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luation of sulfonamide derivatives
of quinoxaline 1,4-dioxides as carbonic anhydrase
inhibitors†

Galina I. Buravchenko,a Alexander M. Scherbakov, b Stepan K. Krymov,a

Diana I. Salnikova,b George V. Zatonsky,a Dominique Schols,c Daniela Vullo,d

Claudiu T. Supuran d and Andrey E. Shchekotikhin *a

A series of sulfonamide-derived quinoxaline 1,4-dioxides were synthesized and evaluated as inhibitors of

carbonic anhydrases (CA) with antiproliferative potency. Overall, the synthesized compounds

demonstrated good inhibitory activity against four CA isoforms. Compound 7g exhibited favorable

potency in inhibiting a CA IX isozyme with a Ki value of 42.2 nM compared to the reference AAZ (Ki =

25.7 nM). Nevertheless, most of the synthesized compounds have their highest activity against CA I and

CA II isoforms over CA IX and CA XII. A molecular modeling study was used for an estimation of the

binding mode of the selected ligand 7g in the active site of CA IX. The most active compounds (7b, 7f,

7h, and 18) exhibited significant antiproliferative activity against MCF-7, Capan-1, DND-41, HL60, and

Z138 cell lines, with IC50 values in low micromolar concentrations. Moreover, derivatives 7a, 7e, and 8g

showed similar hypoxic cytotoxic activity and selectivity compared to tirapazamine (TPZ) against

adenocarcinoma cells MCF-7. The structure–activity relationships analysis revealed that the presence of

a halogen atom or a sulfonamide group as substituents in the phenyl ring of quinoxaline-2-carbonitrile

1,4-dioxides was favorable for overall cytotoxicity against most of the tested cancer cell lines.

Additionally, the presence of a carbonitrile fragment in position 2 of the heterocycle also had a positive

effect on the antitumor properties of such derivatives against the majority of cell lines. The most potent

derivative, 3-trifluoromethylquinoxaline 1,4-dioxide 7h, demonstrated higher or close antiproliferative

activity compared to the reference agents, such as doxorubicin, and etoposide, with an IC50 range of

1.3–2.1 mM. Analysis of the obtained results revealed important patterns in the structure–activity

relationship. Moreover, these findings highlight the potential of selected lead sulfonamides on the

quinoxaline 1,4-dioxide scaffold for further in-depth evaluation and development of chemotherapeutic

agents targeting carbonic anhydrases.
Introduction

Tumor progression and the development of resistance to
chemotherapy and radiotherapy continue to pose signicant
threats to the lives of many cancer patients. Although many
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antitumor drugs demonstrate signicant clinical efficacy,
chemotherapy frequently leads to the emergence of resistance
in tumor cells, either as a response to medication treatment or
as a consequence of disease progression.1 Hypoxia is a distinc-
tive feature of many types of malignant tumors, resulting from
rapid cell division, reduced blood supply, and downgraded
oxygen transport within the tumor node due to vascularization
disorders and structural changes in tumor tissue.2 Hypoxia is
considered one of the reasons for the resistance of solid tumors
to chemotherapy and the development of an aggressive
phenotype in subclones.3,4 In hypoxia conditions, adaptation to
low oxygen levels of tumor cells occurs under the inuence of
hypoxia-induced factors (HIF).5 One of the outcomes of this
adjustment is the overexpression of carbonic anhydrase IX (CA
IX), which is observed in tumor cells of various histogenesis.6–10

Recent studies have shown that inhibiting CA IX helps over-
come the resistance of tumor cells to apoptosis under hypoxic
conditions.11,12
RSC Adv., 2024, 14, 23257–23272 | 23257
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Fig. 2 Hypoxia-selective derivatives 5, 6 based on quinoxaline 1,4-
dioxide scaffold.
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Therefore, the design of new drugs capable of targeting
cancer cells under hypoxic conditions is one of the priority
directions in the development of advancing solid tumor
chemotherapy. Carbonic anhydrase IX (CA IX) is selectively
expressed in cancer cells and plays a crucial role in the forma-
tion of conditions that stimulate tumor growth and metastasis,
including pH reduction, activation of survival mechanisms,
reduction of adhesion, and stimulation of migration. Therefore,
CA IX is considered a promising target for antitumor
therapy.13–15

To date, several sulfonamides of carbo- and heterocyclic
compounds capable of selectively inhibiting CA IX, which are
prospective for the development of new antitumor agents, have
been described (for example, derivatives 1–4, Fig. 1).16 One well-
known example of a CA inhibitor is acetazolamide (AAZ, shown
as 1 in Fig. 1), which has been used in clinical practice for over
40 years and can suppress tumor cell proliferation through CA
inhibition.17,18 A promising antitumor CA IX inhibitor is the
sulfonamide derivative 2 (SLC-0111), which has shown high
efficacy in vivo in solid tumor models and low toxicity in Phase I
clinical trials. Currently, it is undergoing Phase II clinical trials
to further evaluate its efficacy and safety.19 Additionally, some
sulfonamides exhibit potent antiproliferative activity (for
example, compound 3, Fig. 1).20 Derivatives of this class inhibit
CA IX at submicro- and nanomolar concentrations, conrming
the signicance of this enzyme in tumor progression.21

Another promising class for the development of antitumor
agents that selectively act on hypoxic tumors is quinoxaline 1,4-
dioxide derivatives.22 It has been previously demonstrated that
compounds from this series reduce the expression of HIF-1a in
solid tumor cells under hypoxic conditions, effectively inhibit-
ing their growth (for example, derivatives 5, 6, Fig. 2).23–26 The
introduction of the sulfonamide moiety into the quinoxaline
1,4-dioxide scaffold can lead to derivatives with the ability to
inhibit CA9 and could enhance their antitumor potential
through multitargeted action on several pathways activated in
tumor cells under hypoxic conditions.

Despite more than 50 years of active evaluation of quinoxa-
line 1,4-dioxides,22 the synthesis, and biological properties of
their sulfonamide derivatives have not been described. Hence,
the design, synthesis, and assessment of the anticancer activity
of such sulfonamides based on quinoxaline 1,4-dioxide,
including the study of their CA-activity prole, represents
a promising direction in the development of novel chemother-
apeutic agents.
Fig. 1 Perspective carbonic anhydrase inhibitors 1–4.

23258 | RSC Adv., 2024, 14, 23257–23272
Results and discussion
Design and synthesis of sulfonamidoquinoxaline 1,4-dioxides

For the preliminary assessment of sulfonamidoquinoxaline 1,4-
dioxides ability to inhibit carbonic anhydrase IX (Protein Data
Bank PDB 5SZ5), sulfonamide analogues of derivatives 5 and 6
(compounds 7a and 8a) were docked into the active site of the
enzyme using the Molecular Operating Environment (MOE
2014) (Fig. 3). The results of molecular modeling suggest that
the designed sulfonamides 7a and 8a may exhibit good affinity
toward CA IX. Both isomeric ligands, 7a and 8a, t well within
the active site of the enzyme and form a coordination complex
with the Zn2+ ion, a crucial cofactor for catalytic activity.
Notably, based on the docking results, quinoxaline 1,4-dioxide
7a, with a sulfonamide group at position 7, is expected to bind
to the target slightly more effectively than its counterpart 8a,
which has a sulfonamide group at position 6 (Table 1 and
Fig. 3). Consequently, the estimated binding energy (DGbind)
values for isomer 7a with CA IX are approximately for
2.3 kcal mol−1 lower than those for 6-sulfonamide 8a (Table 1).

The binding modes of the isomeric quinoxaline 1,4-dioxides
7a and 8a in the active site of CA IX, as shown in Fig. 3, at rst
sight appear similar. In addition to forming bonds with Zn2+,
the sulfonamide group of 7a and 8a also forms hydrogen bonds
with Thr200 and Thr199 residues, respectively, maintaining the
same orientation within the active site. However, despite these
similarities, signicant differences in the binding energies with
the target were observed. The established coordination bond of
ligand 8a, via the deprotonated sulfonamide group with the
Zn2+ ion, has an energy value of −5.9 kcal mol−1, which is
2.4 kcal mol−1 more favourable than the analogous bond of
ligand 7a (−3.5 kcal mol−1, Table 1). While the differences in
interactions with the Thr199 and Thr200 residues were not as
signicant, ligand 8a still formed slightly more energetically
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Models of binding of 6- and 7-sulfonamidequinoxaline 1,4-dioxide 7a (orange) and 8a (green) with the active site of carbonic anhydrase
CA IX (PDB 5SZ5).

Table 1 The calculated binding energy (DGbind) and values of electrostatic (DGeq) and hydrogen bonds formation (DGHbond) contributions for the
best conformations of complexes obtained by docking quinoxaline 1,4-dioxides 7a and 8a into carbonic anhydrase CA IX (PDB 5SZ5)

Compound DGbind (kcal mol−1) DGeq (kcal mol−1) DGHbond (kcal mol−1)

−5.9 −3.5 −1.2

−8.2 −5.9 −1.5
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favorable interactions with the target than ligand 7a (−1.5 and
−1.2 kcal mol−1, respectively).

Furthermore, the distinct positioning of the nitrile and
phenyl ring results in unequal interactions with the target. The
6-isomer, quinoxaline 1,4-dioxide 8a, engages in an additional
hydrophobic interaction between the phenyl ring and Leu91,
which is part of the hydrophobic region of the active site. In
addition, despite the similarity of the simulated complexes, the
binding energy for ligand 8a exceeded the DGbind for 7a,
respectively (−8.2 versus −5.9 kcal mol−1).

