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A B S T R A C T

In contemporary medicinal chemistry, employing a singular small molecule to concurrently multi-target dispa-
rate molecular entities is emerging as a potent strategy in the ongoing battle against metabolic disease. In this
study, we present the meticulous design, synthesis, and comprehensive biological evaluation of a novel series of
1,2,3-triazolylmethylthio-1,3,4-oxadiazolylbenzenesulfonamide derivatives (8a-m) as potential multi-target in-
hibitors against human carbonic anhydrase (EC.4.2.1.1, hCA I/II), α-glycosidase (EC.3.2.1.20, α-GLY), and
α-amylase (EC.3.2.1.1, α-AMY). Each synthesized sulfonamide underwent rigorous assessment for inhibitory
effects against four distinct enzymes, revealing varying degrees of hCA I/II, a-GLY, and a-AMY inhibition across
the tested compounds. hCA I was notably susceptible to inhibition by all compounds, demonstrating remarkably
low inhibition constants (KI) ranging from 42.20 ± 3.90 nM to 217.90 ± 11.81 nM compared to the reference
standard AAZ (KI of 439.17 ± 9.30 nM). The evaluation against hCA II showed that most of the synthesized
compounds exhibited potent inhibition effects with KI values spanning the nanomolar range 16.44 ± 1.53–70.82
± 4.51 nM, while three specific compounds, namely 8a-b and 8d, showcased lower inhibitory potency than other
derivatives that did not exceed that of the reference drug AAZ (with a KI of 98.28 ± 1.69 nM). Moreover, across
the spectrum of synthesized compounds, potent inhibition profiles were observed against diabetes mellitus-
associated α-GLY (KI values spanning from 0.54 ± 0.06 μM to 5.48 ± 0.50 μM), while significant inhibition
effects were noted against α-AMY, with IC50 values ranging between 0.16 ± 0.04 μM and 7.81 ± 0.51 μM)
compared to reference standard ACR (KI of 23.53 ± 2.72 μM and IC50 of 48.17 ± 2.34 μM, respectively). Sub-
sequently, these inhibitors were evaluated for their DPPH⋅ and ABTS+⋅ radical scavenging activity. Moreover,
molecular docking investigations were meticulously conducted within the active sites of hCA I/II, α-GLY, and
α-AMY to provide comprehensive elucidation and rationale for the observed inhibitory outcomes.

Abbreviations: AAZ, acetazolamide; ACR, acarbose; ADME, absorption, distribution, metabolism, and excretion; AIC, akaike information criterion; α-GLY,
α-glycosidase; α-AMY, α-amylase; BHT, hydroxytoluene; CA, carbonic anhydrase; KI, inhibition constant; OPLS4, optimal potential liquid simulations 4; PDB, protein
data bank; RMSD, root-mean-square deviation; TRX, trolox; XP, extra precision.
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1. Introduction

In recent years, multi-target drugs have gained prominence as po-
tential therapeutic options for diseases with complex origins and those
associated with drug resistance [1,2]. While traditional single-target
treatments are designed to minimize off-target effects, they often fail
to address the multifaceted nature of many diseases fully [3]. Complex
disorders typically arise from the interaction of various genetic and
environmental factors, leading to robust pathological conditions [4].
Therefore, simultaneous modulation of multiple targets appears more
promising for effectively managing such situations [5].

Sulfonamides represent a consequential subset within the category of
sulfa drugs [6], emerging as prominent pharmacophores under their
distinctive attributes, encompassing diminished toxicity [7], oral
bioavailability [8], cost-effectiveness [9], and heightened reactivity
[10]. Given their multifaceted biological effects, spanning antibacterial
[11], anti-inflammatory [12], antiviral [13], anti-diabetic [14], and
carbonic anhydrase (CA, EC.4.2.1.1) inhibitory properties [15], sulfon-
amide derivatives have proliferated extensively, with thousands syn-
thesized and employed extensively in the therapeutic management of
diverse pathological conditions. Furthermore, in recent decades, there
has been a notable surge in the synthesis of novel 1,3,4-oxadiazole and
1,2,3-triazole derivatives and the subsequent investigation into their
biological activities [16]. These compounds have emerged as pivotal
building blocks in the development of a diverse array of pharmaceutical
agents [17,18], exhibiting multifaceted therapeutic potentials encom-
passing antibacterial [19,20], antifungal [21,22], analgesic [23,24],
anti-inflammatory [25,26], antiviral [27,28], anticancer [29,30], anti-
hypertensive [31], anticonvulsant [32,33], anti-diabetic properties [34,
35], and some metabolic enzyme inhibitors, such as CA [36], α-glyco-
sidase (α-GLY, EC.3.2.1.20) [37,38], and α-amylase (α-AMY, EC.3.2.1.1)
[39,40] (Fig. 1).

The CAs represent a ubiquitous class of metalloenzymes with para-
mount significance in biological systems [41], orchestrating the
reversible conversion of carbon dioxide (CO2) into hydrogen carbonate
ions (HCO3− ) and protons (H+) [42], thereby modulating crucial
water-soluble products pivotal for pH homeostasis [43]. The human
proteome currently delineates 16 distinct CA isoforms [44], each

intricately woven into a complex tapestry of physiological and
biochemical cascades, including but not limited to pH regulation [45],
gluconeogenesis [46], secretory processes [47], and oncogenic path-
ways [48]. At the molecular level, the catalytic prowess of human car-
bonic anhydrases (hCAs) is encapsulated within their active sites,
characterized by a tetrahedral coordination geometry orchestrated by
zinc ions [49], which are intricately bound by a triumvirate of amino
acid residues (namely, His94, His96, and His119) [50] in conjunction
with a water molecule or hydroxide ion [51]. Among these isoforms,
cytosolic hCA I occupy a secondary role, whereas cytosolic hCA II
emerges as a preeminent therapeutic target [52], particularly in man-
aging glaucoma due to its indispensable role in regulating intraocular
pressure [53]. Achieving selective inhibition of hCA II while mitigating
off-target effects remains an ongoing pursuit. Conventionally, the inhi-
bition of CAs necessitates the incorporation of zinc-binding functional-
ities [54], with benzenesulfonamide motifs being favored for their
ability to coordinate the metal ion in either tetrahedral or bipyramidal
configurations [55]. The endeavor to tailor selective hCA inhibitors
(hCAIs) involves the strategic retention of the sulfonamide group while
effecting structural modifications within the core scaffold of the mole-
cule, leveraging a nuanced “tail approach” [56,57]. This intricate design
strategy facilitates the customization of tail functionalities appended to
the heterocyclic/aromatic moiety, thereby affording optimal in-
teractions with both the conserved central residues and the variably
exposed peripheral regions of the active site, which exhibit notable
divergence across distinct hCA isoforms [58].

Noninsulin-dependent diabetes mellitus, a prevalent disorder of the
endocrine system, manifests as a consequence of diminished insulin
secretion by pancreatic Langerhans β cells or heightened insulin resis-
tance stemming from excessive glucose absorption [59]. The manage-
ment of diabetes encompasses a diverse array of pharmacological
interventions, each exerting distinct modes of action, including but not
limited to insulin secretion stimulation, augmentation of glucose
transporter expression, gluconeogenesis inhibition, and attenuation of
intestinal glucose absorption [60]. Given the multifaceted nature of
diabetes and its propensity for precipitating numerous complications, a
multifaceted therapeutic approach is imperative [61]. Particularly in the
prediabetic phase characterized by insulin resistance, glycemic control

Fig. 1. Some bioactive molecules with sulfonamide, triazole, and oxadiazole core.
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can be effectively achieved through the administration of oral agents
targeting glucose absorption, such as α-GLY and/or pancreatic α-AMY
inhibitors [62].

