http://dx.doi.org/10.1002/cmdc.201700113

25 Burov ON, Kletskii ME, Fedik NS, Lisovin A V, Kurbatov S
V (2015) Chem Heterocycl Compd 51:951-960. http://dx.doi.
0rg/10.1007/s10593-016-1804-z

26 Chugunova EAA, Gazizov ASS, Burilov ARR, Yusupova
LMM, Pudovik MAA, Sinyashin OGG (2019) Russ Chem Bull
68:887-910. http://dx.doi.org/10.1007/s11172-019-2503-6

27  Zhilin ES, Fershtat LL, Bystrov DM, Kulikov AS, Dmitrienko
AO, Ananyev | V., et al. (2019) European J Org Chem 2019:4248—
4259. http.//dx.doi.org/10.1002/ejoc.201900622

28  Zhilin ES, Polkovnichenko MS, Ananyev | V., Fershtat LL,
Makhova NN (2020) ChemPhotoChem 4:5346-5354. http://
dx.doi.org/10.1002/cptc.202000157

29 Garipov MR, Nikitina EV, Petukhov AS, Shtyrlin YuG,
Strelnik AD (2013) Antibacterial compounds based on sulfanilic
acid and pyridoxine [Antibakterial’nye soedineniya na osnove
sul’fanilovoy kisloty i piridoksina). Patent of the Russian
Federation RF Patent 2480471, Int. Cl. C07D491/052. Published
27.04.2013. (In Russian)

30 Serkov IV, Bezuglov VV (2009) Uspekhi Khimii [Russian
Chemical Reviews] 78:442—465. (In Russian)

31 Katritzky AR, Gordeev MF (1993) Heterocycles 35:483—
518. http://dx.doi.org/10.3987/REV-92-SR2

32  Ghosh P, Ternai B, Whitehouse M (1981) Med Res Rev
1:159-187. http.//dx.doi.org/10.1002/med.2610010203

33 Fernandes GFS, Campos DL, Da Silva IC, Prates JLB, Pavan
AR, Pavan FR, et al. (2021) ChemMedChem 16:1268-1282.
http.//dx.doi.org/10.1002/cmdc.202000899

34 Fedik NS, Kletskii ME, Burov ON, Lisovin AV, Kurbatov SV,
Chistyakov VA, et al. (2019) Nitric Oxide 93:15-24. http.//dx.doi.
org/10.1016/j.niox.2019.08.007

35 Chugunova E, Frenna V, Consiglio G, Micheletti G, Boga C,
Akylbekov N, et al. (2020) J Org Chem 85:13472-13480. https.//
doi.org/10.1021/acs.joc.0c01502

36 Sema L loffe (2007) “Nitronates”, Nitrile Oxides Nitrones
and Nitronates in Organic Synthesis. Ed. by Henry Feuer. A John
Wiley & Sons, Inc., Publication, Canada.

37 Chugunova E, Micheletti G, Telese D, Boga C, Islamov
D, Usachev K, et al. (2021) Int J Mol Sci 22:7497. https://doi.
0rg/10.3390/ijms22147497

38 Ustyuzhanina NE, Fershtat LL, Gening ML, Nifantiev NE,
Makhova NN (2016) Mendeleev Commun 26:513-515. https://
doi.org/10.1016/j.mencom.2016.11.018

39 Orlandi VT, Bolognese F, Rolando B, Guglielmo S, Lazzarato
L, Fruttero R (2018) Microbiology 164:1557-1566. https.//doi.
0rg/10.1099/mic.0.000730

40 Fei Y, Wu J, An H-W, Zhu K, Peng B, Cai J, et al. (2020) J
Med Chem  63:9127-9135.  https://doi.org/10.1021/acs.
jmedchem.9b01832

41 Huang LY, Tsui DY, Williams CM, Wyse BD, Smith MT
(2015) Clin Exp Pharmacol Physiol 42:921-929. http://dx.doi.
0rg/10.1111/1440-1681.12442

42  Makhova NN, Fershtat LL (2018) Tetrahedron Lett 59:2317—
2326. http://dx.doi.org/10.1016/].tetlet.2018.04.070

43 Pippin AB, Mohd Arshad ZH, Voll RJ, Nye JA, Ghassabian
S, Williams CM, et al. (2016) ACS Med Chem Lett 7:563-567.
http://dx.doi.org/10.1021/acsmedchemlett.5b00410

44 Huang L, Wyse BD, Williams CM, Smith MT (2019) Clin Exp
Pharmacol Physiol 46:676—685. http://dx.doi.org/10.1111/1440-
1681.13091

45  Schiefer IT, VandeVrede L, Fa’ M, Arancio O, Thatcher GR)J
(2012) J Med Chem 55:3076—3087. http://dx.doi.org/10.1021/
Jjm201504s

46 de Carvalho PS, Mardstica M, Gambero A, Pedrazzoli
J (2010) Eur J Med Chem 45:2489-2493. http://dx.doi.
org/10.1016/j.ejmech.2010.02.034