Based on the results of docking studies, a series of 6(7)-
sulfonamido-substituted quinoxaline 1,4-dioxides with varying
substituents at the positions 2 and 3 of the heterocyclic nucleus
© 2024 The Author(s). Published by the Royal Society of Chemistry
was obtained by the Beirut reaction. The key 5-sulfonamido-
benzofuroxan (12), required for the synthesis of the designed
6(7)-sulfonamidoquinoxaline 1,4-dioxides, had not been previ-
ously described. Mild oxidation of o-nitroanilines enables the
synthesis of various functionalized benzofuroxans.27 Therefore,
we adapted the previously described procedure for the prepa-
ration of the sulfamide analog 12 (Scheme 1). Initially, for their
preparation, we developed a synthesis scheme starting from o-
nitrochlorobenzene (9). Sulfochlorination of 9, followed by
treatment with ammonia, yielded 4-chloro-3-
nitrobenzenesulfonamide (10) in high yield (Scheme 1). The
presence of two electron-withdrawing substituents in derivative
10 activated the chlorine atom for nucleophilic substitution.
RSC Adv., 2024, 14, 23257–23272 | 23259
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Scheme 1 (a) (1) ClSO3H, CHCl3, 0 °C, 30 min than 40 °C, 4 h; (2) NH4OH, THF, 0–5 °C (89%); (b) NH3, EtOH, 2–3 bar, 100 °C, 72 h (83%); (c)
NaOCl, KOH(aq.), DMF, 0–5 °C, 30 min (74%).
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Therefore, heating compound 10 with ammonia in ethanol
produced the key intermediate 4-amino-3-nitrosulfonamide
(11) in high yield. Sulfonamido-substituted nitroaniline 11 is
efficiently oxidized with sodium hypochlorite in the presence of
KOH in DMF, yielding the desired benzofuroxan 12 in high
yield, comparable to previously obtained benzofuroxans
(Scheme 1).25,27

Despite the effectiveness and simplicity of the initially
proven method (Scheme 1), an alternative scheme for synthe-
sizing sulfonamidobenzofuroxan 12 was developed (Scheme 2)
to overcome the challenges associated with the harsh condi-
tions required for introducing the amino group in derivative 10.
This method is based on the nitration of well-accessible sulfa-
nilamide (13), taking into account the reactivity of the sulfon-
amide and aniline fragments. For nitration, it is necessary to
protect the NH2 groups of sulfanilamide (13). Firstly, acetylation
was used to protect the amino group of the aniline fragment in
compound 13. It is worth noting that the interaction of sulfa-
nilamide (13) with acetic anhydride proceeds extremely slowly
and leads to the selective acylation of the amino group of the
aniline. To enhance the acylation rate, we used the addition of
catalytic amounts of DMAP. Consequently, N-acetylation rapidly
proceeds when sulfonamide 13 is treated with acetic anhydride
in reuxing acetic acid in the presence of DMAP, yielding
derivative 14 in high yield (Scheme 2).28

It is also known that the interaction of N-unsubstituted
sulfonamide derivatives with nitric acid leads to N-nitration,
resulting in the formation of unstable N-nitroamide as the
major product of the reaction.29 This circumstance requires the
protection of the NH2 group of the sulfonamide moiety for
a nitration reaction. The amidine group was chosen for this
purpose.30 Treatment of acetanilide 14 with N,N-dime-
thylformamide dimethyl acetal (DMF–DMA) in N,N-
Scheme 2 (a) Ac2O, AcOH, DMAP, 120 °C, 4 h (98%); (b) DMF–DMA, DMF
100 °C, 2 h (91%); (e) NaOCl, KOH(aq.), DMF, 0–5 °C, 30 min (90%).

23260 | RSC Adv., 2024, 14, 23257–23272
dimethylformamide (DMF) at room temperature yielded the key
sulfamidine 15 in high yield. Due to the electron-withdrawing
effect of the sulfonamide group, the reactivity of the aromatic
ring in sulfanilamide derivative 15 in electrophilic substitution
reactions is signicantly reduced. It seemed appropriate to use
a mixture of concentrated nitric and sulfuric acids for the
preparation of the target nitro derivative 11.31 Treating acet-
amide 15 with concentrated HNO3 in H2SO4 at 0–5 °C leads to
the nitro derivative 16 in good yield. Deprotection of compound
16 in reux hydrochloric acid gives 4-amino-3-
nitrobenzenesulfonamide (11, Scheme 2). The oxidative cycli-
zation of nitroaniline 11, under previously optimized condi-
tions, by treatment with NaOCl in the presence of KOH in DMF,
proved suitable for scaling up the synthesis and provided the
target sulfamidobenzofuroxan 12 (Scheme 2).

Furthermore, we examined the possibilities of synthesizing
the target sulfamidoquinoxaline 1,4-dioxides through the
cyclization of the corresponding benzofuroxan with 1,3-dicar-
bonyl compounds. However, it was found that the hetero-
cyclization of 5-sulfonamidobenzofuroxan (12) with 1,3-
dicarbonyl compounds26,32–38 did not proceed under previously
described procedures for the Beirut reaction. In experiments for
optimization of reaction conditions we tested several bases
(K2CO3, Cs2CO3, pyridine, triethylamine, N,N-diisopropylethyl-
amine, morpholine) in different solvents (CHCl3, MeCN, EtOH,
MeOH, THF). It was found that the condensation of benzofur-
oxan 12 with 1,3-dicarbonyl compounds proceeds quite effi-
ciently in THF in the presence of triethylamine at 50 °C.
Nevertheless, the yields of the target quinoxalines 7–8a–h in the
Beirut reaction proved to be considerably lower than for previ-
ously described monosubstituted quinoxaline 1,4-diox-
ides.23,25,38 This is attributed to the formation of deoxygenation
by-products, as well as difficulties encountered during the
, rt, 1 h (99%); (c) HNO3 (100%), H2SO4, 0–5 °C, 2 h (93%); (d) HCl (20%),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Structures and yields of 6(7)-sulfonamidoquinoxaline 1,4-
dioxides 7–8 (Scheme 2)

R2 R3 Products

Yields of products, %

6-Isomers
7a–h 7-Isomers 8a–h

CN Ph 7a, 8a 37 28
CN 4-ClC6H4 7b, 8b 42 34
CN 2-Furanyl 7c, 8c 11 4
CN 2-Thiophenyl 7d, 8d 9 —
CO2Et Ph 7e, 8e 20 —
CO2Et Me 7f, 8f 7 —
COMe Me 7g, 8g 13 8
COPh CF3 7h, 8h 12 —
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purication process of the nal compounds. However, despite
these challenges, a series of targeted sulfamoylamidoquinoxa-
line 1,4-dioxides 7–8a–h, with varying substituents in positions
2 and 3 of the heterocycle, were obtained in sufficient quantities
to study their properties (Scheme 3 and Table 2). It should be
noted that the interaction of sulfonamide-substituted benzo-
furoxan 12 with 1,3-dicarbonyl compounds leads to a mixture of
isomers with different position of the sulfonamide group
(derivatives 7a–h and 8a–h).25,27

It has been previously demonstrated that the Beirut reaction
between monosubstituted benzofurans with electron-
withdrawing groups and benzoylacetonitrile gives a mixture of
regioisomers, with a predominance of 6-isomers.27 It was
revealed that quinoxaline 1,4-dioxides with a sulfamide group
in position 6 also predominate in the condensation between
sulfamidobenzofuroxan 12 and 1,3-dicarbonyl compounds
(Scheme 3). The obtained regioisomers 7a–h and 8a–h demon-
strated almost identical spectral characteristics (except for 13C
NMR spectra). However, it should be noted that the chromato-
graphic mobility of the components of the mixture of
regioisomers signicantly depends on the substituents in
position 2 of quinoxaline. For example, the isomeric products
exhibit close Rf values on TLC and cannot be separated using
chromatographic methods in the case of derivatives 7d–f and 7h
respectively. Nevertheless, in some examples, namely for
derivatives 7a–c, 7g and 8a–c, 8g isomeric mixtures were sepa-
rated by column chromatography on silica gel and subsequent
crystallization. In other examples, biological assessments and
physicochemical characterizations were performed for themain
6-isomers of corresponding compounds 7d–f and 7h.

The position of the substituent in compound 7a was
conrmed by 2D NMR spectroscopy using HSQC, HMBC, and
selective NOESY experiments. The presence of a key four-bond
correlation in the HMBC spectra between the H-8 and C-2
signals conrms the structure of derivative 7a (ESI, Fig. S69
and S70†). The structure of compound 7a was conrmed based
on a selective NOE experiment, in which the ortho-protons of
the phenyl group were selectively inverted. As a result, the signal
at 8.87 ppm (H-5) was the only one that increased upon the
Overhauser effect, revealing the proximity of the CH group at
position 5 of 7a to the phenyl residue at position 3 of the
heterocyclic scaffold (ESI, Fig. S70†).

An analogue with a phenylsulfonamide group in position 3
of the heterocycle was synthesized to analyze the role of the
location of the sulfonamide group in the quinoxaline 1,4-
dioxide core. The previously described hypoxia-selective
Scheme 3 (a) R1COCH2R
2, TEA, THF, 50 °C, 5–8 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
derivative, 3-phenylquinoxaline-2-carbonitrile 1,4-dioxide
17,23,24 used as the starting compound for this modication. We
tested the possibilities of directly introducing the sulfamide
group by sulfochlorination of the phenyl ring of derivative 17
and subsequent amidation to obtain the key derivative 18. It was
found that the reaction of quinoxaline-2-carbonitrile 1,4-dioxide
17 with chlorosulfonic acid followed by treatment with
ammonia led to derivative 18with a sulfamide group in position
3 of the phenyl moiety (Scheme 4).

The revealed regioselectivity, as well as the relatively harsh
conditions of the sulfochlorination reaction, can be explained
by the strong electron-withdrawing character of the quinoxaline
1,4-dioxide nucleus, which has a deactivating meta-orienting
effect on the conjugated phenyl in the electrophilic substitution
reaction. Also noteworthy is the acceptable stability of the labile
quinoxaline 1,4-dioxide ring to treatment with chlorosulfonic
acid and ammonia, which allows the obtainment of product 18
in a satisfactory yield.
Biology

All sulfonamide derivatives of quinoxaline 1,4-dioxide 7a–h, 8a,
and 18, with varying substituents in positions 2 and 3, were
tested for cytotoxicity in vitro against nine human cancer cell
lines, including breast adenocarcinoma (MCF-7), pancreatic
adenocarcinoma (Capan-1), colorectal carcinoma (HCT116),
glioblastoma (LN229), lung carcinoma (NCI-H1975), acute
lymphoblastic leukemia (DND-41), acute myeloid leukemia (HL-
60), chronic myeloid leukemia (K562), and non-Hodgkin's
lymphoma (Z138). Tirapazamine (TPZ) was used as a reference
agent for testing hypoxic cytotoxicity (Table 3). Positive controls
RSC Adv., 2024, 14, 23257–23272 | 23261
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Scheme 4 (a) (1) ClSO3H, CHCl3, 60 °C, 4 h; (2) NH4OH, THF, 5–10 °C (34%).