Within the framework of our research design, we sought to elucidate
the impact of novel multi-target molecular hybrid compounds on the
inhibition of some metabolic enzymes. Consequently, the structural
design of these compounds was predicated upon incorporating the 1,3,4-
oxadiazole ring as a central scaffold, wherein a benzenesulfonamide
moiety was strategically introduced as a zinc-binding group at the 2
position. Concurrently, the 5 position of the scaffold was substituted
with a 1,2,3-triazolylmethylthio moiety, accommodating various
electron-withdrawing and/or -donating functional groups (Fig. 2).

Building upon the aforementioned rationale, we present herein the
detailed design and synthesis of a novel series of 1,2,3-triazolylme-
thylthio-1,3,4-oxadiazolylbenzenesulfonamide derivatives (8a-m) as
potential multi-target inhibitors of hCAs, α-GLY, and α-AMY (Scheme 1).
These molecules represent a novel class of compounds and within the
scope of our current research endeavor, we provide a comprehensive

account of the synthetic methodologies employed for preparing a library
of small molecules based on the aforementioned scaffolds. Subsequently,
we report the synthesized compounds underwent a rigorous evaluation
to ascertain their in vitro and in silico efficacy against hCA I and II iso-
forms, α-GLY, and α-AMY.

2. Materials and methods

2.1. Chemistry

Melting points were determined by a Yanagimoto micro-melting
point apparatus and were uncorrected. IR spectra were acquired on a
SHIMADZU Prestige-21 (200 VCE) spectrometer. 1H and 13C NMR
spectra were acquired at VARIAN Infinity Plus at 300 and 75 Hz,
respectively. 1H and 13C chemical shifts are referenced to the internal
deuterated solvent. The Mass analysis was carried out with an LC/MS
QTOF-9030 spectroscopy. All chemicals were purchased from Merck,
Alfa Aesar, and Sigma-Aldrich.

2.2. General procedure for preparation of 4-sulfonylamide ester (2)

Sulfamoylbenzoic acid (10 mmol) and 1.0 ml sulfuric acid were
refluxed for 24 h in 50 ml of ethanol. At the reaction’s end, the solvent
evaporated, and the obtained product was washed and dried in cold
water. The purity of the compound was checked by 1H and 13C NMR.
The compound was used for the next step without further purification.

2.3. General procedure for preparation of 4-sulfonylamidebenzohydra-
zide (3)

4-sulfonylamide ester (10 mmol) and Hydrazine hydrate (25 mmol)
in ethanol were refluxed for 24 h at 70 ◦C. At the end of the reaction, the
reaction mixture was cooled to room temperature, and the solid was
filtered, then washed with water and dried. The purity of the compound
was checked by 1H and 13C NMR. The compound was used for the next

Fig. 2. The design strategy of targeted 1,2,3-triazolylmethylthio-1,3,4-oxadia-
zolylbenzenesulfonamides (8a-m).

Scheme 1. Synthetic pathway of targeted novel 1,2,3-triazolylmethylthio-1,3,4-oxadiazolylbenzenesulfonamides (8a-m).
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step without further purification.

2.4. General procedure for the synthesis of 4-(5-thioxo-4,5-dihydro-
1,3,4-oxadiazol-2-yl)benzenesulfonamide (4)

Carbon disulphur (2.5 mmol) and 4-sulfonylamidebenzohydrazide
(1 mmol) were dissolved in DMF (6 ml), and K2CO3 (2 mmol) was
added to the mixture. Then, the mixture was stirred for 12 h at room
temperature. After the reaction was completed, the mixture was poured
into ice-cold water. It was then filtered and crystallized from acetone.
The purity of the compound was checked by 1H and 13C NMR. The
compound was used for the next step without further purification.

2.5. General procedure for the synthesis of 4-[5-(prop-2-yn-1-ylthio)-
1,3,4-oxadiazol-2-yl]benzenesulfonamide (5)

Propargyl bromide (1 mmol) and 4-(5-thioxo-4,5-dihydro-1,3,4-
oxadiazol-2-yl)benzenesulfonamide (1 mmol) were dissolved in DMF (6
ml) and K2CO3 (2 mmol) was added to the mixture. Then, the mixture
was stirred for 12 h at room temperature. After the reaction was
completed, the mixture was poured into ice-cold water. It was then
filtered and crystallized through acetone. The purity of the compound
was checked by 1H and 13C NMR. The compound was used for the next
step without further purification.

2.6. General procedure for the synthesis of azidobenzene derivatives (7)

Aniline derivatives (3 mmol) were added to 15 ml of water. 5 ml of
37 % HCl was added to it. After aniline derivatives were dissolved, the
mixture was cooled to 0 ◦C with an ice bath. Sodium nitrite (4 mmol)
was slowly added to the mixture by dissolving in 15 ml water at 0 ◦C. It
was allowed to mix for one more hour at the same temperature. Then,
sodium azide (4 mmol) was added slowly at 0 ◦C and stirred for 12 h at
room temperature. After the reaction was completed. The reaction
mixture was extracted with ethylacetate. The purity of the compound
was checked by 1H and 13C NMR. The compound was used for the next
step without further purification.

2.7. General procedure for the synthesis of aromatic trazole substituted 4-
(5-thioxo-4,5-dihydro-1,3,4-oxadiazol-2-yl)benzenesulfonamide
derivatives (8a-m)

Azidobenzene derivatives (1 mmol) and 4-[5-(prop-2-yn-1-ylthio)-
1,3,4-oxadiazol-2-yl]benzenesulfonamide (1 mmol) were dissolved in
DMF (6 ml), and then CuSO4 (0,1 mmol) and Sodium ascorbate (0,1
mmol) was added to the mixture. The mixture was stirred for 12 h at
room temperature. After the reaction was completed. The mixture was
poured into ice-cold water. It was then filtered and crystallized from
acetone. The prepared compounds shown in Scheme 1 were character-
ized by 1H NMR, 13C NMR, FT-IR, and LC/MS QTOF-9030 spectroscopy.

2.7.1. 4-[5-{[(1-Pentyl-1H-1,2,3-triazol-4-yl)methyl]thio}-1,3,4-
oxadiazol-2-yl]benzenesulfonamide (8a)

Yield: 85 %; M.p. 157–158 ◦C; FT-IR (ν, cm− 1): 3336 (NH2), 2955
(C––C–H), 1472 (C––N), 1340, 1156 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.17 (d, J = 9.0 Hz, 2H, =CH), 8.14 (s, 1H, triazole
ring C–H), 8.01 (d, J= 8.1 Hz, 2H,=CH), 7.60 (s, 2H, –NH2), 4.67 (s, 2H,
–SCH2), 4.32 (t, J = 7.1 Hz, 2H, –CH2), 1.82–1.68 (m, 2H, –CH2),
1.35–1,05 (m, 4H, –CH2), 0.79 (t, J = 7.0 Hz, 3H, –CH3). 13C NMR (75
MHz, DMSO‑d6, ppm): δ 165.05 and 164.65 (oxadiazole ring), 147.45,

147.35, 127.65, 127.63, 127.39, 126.46, 50.17, 30.15, 28.68, 27.56
(SCH2); QTOF LC-MS (m/z) found: [M+H]+; 409.1040, calcd. for
[C16H20N6O3S2]; 408.1038 [M]+.