47  Chugunova E, Matveeva V, Tulesinova A, Iskanderov E,
Akylbekov N, Dobrynin A, et al. (2022)Int J Mol Sci. http://dx.doi.
org/10.3390/ijms232314902

48 Chugunova EA, Burilov AR (2017) Curr Top Med Chem
17:986-1005. http://dx.doi.org/10.2174/156802661666616092
7145822

49 dos Santos Fernandes GF, de Souza PC, Marino LB,
Chegaev K, Guglielmo S, Lazzarato L, et al. (2016) Eur J Med
Chem 123:523-531. http://dx.doi.org/https://doi.org/10.1016/].
ejmech.2016.07.039

50 Zhang Z, Bai Z-W, Ling Y, He L-Q, Huang P, Gu H-X, et al.
(2018) Med Chem Res 27:1198—1205. http://dx.doi.org/10.1007/
s00044-018-2140-x

51 Abdelall EKA (2020) Bioorg Chem 94:103441. http.//dx.doi.
org/https://doi.org/10.1016/].bioorg.2019.103441
52 Fershtat L, Bystrov D, Zhilin E,
(2019) Synthesis  (Stuttg) 51:747-756.
0rg/10.1055/5-0037-1611056

53 Chugunova E, Gibadullina E, Matylitsky K, Bazarbayev B,
Neganova M, Volcho K, et al. (2023) Pharmaceuticals 16:499.

Makhova N
http://dx.doi.

BecTHuK KasHY. Cepua xummyeckana. — 2025. — Ne 1


http://dx.doi.org/10.1070/MC1994v004n04ABEH000384 
http://dx.doi.org/10.1070/MC1994v004n04ABEH000384 
http://dx.doi.org/10.1039/a902170a 
 http://dx.doi.org/10.1007/s41061-024-00476-7 
 http://dx.doi.org/10.1007/s41061-024-00476-7 
http://dx.doi.org/10.1111/j.1476-5381.1995.tb14946.x 
http://dx.doi.org/10.1111/j.1476-5381.1995.tb14946.x 
http://dx.doi.org/10.1016/j.mencom.2018.01.016 
http://dx.doi.org/10.1016/j.mencom.2018.01.016 
 http://dx.doi.org/10.1111/j.1476-5381.1996.tb15487.x 
 http://dx.doi.org/10.1111/j.1476-5381.1996.tb15487.x 
http://dx.doi.org/10.1002/3527603751
 http://dx.doi.org/10.1002/cmdc.201700113
http://dx.doi.org/10.1007/s10593-016-1804-z 
http://dx.doi.org/10.1007/s10593-016-1804-z 
http://dx.doi.org/10.1007/s11172-019-2503-6
 http://dx.doi.org/10.1002/ejoc.201900622
http://dx.doi.org/10.1002/cptc.202000157 
http://dx.doi.org/10.1002/cptc.202000157 
 http://dx.doi.org/10.3987/REV-92-SR2
http://dx.doi.org/10.1002/med.2610010203
http://dx.doi.org/10.1002/cmdc.202000899
http://dx.doi.org/10.1016/j.niox.2019.08.007 
http://dx.doi.org/10.1016/j.niox.2019.08.007 
http://dx.doi.org/10.1021/acs.joc.0c01502
http://dx.doi.org/10.1021/acs.joc.0c01502
http://dx.doi.org/10.3390/ijms22147497 
http://dx.doi.org/10.3390/ijms22147497 
http://dx.doi.org/10.1016/j.mencom.2016.11.018 
http://dx.doi.org/10.1016/j.mencom.2016.11.018 
http://dx.doi.org/10.1099/mic.0.000730 
http://dx.doi.org/10.1099/mic.0.000730 
http://dx.doi.org/10.1021/acs.jmedchem.9b01832 
http://dx.doi.org/10.1021/acs.jmedchem.9b01832 
http://dx.doi.org/10.1111/1440-1681.12442 
http://dx.doi.org/10.1111/1440-1681.12442 
http://dx.doi.org/10.1016/j.tetlet.2018.04.070 
http://dx.doi.org/10.1021/acsmedchemlett.5b00410
http://dx.doi.org/10.1111/1440-1681.13091 
http://dx.doi.org/10.1111/1440-1681.13091 
http://dx.doi.org/10.1021/jm201504s 
http://dx.doi.org/10.1021/jm201504s 
http://dx.doi.org/10.1016/j.ejmech.2010.02.034 
http://dx.doi.org/10.1016/j.ejmech.2010.02.034 
http://dx.doi.org/10.3390/ijms232314902 
http://dx.doi.org/10.3390/ijms232314902 
http://dx.doi.org/10.2174/1568026616666160927145822 
http://dx.doi.org/10.2174/1568026616666160927145822 
http://dx.doi.org/https://doi.org/10.1016/j.ejmech.2016.07.039 
http://dx.doi.org/https://doi.org/10.1016/j.ejmech.2016.07.039 
http://dx.doi.org/10.1007/s00044-018-2140-x 
http://dx.doi.org/10.1007/s00044-018-2140-x 
http://dx.doi.org/https://doi.org/10.1016/j.bioorg.2019.103441 
http://dx.doi.org/https://doi.org/10.1016/j.bioorg.2019.103441 
http://dx.doi.org/10.1055/s-0037-1611056 
http://dx.doi.org/10.1055/s-0037-1611056 