Table 3 Antiproliferative activity (IC50
a) of novel compounds 7a–h, 8a,

g, and 18 against breast cancer cells MCF-7 under normoxia and
hypoxia

Compound

IC50 (mM)

HCRdNb Hc

7a 3.5 � 0.2 0.9 � 0.3 3.9
7b 1.8 � 0.2 0.8 � 0.2 2.2
7c >25 >25 —
7d >25 >25 —
7e 4.0 � 0.6 0.9 � 0.06 4.7
7f 10.5 � 1.2 4.3 � 0.3 2.4
7g 7.1 � 0.2 6.9 � 0.3 1.1
7h 1.1 � 0.1 0.8 � 0.05 1.4
8a 4.8 � 0.2 1.3 � 0.3 3.7
8g 11.7 � 1.2 2.8 � 0.4 4.2
18 8.9 � 0.9 2.8 � 0.3 3.1

24.2 � 3.3 4.5 � 1.1 5.4

DOXO 0.3 � 0.03 0.4 � 0.03 0.7

a IC50, mM (mean ± S.D. of 3 experiments). b N = normoxia: 21% of
oxygen. c H = hypoxia: 1% of oxygen. d HCR, hypoxic cytotoxicity
ratio: IC50(N)/IC50(H).
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for the screening of antiproliferative activity included doxoru-
bicin (DOX), and etoposide (Table 4). Acetazolamide (AAZ) was
used as a reference agent for assessing inhibitory activity
against various carbonic anhydrase isoforms (Table 5).39 The
results of the evaluation of hypoxic cytotoxicity, spectrum of
antiproliferative activity properties of the new series of qui-
noxaline 1,4-dioxide derivatives, as well as their ability to inhibit
the enzymatic activity of CA I, CA II, CA IX, and CA XII, are
presented in Tables 3–5, respectively.
Antiproliferative activity

Evaluation of the antiproliferative activity against breast cancer
cells (MCF-7) of quinoxaline 1,4-dioxides 7a–h, 8a, g, and 18
under hypoxic and normoxic conditions showed that most of
the obtained compounds inhibit the growth of tumor cells at
23262 | RSC Adv., 2024, 14, 23257–23272
micromolar concentrations (Table 3). Furthermore, the cyto-
toxicity of most synthesized derivatives increased by 1.5–4.7
times under hypoxic conditions. Among all the series of sulfo-
namido derivatives, 2-carboethoxy-6-sulfonamido-3-
phenylquinoxaline 1,4-dioxide (7e) was the most active and
hypoxia-selective with IC50 values of 4.0 and 0.9 mM under
normoxia and hypoxia, respectively.

Analysis of the obtained data revealed the signicant role of
the nitrile function at position 2 of the heterocyclic ring of
quinoxaline 1,4-dioxide in the cytotoxic properties of these
compounds. When the cyano group (derivatives 7a–d) was
replaced with acyl or ethoxycarbonyl groups, which have similar
electronic inuences, it led to a decrease in the activity of these
compounds (derivatives 7e, 7f, respectively). The tri-
uoromethyl group at position 3 of quinoxaline also signi-
cantly potentiated the antiproliferative properties. For instance,
the triuoromethyl derivative 7h exhibited signicantly higher
activity against most tumor cells (1.5–20 times) compared to
other analogs. However, the introduction of a triuoromethyl
group reduced the hypoxic selectivity index. It was observed that
introducing an aromatic fragment at position 3 of quinoxaline
generally had a positive effect on both the antitumor properties
of these derivatives (compounds 7a–b, 7e; Table 3) and their
selectivity under hypoxic conditions. In contrast, replacing the
phenyl with its bioisosteric analogs, such as furyl and thienyl
(compounds 7c and 7d, respectively), led to a complete loss of
activity. Another critical factor affecting the ability of these
compounds to inhibit tumor cell growth is the position of the
key sulfonamide group on the benzene ring of the heterocycle.
Shiing the sulfonamide group from position 6 to 7 of qui-
noxaline (derivatives 7a and 8a, 7g and 8g) reduced the anti-
proliferative activity of these compounds by approximately 1.5
times under normoxic conditions and by 1.4–5.6 times under
hypoxia (Table 3). It is interesting to note that the introduction
of a sulfonamide group into the phenyl ring at position 3 of
quinoxaline had a negative impact on the cytotoxicity of
compound 18 under both normoxic and hypoxic conditions
(IC50 = 8.9 and 2.8 mM, respectively). Surprisingly, this modi-
cation did not affect the value of the hypoxic selectivity index
(HCR= 3.1, Table 3). Therefore, the position of the sulfonamide
group in the benzene ring of quinoxaline 1,4-dioxide also
signicantly inuences the antitumor properties of these
derivatives.

The spectrum of antiproliferative properties of new qui-
noxaline 1,4-dioxide derivatives 7a–h and 18 was studied,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Antiproliferative potencies (IC50
a) of derivatives 7a–h, and 18 against eight tumor cell lines under normoxic conditions

Cmpnd

IC50 (mM)

Capan-1 HCT-116 LN229 NCI-H1975 DND-41 HL-60 K562 Z138

7a 7.5 � 0.4 47.9 � 2.3 38.8 � 1.9 19.9 � 0.9 0.8 � 0.05 2.3 � 0.1 10.8 � 0.5 8.7 � 0.4
7b 1.8 � 0.1 34.3 � 1.7 24.0 � 1.2 13.9 � 0.7 5.4 � 0.3 2.0 � 0.1 29.7 � 1.5 2.5 � 0.2
7c >100 >100 >100 >100 >100 >100 >100 >100
7d >100 >100 98.8 � 4.9 >100 44.8 � 2.2 72.4 � 3.6 >100 >100
7e 6.0 � 0.3 >100 87.0 � 4.3 47.4 � 2.3 28.2 � 1.4 52.7 � 2.6 52.6 � 2.1 15.3 � 0.8
7f 1.7 � 0.1 2.7 � 0.1 35.9 � 1.8 33.3 � 1.7 10.3 � 0.5 32.6 � 1.6 26.0 � 1.3 3.3 � 1.7
7g 38.3 � 1.9 69.6 � 3.5 >100 66.1 � 3.3 66.9 � 3.3 85.9 � 4.3 94.8 � 4.7 44.3 � 2.2
7h 1.4 � 0.07 1.3 � 0.08 1.4 � 0.03 1.9 � 0.1 2.1 � 0.2 1.8 � 0.1 1.9 � 0.2 1.9 � 0.1
18 1.5 � 0.01 15.1 � 0.8 7.5 � 0.4 2.2 � 0.1 2.4 � 0.1 2.5 � 0.1 8.1 � 0.4 3.4 � 0.2
Etoposide 0.13 � 0.01 2.3 � 0.1 1.7 � 0.1 1.1 � 0.1 0.29 � 0.01 0.7 � 0.04 1.2 � 0.06 0.3 � 0.02

a IC50, mM (mean ± S.D. of 3 experiments).

Table 5 Inhibition constants (Ki
a, nM) of quinoxaline 1,4-dioxides 7a–

h, 8a, b, and 18 and AAZ toward human carbonic anhydrase isoforms
(hCA I, II, IX and XII)

Cmpnd

Ki
a (nM)

hCA I hCA II hCA IX hCA XII

7a 49.1 � 3 2.7 � 0.2 2396 � 96 89.0 � 7
7b 53.7 � 1.5 5.1 � 0.3 429 � 21 178 � 9
7c 38.0 � 1.1 4.4 � 0.2 >10 000 >10 000
7d 41.7 � 2 4.2 � 0.1 >10 000 178 � 13
7e 42.4 � 1.9 5.4 � 0.3 257 � 14 252 � 14
7f 63.0 � 3.1 8.0 � 0.3 >10 000 56.4 � 4
7g 65.7 � 2.4 7.4 � 0.2 42.2 � 4 240 � 13
7h 51.5 � 3.2 4.8 � 0.3 >10 000 143 � 11
8a 60.7 � 2.6 4.4 � 0.1 >10 000 111 � 9.7
8b 40.3 � 3.1 5.0 � 0.4 >10 000 133 � 12
18 90 � 4.8 41.5 � 2 >10 000 127 � 6.8
AAZ 250 � 13 12.1 � 0.2 25.7 � 1.8 5.7 � 0.3

a Mean from three experiment using a stopped ow CO2 hydrase assay.
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comparing them to etoposide, against an expanded panel of
tumor cells, including eight lines of different histogenesis
under normoxic conditions (Table 4). The screening results
revealed that pancreatic adenocarcinoma cells Capan-1 were the
most sensitive to sulfonamide-substituted quinoxaline 1,4-
dioxides, while glioblastoma cells LN229 and colon adenocar-
cinoma cells HCT116 were relatively sustainable to the obtained
derivatives. Thus, for compounds 7a–h and 18, the IC50 value for
these cell lines differed in 10–20 times (Table 4).

It was observed that the presence of a halogen atom in the
phenyl ring at position 3 of quinoxaline 1,4-dioxide 7b generally
enhances the activity of this derivative (Table 4). Additionally,
the halogen atom at this position signicantly contributes to
the activity of the synthesized derivatives. For instance, the
introduction of a chlorine atom enhances the cytotoxicity of
derivative 7b against all tested cell lines except DND-41 by 1.2 to
6.8 times compared to its unsubstituted analogue 7a. Replace-
ment of the phenyl group at position 3 of quinoxaline
(compound 7a) with its bioisosteric heteroaromatic analogues,
© 2024 The Author(s). Published by the Royal Society of Chemistry
such as furyl and thienyl (compounds 7c, 7d), leads to
a complete or partial loss of activity for all tested cell lines. This
observation aligns with the results obtained for breast cancer
cells (MCF-7) (Table 4). Interestingly, the introduction of
a sulfonamide group into the phenyl ring at the C3 carbon atom
of the heterocycle (derivative 18) generally enhances the ability
to inhibit the growth of tumor cells with various histogenesis.
Compound 18 inhibits the growth of all tested tumor cells
within the micromolar to low micromolar concentration range
(IC50 = 1.5–15.1 mM), which is comparable to the activity of the
reference drug etoposide (IC50 = 0.13–2.3 mM).