2.7.2. 4-[5-{[(1-Phenyl-1H-1,2,3-triazol-4-yl)methyl]thio}-1,3,4-
oxadiazol-2-yl]benzenesulfonamide (8b)

Yield: 92 %; M.p. 219–221 ◦C; FT-IR (ν, cm− 1): 3320 (NH2), 2951
(C––C–H), 1462 (C––N), 1342, 1167 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.81 (s, 1H, triazole ring C–H), 8.16 (d, J = 8.1 Hz,
2H,=CH), 7.98 (d, J= 8.1 Hz, 2H,=CH), 7.86 (d, J= 8.3 Hz, 2H,=CH),
7.57 (t, J= 7.7 Hz, 2H,=CH), 7.54 (s, 2H, –NH2), 7.47 (t, J= 7.0 Hz, 1H,
=CH), 4.75 (s, 2H, –SCH2); 13C NMR (75MHz, DMSO‑d6, ppm): δ 165.19
and 164.45 (oxadiazole ring), 147.38, 144.27, 137.11, 130.60, 130.45,
129.49, 127.80, 126.51, 122.84, 120.78, 27.44 (SCH2); QTOF LC-MS
(m/z) found: [M+H]+; 415.0572, calcd. for [C17H14N6O3S2]; 414.0569
[M]+.

2.7.3. 4-[5-({[1-(4-Hydroxyphenyl)-1H-1,2,3-triazol-4-yl]methyl}thio)-
1,3,4-oxadiazol-2-yl]benzenesulfonamide (8c)

Yield: 80 %; M.p. 134–135 ◦C; FT-IR (ν, cm− 1): 3499 (OH), 3309
(NH2), 2958 (C––C–H), 1474 (C––N), 1329, 1169 (SO2); 1H NMR (300
MHz, DMSO‑d6, ppm): δ 9.97 (s, 1H, –OH), 8.63 (s, 1H, triazole ring
C–H), 8.16 (d, J= 8.1 Hz, 2H,=CH), 7.99 (d, J= 8.2 Hz, 2H,=CH), 7.63
(d, J = 7.5 Hz, 2H, =CH), 7.59 (s, 2H, –NH2), 6.90 (d, J = 8.4 Hz, 2H,
=CH), 4.73 (s, 2H, –SCH2); 13C NMR (75MHz, DMSO‑d6, ppm): δ 165.16
and 164.49 (oxadiazole ring), 158.48, 147.34, 129.25, 127.81, 127.37,
126.51, 122.71, 122.66, 116.71, 116.62, 27.45 (SCH2); QTOF LC-MS
(m/z) found: [M+H]+; 431.0519, calcd. for [C17H14N6O4S2]; 430.0518
[M]+.

2.7.4. 4-[5-({[1-(4-Iodophenyl)-1H-1,2,3-triazol-4-yl]methyl}thio)-1,3,4-
oxadiazol-2-yl]benzenesulfonamide (8d)

Yield: 87 %; M.p. 235–237 ◦C; FT-IR (ν, cm− 1): 3245 (NH2), 2987
(C––C–H), 1467 (C––N), 1340, 1155 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.83 (s, 1H, triazole ring C–H), 8.16 (d, J = 8.1 Hz,
2H,=CH), 7.99 (d, J= 8.2 Hz, 2H,=CH), 7.93 (d, J= 8.3 Hz, 2H,=CH),
7.69 (d, J = 8.3 Hz, 2H, =CH), 7.59 (s, 2H, –NH2), 4.75 (s, 2H, –SCH2);
13C NMR (75 MHz, DMSO‑d6, ppm): δ 165.17 and 164.43 (oxadiazole
ring), 147.36, 139.26, 139.19, 136.76, 127.80, 127.38, 126.50, 122.76,
122.62, 95.18, 27.37(SCH2); QTOF LC-MS (m/z) found: [M+H]+;
540.9539, calcd. for [C17H13IN6O3S2]; 539.9535 [M]+.
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2.7.5. 4-[5-({[1-(4-Bromophenyl)-1H-1,2,3-triazol-4-yl]methyl}thio)-
1,3,4-oxadiazol-2-yl]benzenesulfonamide (8e)

Yield: 82 %; M.p. 241–243 ◦C; FT-IR (ν, cm− 1): 3332 (NH2), 2958
(C––C–H), 1464 (C––N), 1332, 1162 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.85 (s, 1H, triazole ring C–H), 8.16 (d, J = 6.2 Hz,
2H,=CH), 8.00 (d, J= 8.3 Hz, 2H,=CH), 7.85 (d, J= 6.5 Hz, 2H,=CH),
7.77 (d, J = 8.9 Hz, 2H, =CH), 7.58 (s, 2H, –NH2), 4.76 (s, 2H,
–SCH2);13C NMR (75 MHz, DMSO‑d6, ppm): δ 165.19 and 164.41(oxa-
diazole ring), 147.40, 144.32, 136.34, 133.48, 127.81, 127.38, 126.50,
122.90, 122.72, 122.14, 27.36(SCH2); QTOF LC-MS (m/z) found:
[M+H]+; 494.4593, calcd. for [C17H13BrN6O3S2]; 493.4590 [M]+.

2.7.6. 4-[5-({[1-(4-Chlorophenyl)-1H-1,2,3-triazol-4-yl]methyl}thio)-
1,3,4-oxadiazol-2-yl]benzenesulfonamide (8f)

Yield: 93 %; M.p. 228–231 ◦C; FT-IR (ν, cm− 1): 3334 (NH2), 2971
(C––C–H), 1464 (C––N), 1339, 1163 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.87 (s, 1H, triazole ring C–H), 8.18 (d, J = 8.7 Hz,
2H,=CH), 8.01 (d, J= 8.1 Hz, 2H,=CH), 7.93 (d, J= 8.2 Hz, 2H,=CH),
7.67 (d, J = 8.9 Hz, 2H, =CH), 7.61 (s, 2H, –NH2), 4.78 (s, 2H, –SCH2);
13C NMR (75 MHz, DMSO‑d6, ppm): δ 165.18 and 164.42(oxadiazole
ring), 147.38, 135.92, 133.73, 130.56, 127.81, 127.38, 126.50, 123.03,
123.02, 122.47, 27.34(SCH2); QTOF LC-MS (m/z) found: [M+H]+;
449.0182, calcd. for [C17H13BrN6O3S2]; 448.0179 [M]+.

2.7.7. 4-[5-({[1-(2-Chlorophenyl)-1H-1,2,3-triazol-4-yl]methyl}thio)-
1,3,4-oxadiazol-2-yl]benzenesulfonamide (8g)

Yield: 86 %; M.p. 186–187 ◦C; FT-IR (ν, cm− 1): 3355 (NH2), 2958
(C––C–H), 1470 (C––N), 1326, 1152 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.56 (s, 1H, triazole ring C–H), 8.16 (d, J = 8.2 Hz,
2H,=CH), 7.99 (d, J= 8.3 Hz, 2H,=CH), 7.73 (d, J= 6.2 Hz, 1H,=CH),
7.65 (t, J = 7.4 Hz, 1H, =CH), 7.61 (m,1H, =CH), 7.58 (s, 2H, –NH2),
7.54 (d, J = 7.8 Hz, 1H, =CH), 4.77 (s, 2H, –SCH2); 13C NMR (75 MHz,
DMSO‑d6, ppm): δ 165.22 and 164.41(oxadiazole ring), 147.40, 134.99,
132.40, 131.22, 129.17, 129.07, 128.99, 127.82, 127.82, 127.37,
126.80, 126.48, 27.41(SCH2); QTOF LC-MS (m/z) found: [M+H]+;
449.0183, calcd. for [C17H13ClN6O3S2]; 448,0179 [M]+.

