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A B S T R A C T

A novel series of thiosemicarbazones derived from 4-formyl-2-nitrophenyl naphthalene-2-sulfonate is synthe
sized and assessed for inhibitory potential against human carbonic anhydrase isoforms hCA I and hCA II and 
metal chelating properties. Among the tested compounds, 6 l exhibited the most potent inhibition with (IC50 =

88.43 ± 3.25 nM) (Ki = 73.70 ± 3.47 nM) for hCA I and (IC50 = 61.82 ± 0.60 nM) (Ki = 55.22 ± 5.32 nM) for 
hCA II. Remarkably, compound 6 l exhibited greater potency than the reference drug acetazolamide (IC50 =

290.50 ± 9.12 nM for hCA I) and (IC50 = 177.03 ± 6.08 nM for hCA II). Additionally, the IC50 values of metal 
chelation for novel compounds ranged from (9.43 ± 0.80 to 75.24 ± 8.35 nM). SAR analysis indicated that 
dichlorophenyl substituent having electron withdrawing effect played a key role in enhancing inhibitory activity. 
To support these findings, molecular docking and dynamics simulations were performed to investigate the 
binding interactions and potential inhibitory mechanisms. The results highlight the significant inhibitory po
tential of the synthesized thiosemicarbazones as carbonic anhydrase inhibitors, suggesting their suitability for 
future development in treating conditions related to carbonic anhydrase disorders.

1. Introduction

Carbonic anhydrases are commonly occurring metalloenzymes in 
both eukaryotes and prokaryotes [1]. These enzymes catalyze the rapid 
conversion of CO2 into HCO3

− , a reaction essential for numerous physi
ological functions [2]. Carbonic anhydrases (CAs) play vital roles in 
various physiological processes, including pH regulation, CO2 transport, 
and cerebrospinal fluid formation [3,4]. Dysregulation of specific CA 
isoforms, particularly hCA I and hCA II, has been implicated in various 
pathological conditions, including glaucoma, obesity, epilepsy, and 
cancer-related metabolic reprogramming [5–7]. The structural diversity 
of CAs is reflected in their classification into distinct families, each 

characterized by unique features and evolutionary origins [8]. Inhibit
ing CAs holds therapeutic potential for the treatment of several diseases, 
such as glaucoma, diabetes, epilepsy and Alzheimer’s disease [6,9,10].

The carbonic anhydrase (CA) superfamily is classified into five 
distinct classes: α, β, γ, δ, and ζ [11]. Among these, hCA I and hCA II are 
important due to their roles in tissue repair, pH balance, and electrolyte 
secretion. hCA II, the most abundant isoform, is present in red blood 
cells, the gastrointestinal tract, lungs and kidneys and various cancers 
such as urothelial carcinoma and malignant brain tumors [12–14]. hCA I 
is primarily located in the gastrointestinal tract (GT) and erythrocytes 
[15].

Targeting specific CA isoforms is strongly associated with 
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therapeutic applications. CA I is a cytosolic isoform predominantly 
expressed in erythrocytes, gastrointestinal tract, and eyes. Although it 
exhibits relatively low catalytic activity compared to other isoenzymes, 
it plays an important role in maintaining acid-base balance and has been 
implicated in pathological conditions such as retinal and cerebral 
edema. Owing to its abundance in erythrocytes, CA I is selected as a 
reference isoform in inhibition studies [16]. CA II inhibitors are widely 
used in medicine due to their diuretic, anti-glaucoma, and anti-epileptic 
properties [6,17,18] and are important in managing conditions such as 
epilepsy, edema, altitude sickness, and glaucoma [12,19]. CA II in
hibitors, such as ethoxzolamide (EZA), [20] methazolamide (MZA), [21] 
and acetazolamide (AZA), [13] are effective but have limited selectivity. 
Inhibiting CA II and other isoenzymes may lead to adverse effects such as 
drowsiness, fatigue, and gastrointestinal disturbances [12,22–24].

Thiosemicarbazones (TSCs) are Schiff base ligands known for their 
structural flexibility and functional groups that enable strong binding to 
metals and DNA [25]. Their electron-donating moieties play a vital role 
in coordinating metal ions, contributing to their broad therapeutic po
tential [26]. Studies have demonstrated their biological and pharma
cological properties, including antiviral [27], antimalarial [28], 
antitumor [29–34], anti-inflammatory, and cytotoxic effects [35,36].

Aryl sulfonate esters are highly valued in research because of their 
distinctive biological activities. In synthetic chemistry, they serve as 
important building blocks and key intermediates, synthesized by the 
reaction of phenolic compounds with sulfonyl chlorides [37]. These 
compounds have exhibited a variety of pharmacological properties, such 
as antioxidant, antiviral, anticholinesterase [38,39], anticancer, and 
carbonic anhydrase inhibitory activities [40–42].