It is worth noting the important role of the cyano group at
position 2 of quinoxaline (in compounds 7a–d, 18) in the cyto-
toxic properties of these derivatives. Replacing it with an
ethoxycarbonyl group with similar electronic effects
(compounds 7e, 7f) leads to a noticeable increase in the IC50

value (2–35 times) against all cell lines, except for pancreatic
cancer cells (Capan-1). Equally critical is the modication of the
substituent at position 3 of quinoxaline-1,4-dioxide. For
instance, replacing the phenyl group in compound 7e with
a methyl group (derivative 7f) signicantly enhances (1.4–40
times) the ability of compound 7f to inhibit the growth of tumor
cells. Furthermore, a comparison between the activity of the 2-
acetyl derivative 7g and its 2-ethoxycarbonyl analogue 7f reveals
that the presence of an acetyl residue at position 2 of the
heterocycle results in a 2–25-fold decrease in the activity of
compound 7g. In contrast, the introduction of a triuoromethyl
group at position 2 of quinoxaline 1,4-dioxide increased the
cytotoxic properties of derivatives of this series. So, compound
7h, which effectively suppressed the growth of all tumor cells at
low micromolar concentrations (IC50 = 1.3–2.1 mM), emerged as
the most active in the series of quinoxaline 1,4-dioxides. It
exhibits a similar activity to the topoisomerase II inhibitor
etoposide (IC50 = 0.13–2.3 mM). Thus, the results of the anti-
proliferative activity evaluation on a broad panel of tumor cell
lines show that substituents at positions 2 and 3 signicantly
affect the cytotoxicity of sulfonamide derivatives of quinoxaline
1,4-dioxide.
RSC Adv., 2024, 14, 23257–23272 | 23263
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Simultaneously, the introduction of methyl, triuoromethyl,
uorophenyl, or nitrile group leads to a signicant increase in
activity against certain tumor cell lines, primarily Capan-1
pancreatic adenocarcinoma, as well as LN229, DND-41, HL-60,
and K562 cells (Table 4). The data obtained from SAR analysis
may potentially promote the effective modulation of the spec-
trum of antitumor properties in future quinaxoline-1,4-dioxide
derivatives.
Fig. 4 Binding mode of compound 7g in the hCA IX active site.
Carbonic anhydrase inhibition assay

Targeting CA IX represents a promising oncological approach,
with the goal of overcoming the progression of the most
aggressive tumors, including those characterized by extensive
hypoxic regions. The inhibition of carbonic anhydrases CAIX
and CAXII, which are expressed in response to hypoxia and
activated by the transcription factor HIF-1a, is one of sulfon-
amides.40 Therefore, we assessed the action of sulfonamido-
quinoxaline 1,4-dioxides 7a–h, 8a, b and 18 in comparison to
acetazolamide (AAZ) on the catalytic activity of pharmacologi-
cally relevant human CA (hCA) isoforms, including cytosolic
hCA I and hCA II, as well as membrane-bound tumor-associated
isoforms hCA IX and hCA XII (Table 5).

The inhibition constant values (Ki) demonstrated that qui-
noxaline 1,4-dioxides 7a–h, 8a, b and 18 can inhibit CA isoforms
in range of the low micromolar to nanomolar concentrations
(Table 5). However, the majority of derivatives exhibited higher
activity against hCA I and hCA II isoforms than against hCA XII
and hCA IX. Thus, the cytosolic isoforms were inhibited with Ki

values in the range of 33.6–65.7 nM (hCA I) and 2.7–8.0 nM (hCA
II), respectively. For the membrane-bound isoforms hCA IX and
hCA XII, the Ki values ranged from 42 nM to >10 mM. As a result,
the sulfonamides 7a–h and 8a, b are 2–8 times more potent
against CA I and CA II than the reference drug AAZ. Addition-
ally, the CA XII isoform has higher susceptibility to quinoxaline
1,4-dioxides compared to CA IX. Notably, the introduction of
a halogen atom at the para-position of the benzene ring in
position 3 of quinoxaline-2-carbonitrile 1,4-dioxides results in
a slight decrease in inhibitory activity for derivative 7b against
the tested carbonic anhydrase isoforms when compared to their
unsubstituted analog 7a.

When comparing the inhibitory potential of the obtained
sulfonamide derivatives of quinoxaline 1,4-dioxide, it is evident
that the presence of a phenyl ring in position 3 of the hetero-
cycle enhances the ability of this chemotype to inhibit CAIX
activity. This enhancement can be attributed to additional
hydrophobic interactions in the active site of the enzyme. It was
also discovered that replacing of the phenyl group in position 3
of quinoxaline with furyl- and thienyl group led to a complete
loss of activity for compounds 7c and 7d against CA IX (Table 5).
However, these substitutions retain high activity against CA I
and CA II isoforms. Additionally, 6-sulfonamido-3-
furylquinoxaline-2-carbonitrile 1,4-dioxide (7c) was also found
to be inactive against the CA XII isoform. Interestingly, when
a sulfonamide group was introduced into the phenyl ring at the
C3 carbon atom of quinoxaline, it had a negative effect on the
inhibitory ability of derivative 18 compared to a series of 6(7)-
23264 | RSC Adv., 2024, 14, 23257–23272
sulfonamide derivatives of quinoxaline 1,4-dioxide toward all
CA isoforms.

Among the tested series of quinoxaline 1,4-dioxides, the
most active inhibitor of CA IX was 2-acetyl-3-methyl-6-
sulfonamidoquinoxaline 1,4-dioxide (7g). This compound
demonstrated activity comparable to the reference drug acet-
azolamide (AAZ) against CA IX, with Ki values of 42.2 and
12.1 nM, respectively. Notably, 6-sulfonamido-2-carboethoxy-3-
methylquinoxaline 1,4-dioxide (7f) emerged as the most active
inhibitor of CA XII among the series of obtained derivatives, but
it did not exhibit any inhibitory activity against the CA IX iso-
form. In summary, it is worth noting that some compounds not
only exhibit cytotoxic activity but also have the ability to inhibit
CA activity.

Molecular docking studies

Based on the results of screening of CA inhibition activity of
sulfonamidoquinoxaline 1,4-dioxides, we docked the most
active inhibitor, CA IX (compound 7g), into the active site
(Fig. 4). According to the docking simulations, quinoxaline 1,4-
dioxide 7g forms a coordination bond with the Zn2+ ion and
a hydrogen bond with the Thr200 residue.

In comparison with nitrile 7a (Fig. 3), the acetyl derivative 7g
lacks p–H interaction with the hydrophobic residue Leu91.
Instead, derivative 7g establishes an additional hydrogen bond
with the side carboxamide residue of Gln67 and N-oxide group
of the ligand. The obtained model indicates the presence of
a strong coordination bond between 7g and Zn2+ ion with
a value of −6.2 kcal mol−1. The establishment of a new
hydrogen bond contributed to the affinity of the ligand to the
active center of CA IX and to the nal value of DGbind =

−8.6 kcal mol−1. The results of in vitro screening and docking
models suggest that not only the structure and nature of the
substituents but also their positioning within the quinoxaline
core may be determining factors in the inhibition of CA IX. This
facilitates better binding of the sulfonamide group to the Zn2+

ion and other key amino acid residues in the active site of CA IX.
These observations are consistent with previously published

data, where the most active CA IX inhibitor also formed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a hydrogen bond with the Gln67 residue.41 Thus, the affinity of
6- and 7-sulfonamides of quinoxaline 1,4-dioxide highly
depends on substituents at positions 2 and 3, forming inter-
actions with amino acid residues of CA IX.
Mechanism of tumor cell death

The growth of tumor cells under hypoxic conditions is accom-
panied by signicant metabolic changes.42 Hypoxia impacts the
activity of crucial enzymes that play a role in maintaining cell
survival.43 These alterations lead to the development of a resis-
tant phenotype and a decrease in the efficacy of chemo-
therapy.44 Consequently, the identication of compounds
exhibiting selectivity for tumor cells in hypoxic conditions
stands as a top priority in cancer pharmacology.45,46 For an in-
depth investigation under reduced oxygen conditions (1% O2),
the most promising inhibitor of CA IX was chosen (compound
7g). Subsequent experiments focused on aggressive epidermoid
cancer A431 cells, known for developing a resistant phenotype
under hypoxia.47–49 So, A431 cells were treated with compound
7g, and their survival was analyzed aer 72 h using the MTT
assay. As shown in Fig. 5, the antiproliferative potency of
compound 7g was limited in normoxia. At low concentrations,
the compound 7g slightly inhibited the growth of A431 cells.
However, increasing its concentration to 50 mM resulted in an
approximately 40% decrease in cell survival, with an IC50 value
higher than 50 mM in normoxia. Interestingly, transferring A431
cells treated with compound 7g to hypoxic conditions signi-
cantly impacted their survival rate. In hypoxia, the compound
7g exhibited considerable antiproliferative effects at concen-
trations higher than 10 mM, with an IC50 value of approximately
11 mM. This suggests that compound 7g demonstrates high
activity under hypoxic conditions.

Hypoxia induces the expression of various hypoxic factors
crucial for cellular adaptation to stress.50 Among these factors,
CA IX plays a key role by facilitating a gradual acidication of
the extracellular environment.51 As illustrated in Fig. 5b,
hypoxia led to a notable increase in CA IX expression in A431
cells. The compound 7g resulted in a dose-dependent reduction
in CA IX expression under hypoxic conditions. Furthermore,
treatment with compound 7g led to the accumulation of cleaved
Fig. 5 Activity of compound 7g against skin cancer cells A431 in normoxi
cancer cells; A431 cells were treated with compound 7g for 72 h and then
on CA IX and cleaved PARP expression; TPZ – tirapazamine (a reference

© 2024 The Author(s). Published by the Royal Society of Chemistry
PARP, a well-established marker of apoptosis. For comparison,
the TPZ,52 a well-known hypoxic cytotoxin, was used at
a concentration of 30 mM as a reference drug. Interestingly, the
effects of compound 7g on both CA IX expression and the
apoptosis marker PARP were more pronounced compared to
TPZ.