2.7.8. 4-[5-({[1-(4-Fluorophenyl)-1H-1,2,3-triazol-4-yl]methyl}thio)-
1,3,4-oxadiazol-2-yl]benzenesulfonamide (8h)

Yield: 75 %; M.p. 232–233 ◦C; FT-IR (ν, cm− 1): 3327 (NH2), 2987
(C––C–H), 1464 (C––N), 1350, 1167 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.80 (s, 1H, triazole ring C–H), 8.16 (d, J = 8.5 Hz,
2H,=CH), 7.98 (d, J= 8.4 Hz, 2H,=CH), 7.95–7.87 (m, 2H,=CH), 7.59
(s, 2H, –NH2), 7.43 (t, J = 9.0 Hz, 2H, =CH), 4.75 (s, 2H, –SCH2); 13C
NMR (75 MHz, DMSO‑d6, ppm): δ 163.23 and 155.20(oxadiazole ring),
147.62, 132.20, 129.66, 129.55, 127.85, 127.06, 126.91, 116.46,
116.17, 92.66, 42.21(SCH2); QTOF LC-MS (m/z) found: [M+H]+;
433.0478, calcd. for [C17H13FN6O3S2]; 432.0475 [M]+.

2.7.9. 4-[5-({[1-(3-Fluorophenyl)-1H-1,2,3-triazol-4-yl]methyl}thio)-
1,3,4-oxadiazol-2-yl]benzenesulfonamide (8i)

Yield: 84 %; M.p. 206–208 ◦C; FT-IR (ν, cm− 1): 3266 (NH2), 2961
(C––C–H), 1463 (C––N), 1344, 1165 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.91 (s, 1H, triazole ring C–H), 8.18 (d, J = 6.5 Hz,
2H,=CH), 8.00 (d, J= 8.6 Hz, 2H,=CH), 7.90–7.73 (m, 2H,=CH), 7.67
(d, J = 8.4 Hz, 1H, =CH), 7.60 (s, 2H, –NH2), 7.36 (t, J = 8.6 Hz, 1H,
=CH), 4.78 (s, 2H, –SCH2); 13C NMR (75MHz, DMSO‑d6, ppm): δ 165.19
and 164.43(oxadiazole ring), 161.43, 147.34, 138.22, 132.62, 132.50,
127.80, 127.37, 126.49, 123.03, 116.68, 116.07, 108.07, 27.31(SCH2);
QTOF LC-MS (m/z) found: [M+H]+; 433.0477, calcd. for
[C17H13FN6O3S2]; 432,0475 [M]+.

2.7.10. 4-[5-({[1-(4-Cyanophenyl)-1H-1,2,3-triazol-4-yl]methyl}thio)-
1,3,4-oxadiazol-2-yl]benzenesulfonamide (8j)

Yield: 80 %; M.p. 268–269 ◦C; FT-IR (ν, cm− 1): 3248 (NH2), 3007
(C––C–H), 1466 (C––N), 1342, 1165 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.99 (s, 1H, triazole ring C–H), 8.18 (d, J = 8.6 Hz,
2H,=CH), 8.13 (d, J= 8.6 Hz, 2H,=CH), 8.09 (d, J= 8.9 Hz, 2H,=CH),
8.01 (d, J = 8.5 Hz, 2H, =CH), 7.60 (s, 2H, –NH2), 4.79 (s, 2H,
–SCH2).13C NMR (75 MHz, DMSO‑d6, ppm): δ 165.35 and 164.34(oxa-
diazole ring), 147.45, 144.76, 140.03, 134.98, 127.80, 127.37, 126.49,
123.10, 121.20, 118.77, 111.82(CN), 27.29(SCH2); QTOF LC-MS (m/z)
found: [M+H]+; 440.0525, calcd. for [C18H14N7O3S2], 439.0521 [M]+.

2.7.11. 4-[5-({[1-(5-Chloro-2-nitrophenyl)-1H-1,2,3-triazol-4-yl]methyl}
thio)-1,3,4-oxadiazol-2-yl]benzenesulfonamide (8k)
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Yield: 88 %; M.p. 201–203 ◦C; FT-IR (ν, cm− 1): 3365 (NH2), 3046
(C––C–H), 1527 (C––N), 1600, 1364 (NO2), 1333, 1155 (SO2); 1H NMR
(300 MHz, DMSO‑d6, ppm): δ 8.76 (s, 1H, triazole ring C–H), 8.25 (d, J
= 8.8 Hz, 2H, =CH), 8.19 (d, J = 7.1 Hz, 2H, =CH), 8.12 (s, 1H, =CH),
8.01 (d, J = 8.0 Hz, 1H, =CH), 7.94 (d, J = 8.1 Hz, 1H, =CH), 7.61 (s,
2H, –NH2), 4.81 (s, 2H, –SCH2); 13C NMR (75 MHz, DMSO‑d6, ppm): δ
165.21 and 164.38(oxadiazole ring), 147.39, 144.01, 143.28, 139.15,
131.74, 130.76, 128.28, 127.94, 127.82, 127.38, 126.49, 126.11, 27.21
(SCH2); QTOF LC-MS (m/z) found: [M+H]+; 494.0918, calcd. for
[C17H12ClN7O5S2]; 493.0915 [M]+.

2.7.12. 4-[4-({[5-(4-Sulfamoylphenyl)-1,3,4-oxadiazol-2-yl]thio}
methyl)-1H-1,2,3-triazol-1-yl]benzenesulfonamide (8l)

Yield: 92 %; M.p. 285–286 ◦C; FT-IR (ν, cm− 1): 3355 (NH2), 3073
(C––C–H), 1463 (C––N), 1333, 1152 (SO2); 1H NMR (300 MHz,
DMSO‑d6, ppm): δ 8.94 (s, 1H, triazole ring C–H), 8.19 (d, J = 8.5 Hz,
2H, =CH), 8.12 (d, J = 8.8 Hz, 2H, =CH), 8.01 (d, J = 7.2 Hz, 4H), 7.59
(s, 2H, –NH2), 7.54 (s, 2H, –NH2), 4.80 (s, 2H, –SCH2); 13C NMR (75
MHz, DMSO‑d6, ppm): δ 165.20 and 164.43(oxadiazole ring), 147.38,
144.57, 139.14, 128.28, 128.20, 127.81, 127.39, 126.52, 123.06,
121.07, 27.38(SCH2); QTOF LC-MS (m/z) found: [M+H]+; 494.0300,
calcd. for [C17H16N7O5S3]; 493.0297 [M]+.

2.7.13. 4-[4-({[5-(4-Sulfamoylphenyl)-1,3,4-oxadiazol-2-yl]thio}
methyl)-1H-1,2,3-triazol-1-yl]benzoic acid (8m)

Yield: 85 %; M.p. 279–280 ◦C; FT-IR (ν, cm− 1): 2800–3500 (COOH),
3273 (NH2), 2958 (C––C–H), 1691 (C––O), 1461 (C––N), 1334, 1158
(SO2); 1H NMR (300 MHz, DMSO‑d6, ppm): δ 8.95 (s, 1H, triazole ring
C–H), 8.19 (d, J= 8.4 Hz, 2H,=CH), 8.14 (d, J= 8.3 Hz, 2H,=CH), 8.06
(d, J = 8.3 Hz, 2H, =CH), 8.02 (d, J = 8.1 Hz, 2H, =CH), 7.61 (s, 2H,
–NH2), 4.80 (s, 2H, –SCH2); 13C NMR (75 MHz, DMSO‑d6, ppm): δ
167.12(COOH), 165.20 and 164.41(oxadiazole ring), 147.38, 144.54,
139.97, 131.77, 131.59, 127.81, 127.38, 126.51, 122.96, 120.51, 27.35
(SCH2); QTOF LC-MS (m/z) found: [M+H]+; 459.0470, calcd. for
[C18H14N6O5S2]; 458.0467 [M]+.