M.N. Zhanakov et al. 37

http://dx.doi.org/10.3390/ph16040499

54  Sotgia F, Martinez-Outschoorn UE, Lisanti MP (2011) BMC
Med 9:62. https://doi.org/10.1186/1741-7015-9-62

55 Smolobochkin A, Gazizov A, Sazykina M, Akylbekov N,
Chugunova E, Sazykin |, et al. (2019) Molecules 24:3086. https.//
doi.org/10.3390/molecules24173086

56 Chugunova E, Matveeva V, Tulesinova A, Iskanderov E,
Akylbekov N, Dobrynin A, et al. (2022) Int J Mol Sci 23:14902.
https://doi.org/10.3390/ijms232314902

57 Khan FH, Dervan E, Bhattacharyya DD, McAuliffe D,
Miranda KM, Glynn SA (2020) Int J Mol Sci 21:9393. https.//doi.
0rg/10.3390/ijms21249393

58 Shpakovsky DB, Banti CN, Mukhatova EM, Gracheva YA,
Osipova VP, Berberova NT, et al. (2014) Dalt Trans 43:6880—
6890. https://doi.org/10.1039/C3DT53469C

59 Wang L, Li C, Zhang Y, Qiao C (2013) J Agric Food Chem
61:8632-8640. https://doi.org/10.1021/jf402388x

60 Bogdanov AV, Iskhakova KR, Voloshina AD, Sapunova
AS, Kulik NV, Terekhova NV, et al. (2020) Chem Biodivers 17:
e2000147. https://doi.org/10.1002/chdv.202000147

61 de Giacometi M, Mayer JCP, de Mello AB, Islabdo YW,
Strothmann AL, da Fonseca RN, et al. (2023) Exp Parasitol

ISSN 1563-0331
elSSN 2312-7554

253:108601. https://doi.org/10.1016/j.exppara.2023.108601

62 Gala UH, Miller DA, Williams RO (2020) Biochim Biophys
Acta - Rev Cancer 1873:188319. https://doi.org/10.1016/.
bbcan.2019.188319

63 DIMITRIOS B (2006) Trends Food Sci Technol 17:505-512.
https://doi.org/10.1016/j.tifs.2006.04.004

64 Truong DH, Tran TH, Ramasamy T, Choi JY, Choi H-G, Yong
CS, et al. (2015) Powder Technol 283:260-265. https://doi.
0rg/10.1016/j.powtec.2015.04.044

65 Boudou-Rouquette P, Ropert S, Mir O, Coriat R, Billemont
B, Tod M, et al. (2012) Oncologist 17:1204-1212. https://doi.
org/10.1634/theoncologist.2011-0439

66 Boudou-Rouquette P, Narjoz C, Golmard JL, Thomas-
Schoemann A, Mir O, Taieb F, et al. (2012) PLoS One 7:1-9.
https://doi.org/10.1371/journal.pone.0042875

67 Zhanakov MN, Matveeva VI, Akylbekov NI, Chugunova EA,
Khamatgalimov AR, Burilov AR, et al. (2023) Russ J Gen Chem
93:5491-S500. https://doi.org/10.1134/S1070363223150112

Chemical Bulletin of Kazakh National University 2025, Issue 1


http://dx.doi.org/10.3390/ph16040499
http://dx.doi.org/10.1186/1741-7015-9-62
 http://dx.doi.org/10.3390/molecules24173086
 http://dx.doi.org/10.3390/molecules24173086
http://dx.doi.org/10.3390/ijms232314902
http://dx.doi.org/10.3390/ijms21249393 
http://dx.doi.org/10.3390/ijms21249393 
http://dx.doi.org/10.1039/C3DT53469C
http://dx.doi.org/10.1021/jf402388x
http://dx.doi.org/10.1002/cbdv.202000147 
http://dx.doi.org/10.1016/j.exppara.2023.108601 
http://dx.doi.org/10.1016/j.bbcan.2019.188319 
http://dx.doi.org/10.1016/j.bbcan.2019.188319 
http://dx.doi.org/10.1016/j.tifs.2006.04.004
http://dx.doi.org/https://doi.org/10.1016/j.powtec.2015.04.044 
http://dx.doi.org/https://doi.org/10.1016/j.powtec.2015.04.044 
http://dx.doi.org/https://doi.org/10.1634/theoncologist.2011-0439
http://dx.doi.org/https://doi.org/10.1634/theoncologist.2011-0439
http://dx.doi.org/10.1371/journal.pone.0042875
http://dx.doi.org/10.1134/S1070363223150112 

	_GoBack
	_Hlk160481312
	_Hlk183872278
	_Hlk183872359
	_Hlk183879345
	_Hlk193485487
	_Hlk193485572
	_Hlk193484931
	_Hlk193485609
	_Hlk193485214
	_Hlk193485269
	_Hlk193788848
	_Hlk193784820
	_Hlk193485621