In conclusion, the comprehensive data from molecular
modeling, screening, and immunoblotting strongly suggest that
compound 7g not only inhibits CA IX but also signicantly
suppresses its expression in tumor cells under hypoxia, possibly
similar to other derivatives of quinoxaline 1,4-dioxide by
blocking HIF-1a.23–25,27 Inhibition of CA IX in A431 cells is
associated with PARP cleavage, indicating the induction of
apoptosis.
Experimental section
Chemistry

General methods. NMR spectra were recorded on a Varian
Mercury 400 Plus instrument operated at 400 MHz (1H NMR)
and 100 MHz (13C NMR) or a Bruker AVANCE III 500 (Bruker
Biospin, Rheinstetten Germany) NMR spectrometer equipped
with a broadband Z-gradient probehead with a direct observe
BB coil (PABBO) at 500.18 MHz for 1H and 125.77 MHz for 13C,
respectively. Chemical shis were measured in DMSO-d6 using
TMS as an internal standard. Spectra for all obtained
compounds were recorded in DMSO-d6 solutions at 303 K and
were referenced against residual solvents signals: 2.50 ppm for
DMSO-d5 for 1H and 39.50 ppm for DMSO-d6 for 13C, respec-
tively. 1D and 2D NMR spectra were processed using TopSpin
3.2 Bruker or ACD Laboratories Spectra Processor Academic
Edition. The 1H and 13C signal assignment was done by using
1H{13C} HSQC, 1H{13C} HMBC, and 2D NOESY NMR experi-
mental data. Standard pulse sequences were used. For selective
NOESY experiments mixing times of 400 and 600 ms were used
correspondingly. For selective excitation an 80 ms Gaussian-
shaped pulse was used. Chemical shis were measured in
DMSO-d6 using TMS as an internal standard. The chemical
shis are reported in parts per million (ppm), and the coupling
constants (J) are expressed in Hertz (Hz). The splitting patterns
a and hypoxia. (a) Antiproliferative effects of compound 7g on A431 skin
cell viability was assessed by the MTT assay. (b) Effect of compound 7g
drug), GAPDH – a loading control.

RSC Adv., 2024, 14, 23257–23272 | 23265
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are designated as s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br. s, broad singlet; dd, doublet of doublets. Analyt-
ical TLC was performed on silica gel F254 plates (Merck) and
column chromatography on Silica Gel Merck 60. Melting points
were determined on a Buchi SMP-20 apparatus and are uncor-
rected. High resolution mass spectra were recorded by electron
spray ionization on a Bruker Daltonics micro OTOF-QII instru-
ment. HPLC was performed using Shimadzu Class-VP V6.12SP1
system (GraseSmart RP-18, 6 × 250 mm), spectrophotometric
diode array detector. The sample was dissolved in DMSO and an
injection volume is 20 mL. The mobile phase (ow rate 1.0
mL min−1) was a gradient of H3PO4 (0.01 M in deionized water)
(A) and acetonitrile (B).

All solutions were evaporated at a reduced pressure on
a Buchi-R200 rotary evaporator at temperature below 50 °C. All
products were dried under vacuum at room temperature. All
solvents, chemicals, and reagents were obtained from Sigma-
Aldrich (unless specied otherwise) and used without purica-
tion. The purity of all synthesized compounds was >95% as
determined by HPLC analysis.

General procedure for preparation of sulfonamide deriva-
tives of quinoxaline 1,4-dioxide 7–8a–h. To a stirring mixture of
5-sulfamoylbenzofuroxan 12 (1.0 mmol) and 1,3-dicarbonyl
compound (2.5 mmol) in tetrahydrofuran (10.0 mL), triethyl-
amine (50 mL, 0.36 mmol) was added at room temperature. The
mixture was stirred for 5–8 h at 50 °C. Aer the reaction was
complete (as determined by TLC), the solvent was evaporated,
and the resulting brown oil was puried by column chroma-
tography on silica gel using an eluting solvent mixture (toluene–
ethyl acetate, 4 : 1). The crude mixture of isomers was separated
by column chromatography on silica gel: for derivatives 7–8a–d,
the eluting solvent toluene–diethyl ether mixture (5 : 1) was
used, while for derivatives 7–8e–h, the eluting solvent chloro-
form–acetone (6 : 1) was used. Crystallization of the obtained
products from a toluene-ethylacetate mixture yielded the pure 6-
isomer and 7-isomer.

3-Phenyl-6-sulfamoylquinoxaline-2-carbonitrile 1,4-dioxide (7a)
and 2-phenyl-6-sulfamoylquinoxaline-2-carbonitrile 1,4-dioxide
(8a). This compound was prepared from benzofuroxan 12 and
benzoylacetonitrile according to the general procedure.

3-Phenyl-6-sulfamoylquinoxaline-2-carbonitrile 1,4-dioxide
(7a). The yield of 7a was 0.28 g (37%) as deep yellow powder, mp
209–210 °C. Rf = 0.5 (CHCl3–EtOAc, 1 : 2). HPLC (LW = 300 nm,
gradient B 20/80% (45 min)) tR = 16.94 min, purity 96.6%. lmax,
EtOH: 243, 276, 295, 375, 433 nm. 1H NMR (400 MHz, DMSO-d6)
d 8.87 (1H, s, H-5); 8.73 (1H, d, J = 8.6, H-8); 8.41 (1H, d, J = 8.6,
H-7); 8.01 (2H, br. s, SO2NH2); 7.77–7.74 (2H, m, HAr); 7.66–7.63
(3H, m, HAr).

13C NMR (100 MHz, DMSO-d6) d 147.4 (6-C); 144.1
(3-C); 140.2 (10-C); 136.8 (9-C); 131.4 (40-CH); 130.4 (7-CH); 130.1
(2 × 20-CH); 128.7 (2 × 30-CH); 127.4 (10-C); 122.6 (8-CH); 121.4
(2-C); 117.8 (5-CH); 110.9 (CN). HRMS (ESI) calculated for
C15H11N4O4S

+ [M + H]+ 343.0496, found 343.0586.
3-Phenyl-7-sulfamoylquinoxaline-2-carbonitrile 1,4-dioxide

(8a). The yield of 8a was 0.09 g (28%) as yellow powder, mp 234–
235 °C. Rf = 0.3 (CHCl3–EtOAc, 1 : 2). HPLC (LW = 300 nm,
gradient B 20/80% (45 min)) tR = 16.82 min, purity 95.1%. lmax,
EtOH: 246, 277, 299, 394 nm. 1H NMR (400 MHz, DMSO-d6)
23266 | RSC Adv., 2024, 14, 23257–23272
d 8.91 (1H, s, H-8); 8.72 (1H, d, J = 8.6, H-5); 8.37 (1H, dd, J3 =
8.6, J4 = 1.6, H-6); 7.98 (2H, br. s, SO2NH2); 7.76–7.73 (2H, m,
HAr); 7.66–7.64 (3H, m, HAr).

13C NMR (100 MHz, DMSO-d6)
d 148.6 (7-C); 143.7 (3-C); 138.9 (9-C); 138.1 (10-C); 131.3 (40-CH);
130.0 (2 × 20-CH); 128.8 (6-CH); 128.7 (2 × 30-CH); 127.4 (10-C);
122.1 (5-CH); 121.6 (2-C); 118.3 (8-CH); 110.9 (CN). HRMS (ESI)
calculated for C15H11N4O4S

+ [M + H]+ 343.0496, found 343.0508.
3-(4-Chlorophenyl)-6-sulfamoylquinoxaline-2-carbonitrile 1,4-

dioxide (7b) and 3-(4-chlorophenyl)-6-sulfamoylquinoxaline-2-
carbonitrile 1,4-dioxide (8b). This compound was prepared
from benzofuroxan 12 and 3-(4-chlorophenyl)-3-
oxopropanenitrile according to the general procedure.

3-(4-Chlorophenyl)-6-sulfamoylquinoxaline-2-carbonitrile 1,4-
dioxide (7b). The yield of 7b was 157 mg (42%) as yellow powder,
mp 160–162 °C. Rf = 0.6 (CHCl3–EtOAc, 1 : 3). HPLC (LW =

300 nm, gradient B 30/80% (45 min)) tR = 16.9 min, purity
99.0%. lmax, EtOH: 226, 244, 278, 301, 377 nm. 1H NMR (400
MHz, DMSO-d6) d 8.89 (1H, s, H-5); 8.72 (1H, d, J = 8.9, H-8);
8.37 (1H, dd, J3 = 8.9, J4 = 1.8, H-7); 7.99 (2H, br. s, SO2NH2);
7.78–7.74 (4H, m, HAr).

13C NMR (100MHz, DMSO-d6) d 148.7 (6-
C); 142.7 (3-C); 138.8 (9-C); 138.0 (10-C); 136.2 (40-CCl); 131.9 (2
× 20-CH); 128.9 (7-CH); 128.8 (2 × 30-CH); 126.1 (10-C); 122.1 (8-
CH); 121.4 (2-C); 118.1 (5-CH); 110.7 (CN). HRMS (ESI) calcu-
lated for C15H8ClN4O4S

− [M − H]− 374.9960, found 374.9823.
3-(4-Chlorophenyl)-7-sulfamoylquinoxaline-2-carbonitrile 1,4-

dioxide (8b). The yield of 8b was 127 mg (34%) as yellow powder,
mp 237–238 °C. Rf = 0.5 (CHCl3–EtOAc, 1 : 3). HPLC (LW =

300 nm, gradient B 30/80% (45 min)) tR = 16.8 min, purity
100.0%. lmax, EtOH: 227, 245, 278, 303, 382 nm. 1H NMR (400
MHz, DMSO-d6) d 8.86 (1H, d, J = 1.8, H-8); 8.73 (1H, d, J = 8.9,
H-5); 8.42 (1H, dd, J3 = 8.9, J4 = 1.8, H-6); 8.00 (2H, br. s,
SO2NH2); 7.78–7.74 (4H, m, HAr).

13C NMR (100 MHz, DMSO-d6)
d 147.5 (7-C); 143.1 (3-C); 140.0 (10-C); 136.7 (9-C); 136.2 (40-CCl);
131.9 (2 × 20-CH); 130.4 (6-CH); 128.9 (2 × 30-CH); 126.2 (10-C);
122.5 (5-CH); 121.2 (2-C); 117.7 (8-CH); 110.7 (CN). HRMS (ESI)
calculated for C15H10ClN4O4S

+ [M + H]+ 377.0106, found
377.0159.