2.8. Biological study

2.8.1. Inhibitory effect study
The hCA isoforms I and II were purified from human erythrocytes

using Sepharose-4B-L-tyrosine-sulfanilamide affinity chromatography,
following the protocols established in our prior study [63]. The assess-
ment of novel 1,2,3-triazolylmethylthio-1,3,4-oxadiazolylbenzenesulfo-
namide derivatives (8a-m) inhibition effects on the esterase activity of
hCAs was conducted through meticulous monitoring of absorbance
changes at 348 nm in accordance with the protocol delineated by Ver-
poorte et al. [64]. The enzymatic activities of hCAs were quantified
utilizing 4-nitrophenyl acetate, consistent with prior methodologies.
The α-GLY from Saccharomyces cerevisiae (G5003, CAS number:
9001-42-7) and α-AMY from porcine pancreas (A6255) were sourced
from Sigma-Aldrich Chemie GmbH in Taufkirchen, Germany. The α-GLY

activity was meticulously assessed utilizing para--
nitrophenyl-α-D-glucopyranoside as the substrate, adhering closely to
the experimental protocol outlined by Tao et al. [65]. Notably, in this
context, one unit of α-GLY activity is defined as the quantity of enzyme
catalyzing the hydrolysis of 1.0 mol of substrate per minute under
standardized conditions at pH 7.4. The determination of α-AMY activity
in this study adhered to the methodology documented by Xiao et al.
[66]. Absorbance measurements were subsequently obtained spectro-
photometrically at 580 nm. In this context, one unit of α-amylase
enzyme activity is defined as the quantity of enzyme that liberates 1.0
mg of maltose from starch within 3 min under standardized conditions
at pH 6.9 and 20 ◦C. Notably, rigorous experimental precision was
ensured by triply replicating all measurements.

The inhibitory potency of newly synthesized derivatives was
comprehensively investigated, employing no fewer than five distinct
inhibitor concentrations for both hCAs, α-GLY, and α-AMY. IC50 values
for these synthesized derivatives were determined from activity (%)
graphs for each compound (designated as 8a-m). Discrimination be-
tween inhibition types and the elucidation of inhibition constants was
achieved by applying Lineweaver and Burk’s plot analysis [67].

2.8.2. DPPH⋅ and ABTS+⋅ radical scavenging activity study
The assessment of DPPH⋅ and ABTS+⋅ free radical scavenging activity

was conducted in accordance with the methodology outlined by Blois
[68] and Re et al. [69], respectively. The novel 1,2,3-triazolylme-
thylthio-1,3,4-oxadiazolylbenzenesulfonamide derivatives (8a-m)
under investigation, previously prepared at a concentration of 1 mg/ml,
were employed in the assay. Initially, a solution of 1 mM DPPH⋅ served
as the source of free radicals. Test tubes were laden with aliquots of the
sample stock solution to yield concentrations of 10, 20, and 30 μg/μl,
with the total volume adjusted to 2 ml using ethanol. Subsequently, 0.5
ml of the DPPH⋅ solution was introduced into each sample tube. After a
30-min incubation period in a light-protected environment at ambient
temperature, absorbance readings were recorded at 517 nm. Later, a 7
mM solution of ABTS+⋅ was prepared, and ABTS+⋅ radicals were
generated by adding a 2.45 mM persulfate solution. The absorbance of a
control solution at 734 nm was adjusted to 0.700 ± 0.025 nm before
utilizing the ABTS+⋅ radical solution. Various concentrations (10, 20,
and 30 μg/ml) of ethyl alcohol extracts derived from the solutions were
subjected to the assay, where 0.5 ml of the ABTS+⋅ radical solution was
added to each concentration. Following a 30-min incubation, absor-
bance measurements were conducted at 734 nm against a blank con-
taining ethanol.

2.9. In silico study

In this study, molecular docking analysis was conducted utilizing the
latest iteration of the Small-Molecule Drug Discovery Suite tailored for
Macintosh, denoted as version 2024-1. The protein data bank (PDB) IDs,
namely 1AZM [70], 3HS4 [71], and 5NN8 [72], were procured from the
RCSB Protein Data Bank and served as the foundational models for the
experimental procedures, representing hCA I and II isoforms, as well as
α-GLY, respectively. These structural representations underwent metic-
ulous preparation for docking by applying the Protein Preparation
Wizard [73] within the Small-Molecule Drug Discovery Suite [74]. The
molecular structures of novel 1,2,3-triazolylmethylthio-1,3,4-oxadiazo-
lylbenzenesulfonamide derivatives (8a-m) were meticulously crafted
using the ChemDraw program, version 21 (PerkinElmer, Inc., Waltham,
MA, USA) tailored for Macintosh. Subsequently, these structures were
subjected to optimization employing the LigPrep module [75,76] within
the same software suite, utilizing the optimal potential liquid simula-
tions 4 (OPLS4) force field with Epik [77] under pH 7.4± 0.5 conditions
[78]. The identification of active site residues, crucial for docking, was
facilitated through the SiteMap tool [79] and further utilized in the
Receptor Grid Generation module [80] to construct the receptor grid
within the Maestro panel [81,82]. Docking of ligands to hCAs and α-GLY
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was carried out employing the Glide application [83] [84] [85], utilizing
default parameters alongside the extra precision (XP) methodology.
Moreover, the efficacy of the Prime MM-GBSA [86] in predicting rela-
tive binding affinity was assessed within the framework of the VSGB
energy model and the OPLS4 force field, utilizing the protein-ligand
complexes derived from PDB IDs 1AZM, 3HS4, and 5NN5. Addition-
ally, the QikProp tool and SwissADME platform [87] were harnessed to
forecast the ADME characteristics of all targeted derivatives (8a-m)
within the purview of this investigation.

2.10. Statistical study

GraphPad Prism, version 9 (GraphPad Software, La Jolla, California,
USA), tailored for Macintosh systems, served as the primary analytical
tool in this study. KI values were determined using SigmaPlot, version 12
(Systat Software, San Jose, California, USA), specifically designed for
Windows platforms. A comprehensive analysis was performed using the
extra sum-of-squares F test and the Akaike Information Criterion (AIC)
approach to discern the nuances in statistical measures across the
datasets. Statistical significance was deemed present when the calcu-
lated p-value fell below the threshold of 0.05. The resulting findings
were meticulously presented in a structured format denoting the mean
values accompanied by their respective standard errors, encapsulated
within 95 % confidence intervals.

3. Results and discussion

3.1. Chemistry

The compounds (8a-m) shown in Scheme 1 were prepared in six
steps. Esterification step was carried out from sulfamoylbenzoicacid in
ethanol with catalytic amount of sulfuric acid by refluxing for 24 h. 4-
sulfonylamidebenzohydrazide was prepared with hydrazine hydrate in

ethanol at 70 ◦C for 24 h. 4-(5-thioxo-4,5-dihydro-1,3,4-oxadiazol-2-yl)
benzenesulfonamide was synthesized by reacting carbon disulfur and 4-
sulfonylamide benzohydrazide in DMF in the presence of K2CO3. The
propargylation of the compound was prepared using propargyl bromide
in DMF in basic condition. The final targeted compounds (8a-m) were
prepared by propargylated compound and arylazides in the presence of
CuSO4 and sodium ascorbate in DMF at 90 ◦C for 12 h. The structures of
the targeted compounds were confirmed by the data 1H NMR, 13C NMR,
FT-IR, and QTOF LC-MS analysis.