3-(Furan-2-yl)-6-sulfamoylquinoxaline-2-carbonitrile 1,4-
dioxide (7c) and 2-(furan-2-yl)-6-sulfamoylquinoxaline-2-
carbonitrile 1,4-dioxide (8c). This compound was prepared
from benzofuroxan 12 and 3-(furan-2-yl)-3-oxopropanenitrile
according to the general procedure.

3-(Furan-2-yl)-6-sulfamoylquinoxaline-2-carbonitrile 1,4-
dioxide (7c). The yield of 7c was 34 mg (11%) as yellow powder,
mp 174–176 °C. Rf = 0.6 (CHCl3–Me2CO, 1 : 3). HPLC (LW =

300 nm, gradient B 40/80% (45 min)) tR = 9.86 min, purity
95.7%. lmax, EtOH: 229, 255, 307, 394 nm. 1H NMR (400 MHz,
DMSO-d6) d 8.46 (1H, s, H-5); 8.37 (1H, d, J = 8.9, H-8); 8.23 (1H,
dd, J3= 8.9, J4= 1.5, H-7); 8.21–8.19 (1H, m, HAr); 7.84 (2H, br. s,
SO2NH2); 7.71 (1H, d, J = 3.9, HAr); 6.91–6.89 (1H, m, HAr).

13C
NMR (100 MHz, DMSO-d6) d 148.3 (10-C); 148.1 (6-C); 147.4 (40-
CH); 144.3 (3-C); 140.7 (10-C); 140.1 (9-C); 130.7 (5-CH); 127.4 (2-
C); 127.1 (7-CH); 125.9 (8-CH); 116.3 (CN); 115.9 (20-CH); 113.3
(30-CH). HRMS (ESI) calculated for C13H9N4O5S

+ [M + H]+

333.0288, found 333.0393.
3-(Furan-2-yl)-7-sulfamoylquinoxaline-2-carbonitrile 1,4-

dioxide (8c). The yield of 8c was 12 mg (4%) as yellow powder,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mp 210–212 °C. Rf = 0.5 (CHCl3–Me2CO, 1 : 3). HPLC (LW =

300 nm, gradient B 40/80% (45 min)) tR = 9.58 min, purity
99.4%. lmax, EtOH: 229, 254, 302, 391 nm. 1H NMR (400 MHz,
DMSO-d6) d 8.48 (1H, s, H-8); 8.33–8.31 (2H, br. m, H-5, H-6);
8.21–8.20 (1H, br. m, HAr); 7.80 (2H, br. s, SO2NH2); 7.72 (1H,
d, J = 3.7, HAr); 6.92–6.90 (1H, br. m, HAr).

13C NMR (100 MHz,
DMSO-d6) d 148.4 (10-C); 147.5 (40-CH); 145.7 (7-C); 144.6 (3-C);
142.4 (10-C); 138.3 (9-C); 130.2 (8-CH); 129.8 (5-CH); 127.1 (2-C);
126.4 (6-CH); 116.3 (CN); 116.2 (20-CH); 113.3 (30-CH). HRMS
(ESI) calculated for C13H9N4O5S

+ [M + H]+ 333.0288, found
333.0300.

6-Sulfamoyl-3-(thiophen-2-yl)quinoxaline-2-carbonitrile 1,4-
dioxide (7d). This compound was prepared from benzofuroxan
12 and 3-oxo-3-(thiophen-2-yl)propanenitrile according to the
general procedure. The yield of 7d was 31 mg (9%) as yellow
powder, mp 203–204 °C. Rf = 0.55 (CHCl3–Me2CO, 3 : 1). HPLC
(LW = 300 nm, gradient B 40/80% (45 min)) tR = 13.8 min,
purity 98.9%. lmax, EtOH: 228, 253, 296, 389 nm. 1H NMR (400
MHz, DMSO-d6) d 8.45 (1H, s, H-5); 8.38–8.31 (2H, m, HAr); 8.22
(1H, d, J = 8.6, H-7); 8.05 (1H, d, J = 8.6, H-8); 7.84 (2H, br. s,
SO2NH2); 7.38 (1H, d, J = 4.1, HAr).

13C NMR (100 MHz, DMSO-
d6) d 148.1 (6-C); 140.7 (10-C); 140.1 (9-C); 133.7 (3-C); 133.5 (40-
CH); 130.7 (20-CH); 130.5 (5-CH); 130.2 (10-C); 129.9 (2-C); 129.4
(7-CH); 127.1 (30-CH); 125.8 (8-CH); 116.9 (CN). HRMS (ESI)
calculated for C13H9F3N4O4S2

+ [M + H]+ 349.0060, found
349.0091.

2-(Ethoxycarbonyl)-3-phenyl-6-sulfamoylquinoxaline 1,4-
dioxide (7e). This compound was prepared from benzofuroxan
12 and ethyl 3-oxo-3-phenylpropanoate according to the general
procedure. The yield of 7e was 40 mg (20%) as an orange
powder, mp 210–211 °C. Rf = 0.5 (CHCl3–Me2CO, 1 : 3). HPLC
(LW = 270 nm, gradient B 30/80% (45 min)) tR = 12.61 min,
purity 96.7%. lmax, EtOH: 238, 271, 289, 393 nm. 1H NMR (400
MHz, DMSO-d6) d 8.85 (1H, d, J = 2.0, H-5); 8.68 (1H, d, J = 8.8,
H-8); 8.32 (1H, dd, J3 = 8.8, J4 = 2.0, H-7); 7.93 (2H, br. s,
SO2NH2); 7.58–7.54 (5H, br. m, C6H5); 4.16 (2H, q, J = 7.3,
OCH2CH3); 0.95 (3H, t, J = 7.3, OCH2CH3).

13C NMR (100 MHz,
DMSO-d6) d 159.3 (CO); 147.4 (6-C); 140.0 (3-C); 138.7 (10-C);
137.3 (9-C); 136.7 (2-C); 131.0 (40-CH); 130.3 (2 × 20-CH); 129.3
(7-CH); 128.9 (2 × 30-CH); 128.2 (10-C); 122.8 (8-CH); 118.2 (5-
CH); 63.2 (CH3CH2O); 13.8 (CH3CH2O). HRMS (ESI) calculated
for C17H16N3O6S

+ [M + H]+ 390.0754, found 390.0650.
2-(Ethoxycarbonyl)-3-methyl-6-sulfamoylquinoxaline 1,4-

dioxide (7f). This compound was prepared from benzofuroxan
12 and acetoacetic ester according to the general procedure. The
yield of 7f was 10 mg (3%) as light yellow powder, mp 108–110 °
C. Rf = 0.4 (CHCl3–EtOAc, 1 : 3). HPLC (LW = 254 nm, gradient
B 20/80% (45 min)) tR = 10.5 min, purity 94.1%. lmax, EtOH:
238, 270, 383 nm. 1H NMR (400 MHz, DMSO-d6) d 8.64 (1H, d, J
= 8.9, H-5); 8.28 (1H, dd, J3 = 8.9, J4 = 1.5, H-6); 7.88 (2H, br. s,
SO2NH2); 7.79 (1H, d, J = 1.5, H-8); 4.52 (2H, q, J = 7.3,
OCH2CH3); 2.45 (3H, s, CH3); 1.36 (3H, t, J= 7.3, OCH2CH3).

13C
NMR (100 MHz, DMSO-d6) d 159.4 (CO); 146.3 (6-C); 140.0 (3-C);
138.8 (10-C); 136.2 (9-C); 135.7 (2-C); 128.7 (7-CH); 121.6 (5-CH);
117.6 (8-CH); 63.3 (CH3CH2O); 14.2 (CH3); 13.7 (CH3CH2O).
HRMS (ESI) calculated for C12H14N3O6S

+ [M + H]+ 328.0598,
found 328.0593.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2-Acetyl-3-methyl-6-sulfamoylquinoxaline 1,4-dioxide (7g) and
2-acetyl-3-methyl-7-sulfamoylquinoxaline 1,4-dioxide (8g). This
compound was prepared from benzofuroxan 12 and acetylace-
tone according to the general procedure.

2-Acetyl-3-methyl-6-sulfamoylquinoxaline 1,4-dioxide (7g). The
yield of 7g was 40 mg (13%) as light yellow powder, mp 170–
172 °C. Rf = 0.6 (CHCl3–Me2CO, 1 : 3). HPLC (LW = 385 nm,
gradient B 10/50% (45 min)) tR = 14.18 min, purity 95.6%. lmax,
EtOH: 238, 269, 386 nm. 1H NMR (400 MHz, DMSO-d6) d 8.87
(1H, s, H-5); 8.62 (1H, d, J = 9.1, H-8); 8.26 (1H, d, J = 9.1, H-7);
7.90 (2H, br. s, SO2NH2); 2.65 (3H, s, CH3); 2.39 (3H, s, CH3).

13C
NMR (100 MHz, DMSO-d6) d 195.2 (CO); 147.2 (6-C); 140.6 (2-C);
139.6 (3-C); 137.6 (9-C); 137.2 (10-C); 127.6 (7-CH); 121.5 (8-CH);
117.6 (5-CH); 29.5 (COCH3); 13.6 (CH3). HRMS (ESI) calculated
for C11H12N3O5S

+ [M + H]+ 298.0492, found 298.0527.
2-Acetyl-3-methyl-7-sulfamoylquinoxaline 1,4-dioxide (8g). The

yield of 8g was 22 mg (8%) as light yellow powder, mp 195–196 °
C. Rf = 0.5 (CHCl3–Me2CO, 1 : 3). HPLC (LW = 385 nm, gradient
B 10/50% (45 min)) tR = 14.13 min, purity 95.0%. lmax, EtOH:
239, 269, 385 nm. 1H NMR (400 MHz, DMSO-d6) d 8.81 (1H, d, J
= 1.5, H-8); 8.66 (1H, d, J = 9.5, H-5); 8.29 (1H, dd, J3 = 9.5, J4 =
1.5, H-6); 7.88 (2H, br. s, SO2NH2); 2.66 (3H, s, CH3); 2.39 (3H, s,
CH3).

13C NMR (100 MHz, DMSO-d6) d 195.1 (CO); 146.3 (6-C);
140.3 (2-C); 140.0 (3-C); 138.5 (10-C); 136.1 (9-C); 128.6 (6-CH);
121.6 (5-CH); 117.5 (8-CH); 29.5 (COCH3); 13.7 (CH3). HRMS
(ESI) calculated for C11H12N3O5S

+ [M + H]+ 298.0492, found
298.0494.