In the infrared spectra of compounds 8a-m, it was possible to observe
the absorptions around 3300 cm− 1 relating to N–H. There are two peaks
assigned to S––O as asymmetric and symmetric stretching which are
appeared around 1300 and 1150 cm− 1, respectively. From the 1H NMR
data, the most characteristic peaks are seen as a singlet (1H) at over 8.70
ppm for the proton belongs to triazole ring, a singlet (2H) at around 7.50
ppm for NH2, and a singlet (2H) at around 4.75 ppm for CH2 between the
triazole ring and sulfur atom. The specific carbon signal of oxadiazole
ring is seen at around 165 ppm in the 13C NMR spectra. All spectra and
mass analyses support the structure of the synthesized compounds.

3.2. Biological evaluation

3.2.1. Inhibitory effects of the target compounds
Expanding upon the groundwork laid in our antecedent multi-target

inhibition inquiries regarding both hCAs, α-GLY, and α-AMY [88,89],
our present research endeavors encompassed a comprehensive in vitro
examination aimed at elucidating the inhibitory efficacy of a series of
novel synthesized 1,2,3-triazolylmethylthio-1,3,4-oxadiazolylbenzene-
sulfonamide derivatives (designated as 8a-m) against these prominent
metabolic enzymes. The evaluation protocols employed for this inves-
tigation relied upon the established spectrophotometric assays known as
Verpoorte’s, Tao’s, and Xiao’s methods, renowned for their reliability
and precision in assessing hCAs, α-GLY, and α-AMY inhibition,

Table 1
Inhibitory effects of the novel 1,2,3-triazolylmethylthio-1,3,4-oxadiazolylbenzenesulfonamides (8a-m) on hCA I, II isoforms, α-GLY, and α-AMY.

Compound hCA Ia hCA IIb α-GLYc α-AMYd

ID R KIe (nM) R2 KIe (nM) R2 KIe (μM) R2 IC50e (μM) R2

8a Pentyl 81.42 ± 7.37 0.9888 158.20 ± 9.73 0.9877 0.54 ± 0.06 0.9880 7.81 ± 0.51 0.9849
8b Phenyl 217.90 ± 11.81 0.9885 253.70 ± 17.70 0.9879 ND h ND h 1.15 ± 0.16 0.9933
8c 4OH-Ph 212.30 ± 13.85 0.9863 42.81 ± 3.83 0.9888 1.67 ± 0.11 0.9862 0.72 ± 0.11 0.9960
8d 4I-Ph 69.41 ± 6.85 0.9883 165.40 ± 10.85 0.9894 1.06 ± 0.10 0.9879 1.03 ± 0.08 0.9979
8e 4Br-Ph 156.60 ± 9.51 0.9889 24.36 ± 2.10 0.9893 1.52 ± 0.15 0.9867 0.85 ± 0.21 0.9807
8f 4Cl-Ph 56.01 ± 5.75 0.9875 16.44 ± 1.53 0.9883 1.05 ± 0.07 0.9880 0.88 ± 0.10 0.9950
8g 2Cl-Ph 58.48 ± 3.39 0.9888 57.79 ± 4.03 0.9863 0.98 ± 0.10 0.9866 0.16 ± 0.04 0.9988
8h 4F-Ph 43.94 ± 4.45 0.9875 70.82 ± 4.51 0.9873 0.61 ± 0.06 0.9890 0.55 ± 0.07 0.9985
8i 3F-Ph 66.16 ± 6.84 0.9868 55.11 ± 6.04 0.9859 1.02 ± 0.10 0.9874 0.17 ± 0.02 0.9989
8j 4CN-Ph 49.37 ± 4.79 0.9878 23.95 ± 2.29 0.9875 ND h ND h 0.22 ± 0.03 0.9978
8k 5Cl–2NO2-Ph 61.47 ± 5.93 0.9874 54.46 ± 5.59 0.9864 ND h ND h 0.17 ± 0.06 0.9926
8l 4SO2NH2-Ph 42.20 ± 3.90 0.9882 27.66 ± 2.50 0.9884 3.44 ± 0.29 0.9892 0.26 ± 0.02 0.9988
8m 4COOH-Ph 55.90 ± 5.38 0.9876 37.75 ± 3.52 0.9882 5.48 ± 0.50 0.9883 0.28 ± 0.02 0.9986
AAZ f – 439.17 ± 9.30 0.9990 98.28 ± 1.69 0.9992 – – – –
ACR g – – – – – 23.53 ± 2.72 0.9756 48.17 ± 2.34 0.9825

a Human carbonic anhydrase I.
b Human carbonic anhydrase II.
c α-Glycosidase.
d α-Amylase.
e Test results were expressed as means of triplicate assays ± SEM.
f Acetazolamide.
g Acarbose.
h Not determined.
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respectively. The resultant empirical observations, along with their
corresponding inhibition data, have been meticulously tabulated in
Table 1, furnishing a concise yet comprehensive depiction of the
inhibitory potential exhibited by the investigated compounds. It is
noteworthy to emphasize that acetazolamide (AAZ for hCAs) and acar-
bose (ACR for α-GLY and α-AMY), clinically employed inhibitors, were
used as reference standards throughout the course of this study, facili-
tating comparative analysis and validation of the experimental
outcomes.

Examining the inhibitory potential of the newly synthesized 1,2,3-
triazolylmethylthio-1,3,4-oxadiazolylbenzenesulfonamides 8a-m
against the two disparate hCA isoforms in light of their structural vari-
ances unveiled intriguing findings. Concerning the cytosolic isoform
hCA I, it was observed that sulfonamides 8a-m exhibited potent inhi-
bition of this isoform, with inhibition constants (KI) ranging from 42.20
± 3.90 nM to 217.90 ± 11.81 nM compared to the reference standard
AAZ (KI of 439.17 ± 9.30 nM). Notably, incorporating the 4-phenylsul-
fonamide substituent in compound 8l manifested the most favorable
inhibition constant (KI of 42.20 ± 3.90 nM). Specifically, the com-
pounds bearing the 4-fluorophenyl, 4-cyanophenyl, 4-carboxyphenyl, 4-
chlorophenyl, 2-chlorophenyl, 5-chloro-2-nitrophenyl, 3-fluorophenyl,
4-iodoyphenyl, pentyl, 4-bromophenyl, 4-hydroxyphenyl, and phenyl,
namely 8h, 8j, 8m, 8f, 8g, 8k, 8i, 8d, 8a, 8e, 8c, and 8b, respectively,
displayed the low inhibitory efficacy (KIs of 55.90 ± 5.38 nM, 56.01 ±

5.75 nM, 58.48 ± 3.39 nM, 61.47 ± 5.93 nM, 66.16 ± 6.84 nM, 69.41
± 6.85 nM, 81.42 ± 7.37 nM, 156.60 ± 9.51 nM, 212.30 ± 13.85 nM,
and 217.90 ± 11.81 nM) (Table 1).