2-Benzoyl-6-sulfamoyl-3-(triuoromethyl)quinoxaline 1,4-
dioxide (7h). This compound was prepared from benzofuroxan
12 and 4,4,4-triuoro-1-phenylbutane-1,3-dione according to
the general procedure. The yield of 7h was 48 mg (12%) as an
orange powder, mp 236–237 °C. Rf = 0.5 (CHCl3–Me2CO, 1 : 3).
HPLC (LW = 275 nm, gradient B 40/80% (45 min)) tR =

14.41 min, purity 97.9%. lmax, EtOH: 241, 275, 401 nm. 1H NMR
(400 MHz, DMSO-d6) d 8.89 (1H d, J = 1.5, H-8); 8.59 (1H, d, J =
8.8, H-5); 8.39 (1H, dd, J3 = 8.8, J4 = 1.5, H-6); 8.15 (2H, d, J =
7.3, C6H5); 8.02 (2H, br. s, SO2NH2); 7.79 (1H, t, J = 7.3, C6H5);
7.61 (2H, d, J= 7.3, C6H5).

13C NMR (100MHz, DMSO-d6) d 183.9
(CO); 147.8 (7-C); 139.9 (10-C); 139.1 (9-C); 138.3 (3-C); 137.9 (2-
C); 135.4 (40-CH); 133.9 (10-C); 129.9 (6-CH); 129.4 (2 × 20-CH);
129.2 (2 × 30-CH); 121.7 (5-CH); 118.9 (CF3, J = 276); 117.8 (8-
CH). HRMS (ESI) calculated for C16H11F3N3O5S

+ [M + H]+

414.0366, found 414.0224.
4-Chloro-3-nitrobenzenesulfonamide (10). A solution of 1-

chloro-2-nitrobenzene (9, 15.8 g, 0.1 mol) in CHCl3 (70 mL) was
cooled to −5 °C. Once this temperature was reached, chlor-
osulfonic acid (0.8 mol, 50 mL) was added to the solution
through a dropping funnel with vigorous stirring. The temper-
ature of the reaction mixture was carefully maintained below 0 °
C throughout. The mixture was stirred at this temperature for
30 min, then heated to 40 °C for 4 h. The ask was cooled in an
ice bath, and the reaction mixture was poured into ice-water
mixture (300 g). The resulting precipitate was ltered, washed
with water (3× 50 mL), and then air-dried. Next, obtained crude
4-chloro-3-nitrobenzenesulfonyl chloride (25.0 g, 0.1 mol) was
dissolved in THF (50 mL), and aqueous NH4OH (100 mL, 25%
RSC Adv., 2024, 14, 23257–23272 | 23267
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w/v) was added dropwise to the stirred solution at 0 °C. The
reaction was monitored by TLC, and when it was completed, the
reaction mixture was poured into ice (100 g). The formed
precipitate was ltered and washed with water (3 × 50 mL). The
resulting product was air-dried and used for further trans-
formations without additional purication. The yield of deriv-
ative 8 was 21.1 g (89%), yellow powder. mp 176–178 °C.

4-Amino-3-nitrobenzenesulfonamide (11). In a sealed ask,
a mixture of 2-chloronitrobenzene 10 (10.0 g, 0.04 mol) and
a solution of anhydrous ammonia in ethanol (50 mL, 15% w/v)
was stirred for 72 h at 100 °C. Aer the reaction was completed
(conrmed by TLC), the mixture was cooled, and water (50 mL)
was added. It was then heated until the precipitate was
completely dissolved and subsequently cooled. The resulting
crystalline product was ltered and air-dried. If necessary, the
product can be recrystallized from a mixture of ethanol and
water (3 : 1). The yield of nitroaniline 11 was 8.1 g (91%), light
yellow crystals, mp 198–200 °C. 1H NMR (400 MHz, DMSO-d6)
d 8.40 (1H, s, HAr); 7.94 (2H, s, NH2); 7.72 (1H, d, J = 8.7, HAr);
7.30 (2H, s, SO2NH2); 7.12 (1H, d, J = 8.7, HAr).

13C NMR (100
MHz, DMSO-d6) d 147.9 (CSO2NH2); 132.0 (CH); 130.4 (CNO2);
128.6 (CNH2); 124.2 (CH); 119.9 (CH).

4-Amino-3-nitrobenzenesulfonamide (11, Scheme 2). In an
aqueous solution (20%) of hydrochloric acid (32 mL), acetani-
lide 16 (5.0 g, 0.016 mol) was added, and mixture reuxed with
stirring for 1 h. The reaction mixture was poured into water (100
mc). The resulting yellow precipitate, formed upon cooling, was
ltered, crystallized from aqueous ethanol (1 : 1), and air-dried.
The yield of benzenesulfonamide 11 was 3.1 g (91%), yellow
crystals, mp 199–201 °C. HRMS (ESI) calculated for C6H6N3O4S

−

[M − H]− 216.0079, found 216.0066.
5-Sulfamoylbenzofuroxan (12). The benzenesulfonamide 11

(5.0 g, 0.02 mol) was dissolved in DMF (30 mL), and aqueous
solution (50%) of KOH (0.05 mL, 1.3 mmol) was added. The
mixture was cooled to 0–5 °C, and a solution (13%) of sodium
hypochlorite (25 mL, 0.4 mol) was added dropwise with
vigorous stirring. Aer the addition was complete, the reaction
mixture was stirred for 10 min. The resulting solution was
poured into cold water (100 mL), acidied with dilute (5%)
hydrochloric acid until a neutral reaction was achieved (pH =

7.0). The product was then extracted with ethyl acetate (3 × 50
mL). The combined extract was washed with water, a solvent
was evaporated under vacuum, and the product was precipi-
tated from hexane–dichloromethane mixture (5 : 1), yielded
benzofuroxan 10 (3.7 g, 94%) as a yellow powder. mp 140–141 °
C. 1H NMR (400MHz, DMSO-d6) d 8.03 (1H, s, H-4); 7.89 (1H, d, J
= 9.5, H-6); 7.71 (1H, d, J = 9.5, H-7); 7.66 (2H, br. s, SO2NH2).
13C NMR (100 MHz, DMSO-d6) d 146.8 (br. s, CSO2NH2); 128.3
(br. s, 4-CH); 118.1 (br. s, 6-CH); 114.2 (br. s, 7-CH). HRMS (ESI)
calculated for C6H6N3O4S

+ [M – H]+ 216.0074, found 216.0085.
N-(4-sulfamoylphenyl)acetamide (14). 4-Amino-

benzenesulfonamide (13, 10 g, 0.06 mol) was dissolved in acetic
acid (50 mL), acetic anhydride (10 mL, 0.1 mol) and DMAP
(0.35 g, 2.9 mmol) were added dropwise to the solution, and the
mixture was reuxed for 4 h. Aer the reaction was complete,
the reaction mixture was poured onto ice (100 g), and the
precipitate was ltered and dried. The yield of acetanilide 14
23268 | RSC Adv., 2024, 14, 23257–23272
was 12.2 g (98%), white crystals, mp 213–215 °C. 1H NMR (400
MHz, DMSO-d6) d 10.27 (1H, s, NHCOMe); 7.77–7.72 (4H, m,
HAr); 7.24 (2H, s, SO2NH2); 2.08 (3H, s, CH3).

13C NMR (100
MHz, DMSO-d6) d 169.2 (CO); 142.5 (CSO2NH2); 138.3 (C-NH);
126.9 (2×CH); 118.8 (2×CH); 24.4 (CH3). HRMS (ESI) calcu-
lated for C8H11N2O3S

+ [M + H]+ 215.0485, found 215.0470.
(E)-N-(4-(N-((dimethylamino)methylene)sulfamoyl)phenyl)acet-

amide (15). To a solution of N-(4-sulfamoylphenyl)acetamide 14
(5 g, 23.4 mmol) in DMF (25 mL) DMF–DMA (4.1 mL, 30.6
mmol) was added dropwise at room temperature, and the
reaction mixture was stirred for 1 h. Aer the reaction was
complete, the mixture was poured into water (100 mL). The
resulting precipitate was ltered, washed with cold water (50
mL), and then dried under vacuum. The yield of acetamide 15
was 6.2 g (99%), white crystals, mp 185–187 °C. 1H NMR (400
MHz, DMSO-d6) d 10.25 (NHCO); 8.18 (1H, s, CHN(CH3)2); 7.73–
7.68 (4H, m, HAr); 3.12 (3H, s, N(CH3)2); 2.89 (3H, s, N(CH3)2);
2.07 (3H, s, CH3CO).

13C NMR (100 MHz, DMSO-d6) d 169.1
(CONH); 159.8 (CHN(CH3)2); 142.4 (CSO2-); 137.1 (CNHCOMe);
127.2 (2×CH); 118.8 (2×CH); 41.1 (N(CH3)2); 35.2 (N(CH3)2);
24.3 (COCH3). HRMS (ESI) calculated for C11H15N3O3S

+ [M + H]+

270.0907, found 270.0862.
(E)-N-(4-(N-((dimethylamino)methylene)sulfamoyl)-2-

nitrophenyl)acetamide (16). The mixture of concentrated HNO3

(7.0 mL, 0.17 mol) and concentrated H2SO4 (10.0 mL, 0.18 mol)
was cooled to 0 °C. Subsequently, (E)-N-(4-(N-((dimethylamino)
methylene)sulfamoyl)phenyl)acetamide 15 (5.0 g, 0.02 mol) was
added in small portions with stirring, maintaining the
temperature 0–5 °C. The reaction mixture was stirred at 5–7 °C
for 2 h, and then poured onto ice (100 g). The resulting
precipitate was ltered, washed with water (100 mL), and air-
dried. The yield of acetanilide derivative 16 was 5.8 g (93%),
light yellow crystals, mp 176–177 °C. 1H NMR (400 MHz, DMSO-
d6) d 10.56 (NHCO); 8.25 (1H, s, CHN(CH3)2); 8.22 (1H, s, HAr);
8.06 (1H, dd, J3 = 8.6, J4 = 2.1, HAr); 7.81 (1H, d, J = 8.6, HAr);
3.15 (3H, s, N(CH3)2); 2.92 (3H, s, N(CH3)2); 2.11 (3H, s, CH3CO).
13C NMR (100 MHz, DMSO-d6) d 168.2 (CONH); 160.2
(CHN(CH3)2); 141.2 (CSO2–); 138.9 (CNHCOMe); 134.0 (CNO2);
131.2 (CH); 125.5 (CH); 122.8 (CH); 41.1 (N(CH3)2); 35.2
(N(CH3)2); 23.6 (COCH3). HRMS (ESI) calculated for
C11H14N4O5S