However, it was evident that the cytosolic isoform hCA II was
effectively suppressed by sulfonamides 8a-m, with KI values spanning
the nanomolar range: 16.44 ± 1.53–253.70 ± 17.70 nM. Remarkably,
the 4-chlorophenyl substituent of compound 8f demonstrated superior
inhibitory activity (KI of 16.44 ± 1.53 nM) compared to the reference
standard AAZ (KI of 98.28 ± 1.69 nM). Nevertheless, the remaining
derivatives, except 8b, 8c, and 8e, exhibited increased inhibitory effects
towards hCA II compared to AAZ. Additionally, compound 8b, featuring
the unsubstituted phenyl motif, displayed the lowest inhibitory activity
(KI of 253.70 ± 17.70 nM), underscoring the favorability of substituting
the terminal phenyl moiety for hCA II inhibition. Namely, compounds
8j, 8e, 8l, 8m, 8c, 8k, 8i, 8g, and 8h with 4-cyanophenyl, 4-bromo-
phenyl, 4-phenylsulfonamide, 4-carboxyphenyl, 4-hydroxyphenyl, 5-
chloro-2-nitrophenyl, 3-fluorophenyl, 2-chlorophenyl, and 4-fluoro-
phenyl moieties showed the best inhibitory activities (KIs of 23.95 ±

2.29 nM, 24.36 ± 2.10 nM, 27.66 ± 2.50 nM, 37.75 ± 3.52 nM, 42.81
± 3.83 nM, 54.46 ± 5.59 nM, 55.11 ± 6.04 nM, 57.79 ± 4.03 nM, and
70.82 ± 4.51 nM, respectively) compared to AAZ (Table 1).

Furthermore, the findings concerning the α-GLY unveiled the capa-
bility of target sulfonamide derivatives 8a-m to inhibit this enzyme with
KI constants in the micromolar range (0.54 ± 0.06–5.48 ± 0.50 μM)
(Table 1). Compounds 8a, 8h, and 8g, bearing pentyl, 4-fluorophenyl,
and 2-chlorophenyl moieties, respectively, exhibited the most potent
inhibitory effects (KIs of 0.54 ± 0.06 μM, 0.61 ± 0.06 μM, and 0.98 ±

0.10 μM, respectively) compared to the reference standard ACR (KI of
23.53 ± 2.72 μM). The introduction of the carboxy group at the 4-posi-
tion of the phenyl moiety in compound 8m resulted in the least inhi-
bition towards α-GLY (KI of 5.48 ± 0.50 μM). Lastly, the kinetic data
presented in Table 1 divulged that the α-AMY enzyme was effectively
inhibited by sulfonamides 8a-m, with IC50 values in the micromolar
range (0.16 ± 0.04–7.81 ± 0.51 μM). Furthermore, the results demon-
strated that compound 8g, featuring the terminal 2-chlorophenyl tail,
exhibited most potent inhibition (IC50 of 0.16 ± 0.04 μM) to the refer-
ence standard ACR (IC50 of 48.17 ± 2.34 μM). Additionally, compounds
8i and 8k, incorporating 3-fluorophenyl and 5-chloro-2-nitrophenyl
motifs, respectively, demonstrated the similar inhibitory effects (IC50s
of 0.17 ± 0.02 μM and 0.17 ± 0.06 μM, respectively). It is noteworthy
that the bioisosteric substitution of the pentyl tail in sulfonamide 8a and
a phenyl motif in 8b resulted in a slight decrease in inhibition towards

the α-AMY; IC50s of 7.81 ± 0.51 μM and 1.15 ± 0.16 μM, respectively.

3.2.2. DPPH⋅ and ABTS+⋅ radical scavenging activity of the target
compounds

Given the centrality of oxidative stress in the pathogenesis of
generally metabolic diseases, a rigorous investigation was undertaken to
scrutinize the antioxidant potential of the newly devised and synthe-
sized 1,2,3-triazolylmethylthio-1,3,4-oxadiazolylbenzenesulfonamide
derivatives (8a-m). The primary focus of the inquiry was to assess
their efficacy in scavenging DPPH⋅ and ABTS+⋅ radicals, which represent
the benchmark techniques for evaluating antioxidant capacity. To
ensure comprehensive evaluation, these derivatives (8a-m) were tested
alongside butylated hydroxytoluene (BHT) and trolox (TRX), a water-
soluble analogue of vitamin E widely recognized as a standard posi-
tive control for antioxidants. The results, elucidated in Table 2, provided
crucial insights.

As anticipated, the scavenging efficacy of the novel compounds
exhibited a discernible dependence on their constituent functional
moieties. Notably, compounds 8b, 8d, 8f-g, 8i, and 8k-m (for DPPH⋅)
and 8l-m (for ABTS+⋅) were determined not to demonstrate radical
removal capability (IC50 > 160 μM, data not presented), while the
antioxidative potential of the remaining sulfonamides exhibited vari-
ability with the presence of various electron-withdrawing and/or
-donating functional groups in their structures. Overall, the majority of
compounds (except for 8l and 8m) under examination exhibited potent
ABTS+⋅ scavenging activity with IC50 values ranging from 21.69 ± 2.13
to 37.13 ± 3.47 μM compared to standard positive controls, BHT and
Trolox. Noteworthy among these findings is the superior performance of
compounds 8a (5.47 ± 2.80 μM), 8c (26.67 ± 3.21 μM), 8e (7.22 ±

1.43 μM), 8h (2.81 ± 1.04 μM), and 8j (2.96 ± 0.79 μM) with pentyl, 4-
hydroxyphenyl, 4-bromophenyl, 4-fluorophenyl, and 4-cyanophenyl
moieties, which outperformed even the BHT and Trolox (IC50s of
45.37 ± 4.43 μM and 44.76 ± 3.65 μM, respectively) against DPPH⋅.

3.3. In silico study

3.3.1. Molecular docking study
A comprehensive molecular docking analysis was conducted to

provide in silico insights into the measured in vitro inhibition study of
hCA II and α-GLY, juxtaposed with hCA I, in accordance with our stra-
tegic design approach. The docking experiments were meticulously
executed employing the X-ray crystallographic structures for both hCA I,

Table 2
The radical scavenging activity of novel 1,2,3-triazolylmethylthio-1,3,4-oxadia-
zolylbenzenesulfonamides (8a-m) and standard antioxidants BHT and trolox.

Compound ID DPPH⋅
Scavenginga [20 μg/ml]

ABTS+⋅
Scavenginga [20 μg/ml]

8a 5.47 ± 2.80 37.13 ± 3.47
8b NDd 28.31 ± 2.53
8c 26.67 ± 3.21 30.88 ± 3.31
8d NDd 24.27 ± 2.98
8e 7.22 ± 1.43 21.69 ± 2.13
8f NDd 24.27 ± 1.76
8g NDd 36.03 ± 3.28
8h 2.81 ± 1.04 28.68 ± 2.89
8i NDd 32.72 ± 2.06
8j 2.96 ± 0.79 29.04 ± 1.16
8k NDd 34.56 ± 2.76
8l NDd NDd

8m NDd NDd

BHT b 45.37 ± 4.43 39.34 ± 2.39e

TRX c 44.76 ± 3.65 55.15 ± 5.85d

a Test results were expressed as means of triplicate assays ± SEM.
b Butylated hydroxytoluene.
c Trolox.
d Not determined.
e At a concentration of 2 μg/ml.
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Fig. 3. Illustrates the molecular docking procedure performed on the hCA I isoform (PDB ID 1AZM) with 4-[4-({[5-(4-sulfamoylphenyl)-1,3,4-oxadiazol-2-yl]thio}
methyl)-1H-1,2,3-triazol-1-yl]benzenesulfonamide (8l), resulting in the 3D docking pose of compound 8l within the binding pocket of 1AZM, as depicted in panel A.
Subsequently, a 2D interaction diagram (shown in panel B) was generated to elucidate the specific interactions between 1AZM and compound 8l. The 3D diagram
highlights hydrogen bonds and pi-pi stacking interactions, represented by yellow and blue dashed lines, respectively, focusing on the interacting amino acids to
ensure clarity.
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Fig. 4. Illustrates the molecular docking procedure performed on the hCA II isoform (PDB ID 3HS4) with 4-[5-({[1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl]methyl}
thio)-1,3,4-oxadiazol-2-yl]benzenesulfonamid (8f), resulting in the 3D docking pose of compound 8f within the binding pocket of 3HS4, as depicted in panel A.
Subsequently, a 2D interaction diagram (shown in panel B) was generated to elucidate the specific interactions between 3HS4 and compound 8f. The 3D diagram
highlights hydrogen bonds and pi-pi stacking interactions, represented by yellow and blue dashed lines, respectively, focusing on the interacting amino acids to
ensure clarity.

Ö. Güleç et al.



Archives of Biochemistry and Biophysics 759 (2024) 110099

11

hCA II, and α-GLY, as cataloged by their respective Protein Data Bank
(PDB) IDs: 1AZM, 3HS4, and 5NN8, respectively. To validate the
robustness of the docking protocol, pose-retrieval experiments were
conducted using the co-crystal ligands AAZ (for hCAs) and ACR (for
α-GLY) against their corresponding X-ray coordinates. This procedure

verified the fidelity and accuracy of the docking setup intended for pose
prediction. Notably, all pose retrieval experiments yielded root-mean-
square deviation (RMSD) values of less than 1.5 Å, indicative of the
high precision and reliability of the docking methodology employed in
our study. Upon elucidating the docking poses of the novel 1,2,3-

Fig. 5. Illustrates the molecular docking procedure performed on the α-GLY isoform (PDB ID 5NN8) with 4-[5-{[(1-pentyl-1H-1,2,3-triazol-4-yl)methyl]thio}-1,3,4-
oxadiazol-2-yl]benzenesulfonamide (8a), resulting in the 3D docking pose of compound 8a within the binding pocket of 5NN8, as depicted in panel A. Subsequently,
a 2D interaction diagram (shown in panel B) was generated to elucidate the specific interactions between 5NN8 and compound 8a. The 3D diagram highlights
hydrogen bonds, represented by yellow dashed lines, focusing on the interacting amino acids to ensure clarity.
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triazolylmethylthio-1,3,4-oxadiazolylbenzenesulfonamides (8a-m), it
becomes apparent that the most potent competitive compounds (8l for
hCA I, 8f for hCA II, and 8a for α-GLY) engender comparable interactions
within the binding sites of hCAs and α-GLY, as illustrated in Figs. 3–5.

Notably, these sulfonamides are positioned in close proximity to the
Zn2+ ion, suggesting favorable coordination with the hCAs. Moreover,
the benzenesulfonamide groups of compounds 8l (distance of 1.75 Å)
and 8f (distance of 1.64 Å) form hydrogen-bonding interactions with
Thr199, indicating robust in silico binding of the sulfonamide head
groups. Furthermore, the amino moiety of the other sulfonamide group
exhibits hydrogen-bonding interaction with the side chain of Val62 in
hCA I (distance of 1.98 Å), further augmenting the stability of the
binding configuration. Concurrently, the oxadiazole rings of compounds
8l and 8f make pi-pi stacking with residues Phe91 and Phe131,
respectively, thus primarily fostering favorable hydrophobic contacts, as
depicted in Figs. 3 and 4. The proposed binding orientations of com-
pound 8a exhibit a congruent interaction profile within the binding site
of α-GLY and display hydrogen-bonding interactions with Asp404 and
Asp518 (distances of 2.62 and 1.86 Å, respectively), as depicted in
Fig. 5. Herein, it is noteworthy that the elongation of the linker can
precipitate other effects, such as enthalpy-entropy compensation,
wherein favorable interactions counterbalance the unfavorable internal
entropy. This phenomenon can elucidate the higher inhibition effect of
8a relative to other compounds in this series. Theoretically, the intro-
duction of more flexible congeners has the potential to augment the
internal entropy of the derivatives, albeit this augmentation may exert a
negative influence on their binding affinity towards α-GLY.

3.3.2. Physicochemical properties and ADME prediction
Determining in silico the physicochemical and pharmacokinetic at-

tributes of targeted compounds is a pivotal endeavor in novel drug
development. Thus, to assess the drug-likeness of the novel synthesized
1,2,3-triazolylmethylthio-1,3,4-oxadiazolylbenzenesulfonamide de-
rivatives (8a-m), in silico physiochemical properties and ADME (Ab-
sorption, Distribution, Metabolism, and Excretion) predictions were
conducted for all compounds employing the QikProp tool [90] and
SwissADME platform [91] with outcomes delineated in Tables S1–S4
and Fig. S1. Complying with the parameters of Lipinski’s Rule of Five
[92] and Jorgensen’s Rule of Three [93], a cardinal framework for
gauging drug-likeness and the likelihood of favorable oral absorption,
the analysis of active compounds (Table S1) revealed some have only a
solitary violation, a permissible deviation, indicative of their potential to
exhibit drug-like characteristics and feasibly manifest oral bioactivity.
Concurrent with Lipinski’s and Jorgensen’s guidelines, the assessment
of ADME parameters for these compounds was executed, with findings
detailed in Tables S2–S4. Consequently, the ensemble of active com-
pounds demonstrated commendable in silico physicochemical attributes
and ADME projections, suggesting their promising candidacy as orally
active lead molecules.

4. Conclusions

Within the scope of this investigation, we have unveiled a novel se-
ries of 1,2,3-triazolylmethylthio-1,3,4-oxadiazolylbenzenesulfonamide
derivatives (8a-m), meticulously crafted through design and synthesis
and subjected to thorough biological assessment. These compounds
were evaluated for their inhibitory potential against hCA I, hCA II,
α-GLY, and α-AMY, pivotal enzymes implicated in metabolic disorders.
Our findings illuminate a spectrum of inhibitory effects across the syn-
thesized compounds, particularly noteworthy in their impact on hCA I/
II, α-GLY, and α-AMY. Remarkably, all synthesized sulfonamides
exhibited notable inhibition of hCA I, with KI ranging from 42.20± 3.90
nM to 217.90 ± 11.81 nM, showcasing superior potency compared to
the reference standard AAZ (KI of 439.17 ± 9.30 nM). Evaluation
against hCA II revealed potent inhibition by most derivatives, with KI
constants spanning the nanomolar range (16.44 ± 1.53 nM-70.82 ±

4.51 nM). However, specific compounds (8a-b and 8d) demonstrated
reduced inhibitory potency relative to the reference drug AAZ. Notably,
compounds 8c and 8e exhibited significant selectivity towards hCA II,
underscoring the potential for isoform-specific targeting. Furthermore,
our investigations revealed potent inhibition against α-GLY and α-AMY,
pivotal in diabetes mellitus pathology. The synthesized compounds
exhibited impressive inhibition profiles against α-GLY (KIs of 0.54 ±

0.06 μM to 5.48± 0.50 μM) and α-AMY (IC50s of 0.16± 0.04 μM to 7.81
± 0.51 μM), surpassing the efficacy of the reference standard ACR.
Additionally, the compounds were evaluated for their antioxidant ac-
tivity through DPPH⋅ and ABTS+⋅ radical scavenging assays. Molecular
docking studies provided further insights into the inhibitory mecha-
nisms, elucidating the interactions within the active sites of hCA I/II,
α-GLY, and α-AMY. In summary, our study underscores the potential of
the synthesized sulfonamide derivatives as potent multi-target inhibitors
against key enzymes implicated in metabolic diseases, offering valuable
prospects for therapeutic intervention and warranting further explora-
tion in drug development endeavors.
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