+ [M + H]+ 315.0758, found 315.0741.
6-Chloro-2-(3-sulfamoylphenyl)quinoxaline-2-carbonitrile 1,4-

dioxide (18). Chlorosulfonic acid (0.5 mL, 0.78 g, 6.7 mmol) was
slowly added to a solution of 7-chloroquinoxaline-2-carbonitrile
1,4-dioxide (17, 0.5 g, 1.7 mmol)53 in CHCl3 (10 mL), while
maintaining the temperature of the reaction mixture at about
60 °C. The mixture was stirred for 4 h at 60 °C. Subsequently,
the solvent was evaporated under vacuum, and the resulting
reaction mixture was poured onto ice (50 g). The formed
precipitate of sulfonyl chloride was ltered and dried in air. The
resulting product was dissolved in THF (5 mL) and added
dropwise to a stirred solution of an aqueous NH4OH solution (1
mL, 25% w/v) at 5–10 °C. The insoluble precipitate was ltered,
washed with water (3 × 10 mL), and dried in air. The residue
was further puried using column chromatography (toluene–
diethyl ether mixture, 5 : 2) and then precipitated from
a hexane–dichloromethane mixture (4 : 1) to yield product 18.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The yield of 18 was 34%, yellow-orange powder. mp 184–185 °C.
HPLC (LW = 300 nm, gradient B 30/80% (45 min)) tR =

13.61 min, purity 97.2%. lmax, EtOH: 221, 241, 291, 366 nm. 1H
NMR (400 MHz, DMSO-d6) d 8.57 (1H, s, H-8); 8.55 (1H, d, J =
9.5, H-5); 8.22 (1H, s, HAr); 8.17 (1H, d, J= 9.5, H-6); 8.09 (1H, d, J
= 7.4, HAr); 7.93 (1H, d, J = 7.4, HAr); 7.87 (1H, t, J = 7.4, HAr);
7.64 (2H, br. s, SO2NH2).

13C NMR (100 MHz, DMSO-d6) d 144.6
(3-C); 141.9 (30-CSO2NH2); 138.2 (10-C); 137.9 (9-C); 137.6 (7-
CCl); 134.8 (40-CH); 133.4 (6-CH); 129.8 (20-CH); 128.4 (60-CH);
128.1 (10-C); 127.4 (50-CH); 122.8 (5-CH); 121.1 (2-C); 119.2 (8-
CH); 110.8 (CN). HRMS (ESI) calculated for C15H8ClN4O4S [M −
H]− 374.9955, found 375.0132.

Molecular modelling studies. Molecular modelling was per-
formed using Molecular Operating Environment (MOE) version
2014.09; Chemical Computing Group Inc., 1010 Sherbrooke St
West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2014. CA IX
structure was read from a PDB le 5sz5. Structural issues were
automatically corrected using the structure preparation appli-
cation. The hydrogen bond network and charges were opti-
mized. Tethered energy minimization was performed using an
AMBER10:EHT force eld. The binding pocket of the receptor
was specied by proximity to the cocrystallized ligand atoms.
Chosen compounds were prepared using the wash command,
and then partial charges were calculated. Ligand's energy
minimization was done using an MMFF94x force eld. Depro-
tonation of strong acids and protonation of strong bases were
checked in the wash panel. Docking placement was done using
the triangle matcher algorithm with the ‘rotate bonds’ option.
The 1st scoring function was London dG, and the 2nd scoring
function was GBVI/WSA dG. MOE-Dock performed 30 inde-
pendent docking runs. Docked complexes were ranked based
on the docking scores (S). Finally, predicted complexes were
analyzed for molecular interactions using the MOE window.
Biology

Cell lines and antiproliferative assay. The antiproliferative
activity of obtained sulfonamide derivatives of quinoxaline 1,4-
dioxides was estimated towards cancer cell lines from American
Type Culture Collection (ATCC, Manassas, VA, USA) using the
MTT assay as described previously.54 In brief, the cultivation of
cells was performed in high-glucose DMEM medium (HyClone,
Logan, UT, USA or PanEco, Moscow, Russia) supplemented with
10% fetal bovine serum (HyClone, Logan, UT, USA), 50 U mL−1

penicillin, and 50 mg mL−1 streptomycin (PanEco, Moscow,
Russia). The cells were incubated at 37 °C in the presence of 5%
CO2 at 80–90% relative humidity in a NuAire autoow incubator
(NuAire Lab Equipment, Plymouth, MN, USA). For in vitro tests,
the obtained compounds were dissolved in DMSO (dimethyl
sulfoxide, AppliChem, Darmstadt, Germany) to a concentration
of 10 mM and kept at −20 °C. For testing of antiproliferative
activity under normoxia and hypoxia cells were seeded onto
a 24-well plate (Corning, Corning, NY, USA) at a density of 35
000 (A431) or 40 000 (MCF-7) cells per well. Aer 24 h, the
compounds were added to the wells; an appropriate solvent
volume was added to the control cells. The hypoxia (1% O2)
conditions were simulated in Binder multigas incubator
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Binder GmbH, Tuttlingen, Germany), as described.20 The IC50

values of the compounds obtained were calculated using
GraphPad Prism 8.0 (GraphPad Soware, Boston, MA, USA).

Immunoblotting. A431 cells were seeded on 100 mm dishes
(Corning USA, NY), and aer 24 h of growth, compound 7g and
tirapazamine (a reference drug) were added in a fresh medium.
The cells were harvested aer 24 h of incubation with the
compounds in hypoxia; the control sample remained in nor-
moxia. To prepare cell extracts, the cells were twice washed in
phosphate buffer and incubated for 10 min on ice in the
modied lysis buffer containing 50 mM Tris–HCl, pH 7.5, 0.5%
Igepal CA-630, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM
PMSF, 0.1 mM sodium orthovanadate and aprotinin, leupeptin,
and pepstatin (1 mg mL−1 each) as described earlier.55 The
protein content was determined using the Bradford method.56

Cell lysates were separated in 10% SDS-PAGE under reducing
conditions, transferred to a nitrocellulose membrane (GE
HealthCare, Chicago, IL, USA), and processed according to
a standard protocol. To prevent nonspecic absorption, the
membranes were treated with 5% nonfat milk solution in a TBS
buffer (20 mM Tris, 500 mM NaCl, and pH 7.5) with 0.1%
Tween-20 and then incubated with primary antibodies over-
night at 4 °C.

CA IX and cleaved PARP antibodies were obtained from Cell
Signaling Technology (Beverly, MA, USA); the antibodies against
GAPDH (Cell Signaling Technology, Beverly, MA, USA) were
added to standardize loading. Goat antirabbit IgGs (Jackson
ImmunoResearch, West Grove, PA, USA) conjugated to horse-
radish peroxidase were used as secondary antibodies. Signals
were detected using the ECL reagent as described in Mruk and
Cheng's protocol57 and an ImageQuant LAS4000 system (GE
HealthCare, Chicago, IL, USA).

Conclusions

An original approach to synthesizing previously unknown
sulfoamido-substituted quinoxaline 1,4-dioxides was devel-
oped, giving insights into their chemical and biological prop-
erties. The designed compounds were evaluated for their
inhibitory activity against cytosolic isoforms (hCA I, hCA II) and
membrane-bound CA isozymes (hCA IX, hCA XII). Most of the
synthesized derivatives exhibited more than a twofold higher
potency than the reference compound AAZ against CA I and CA
II isoforms, with Ki values of 5.65 and 12 nM, respectively.
Nevertheless, one derivative 7g demonstrated potent inhibition
of the hCA IX isozyme, with a Ki of 42.2 nM, comparable to AAZ
(Ki = 25.7 nM). Screening of the anticancer potency of the
sulfonamides of quinoxaline 1,4-dioxides against cancer cell
lines of various histogenesis revealed that most of the synthe-
sized compounds were active in low micromolar concentrations
(Tables 3 and 4). Among the tested derivatives, the most active
was 3-triuoromethylquinoxaline 1,4-dioxide 7h, inhibiting all
cell lines with IC50 values in the range from 1.1 to 2.1 mM and
having a similar or higher activity prole than the reference
drugs etoposide, and doxorubicin. Regarding hypoxia selec-
tivity, it was observed that compounds 7a, 7e and 8g exhibited
both comparable selectivity and activity to the reference drug
RSC Adv., 2024, 14, 23257–23272 | 23269
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TPZ against the adenocarcinoma cell line MCF-7 under hypoxic
conditions.

A comprehensive analysis of structure–activity relationships
revealed that, generally, compounds containing 4-halogeno-
and 3-sulfonamidosubstituted phenyl groups at position 3 of
the quinoxaline ring, along with a 2-carbonitrile moiety (deriv-
atives 7–8a–b, 18), displayed the highest potency against the
majority of tested tumor cell lines. Consequently, both the
structure and the positioning of substituents in the heterocyclic
ring have a benecial inuence on the biological properties of
quinoxaline 1,4-dioxides, enabling the modulation of their
activity. The obtained data regarding the antiproliferative and
CA-inhibiting activities of new sulfamido derivatives of qui-
noxaline 1,4-dioxide allowed the identication of the key role
played by not only the structure of individual functional groups
but also their position within the heterocyclic ring in the ability
of this chemotype of compounds to inhibit tumor cell growth.
Molecular docking simulations showed that the lead compound
7g accepted favorable binding patterns in the hCA IX isoform,
involving the tting of the sulfonamide moiety into the base of
the CA active site through the chelation with the Zn2+ ion and
hydrogen bond interactions with the key amino acids Thr200
and Gln67. Furthermore, the mechanism study revealed that
derivative 7g induced apoptosis in A431 cells and exhibited
signicant potency as a CA IX blocker. So, this research has
identied sulfoamido-substituted quinoxaline 1,4-dioxides as
promising scaffold for further development of anticancer
hypoxic cytotoxins with CA inhibition potencies.
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