The development of dual or multi-target pharmaceuticals has 
recently attracted considerable attention in medicinal chemistry 
[43–45]. Molecular hybridization has proven particularly effective for 
designing multi-target drug candidates aimed at treating complex dis
eases [46,47].

In the present study, we adopted this strategy to synthesize potential 
inhibitors targeting both forms. Specifically, a series of 4-formyl-2-nitro
phenyl naphthalene-2-sulfonate-based thiosemicarbazones 6(a–t) were 
prepared by reacting 4-formyl-2-nitrophenyl naphthalene-2-sulfonate 

with various thiosemicarbazide derivatives. Previously reported thio
semicarbazones and sulfonate ester-based hCA inhibitors are illustrated 
in Fig. 1 [48–53].

2. Results and discussion

2.1. Chemistry

A novel series of 6(a–t) was synthesized by modifying the O–H 
group in 4-hydroxybenzaldehyde. Firstly, sonication of 4-hydroxyben
zaldehyde (1) with nitric acid was done using DCM as a solvent to 
produce 4-hydroxy-3-nitrobenzaldehyde (2). Secondly, 4-formyl-2- 
nitrophenyl naphthalene-2-sulfonate (4) was synthesized by reacting 
compound (2) with naphthalene-2-sulfonoyl chloride (3) at 0 ◦C using 
triethylamine and DMF for 1 h. Further, the corresponding thio
semicarbazones derivatives 6(a-t) were synthesized by reacting 4- 
formyl-2-nitrophenyl naphthalene-2-sulfonate (4) and substituted thio
semicarbazides 5(a–t). The synthetic pathway for the synthesis of 4- 
formyl-2-nitrophenyl naphthalene-2-sulfonate derived thio
semicarbazones 6(a-t) is illustrated in Scheme 1.

2.2. Enzyme inhibition assay

The inhibition potential of novel compounds was evaluated against 
the hCA I and hCA II enzymes using acetazolamide as standard. As 
shown in Table 1, 4-formyl-2-nitrophenyl naphthalene-2-sulfonate- 
based TSCs 6(a-t) showed significant inhibitory activity against hCA I 
and hCA II isoforms.

The newly derived compounds inhibited hCA I and hCA II efficiently 
at low nanomolar concentrations. For hCA I, IC50 values ranged from 
88.43 ± 3.25 nM (Ki = 73.70 ± 3.47 nM) to 380.07 ± 8.32 nM (Ki =

362.27 ± 11.23 nM) and hCA II from 88.43 ± 3.25 nM (Ki = 73.70 ±
3.47) to 277.37 ± 3.91 (Ki = 270.38 ± 6.18 nM). In contrast, acet
azolamide (AZA), used inhibitor with broad-spectrum activity against 
carbonic anhydrase isoforms, demonstrated comparatively lower po
tency (IC50 = 290.50 ± 9.12 nM) (Ki = 265.17 ± 14.66 nM) for hCA I 
and (IC50 = 177.03 ± 6.08 nM) (Ki = 151.41 ± 3.29 nM) for hCA II, 

Fig. 1. Reported thiosemicarbazones and aryl sulphonates derived hCA I and hCA II inhibitors.
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highlighting the greater inhibition potential of the novel compounds. 
Among all the synthesized derivatives, compound 6 l exhibited the 
strongest inhibition potential towards both hCA I and hCA II.

2.3. Structure activity relationship

SAR analysis of novel compounds 6(a-t) was primarily influenced by 
the nature of the R group attached to the thiosemicarbazone moiety. 
Their inhibitory activity was examined against the hCA I and hCA II 
isoforms. Acetazolamide (AZA) was used as reference compound, 
exhibiting IC50 values of 290.50 ± 9.12 nM (Ki = 265.17 ± 14.66 nM) 
for hCA I and IC50 value 177.03 ± 6.08 nM (Ki = 151.41 ± 3.29 nM) for 
hCA II Fig. 2.

When assessing the inhibition potential of compounds with various 

substitutions on the phenyl ring of TSC moiety, it was observed that 
nearly all derivatives showed significant inhibition compared with 
acetazolamide. For hCA I, compound 6 l (IC50 = 88.43 ± 3.25 nM) was 
more potent due to presence of moderate electron-withdrawing chloro 
groups at ortho and meta positions. Compound 6 h (IC50 = 108.60 ±
7.32 nM) exhibits higher inhibitory potential than 6f (IC50 = 113.52 ±
4.35 nM) due to intramolecular attraction. Compound 6 t (IC50 = 140.26 
± 5.91 nM) showed higher inhibitory potential compared to 6n (IC50 =

146.05 ± 5.41 nM) owing to the presence of an electron donating sub
stitution at the meta position. Compound 6n (IC50 = 146.05 ± 5.41 nM) 
demonstrated a notably lower value compared to 6o (IC50 = 179.92 ±
6.68 nM), indicating strong inhibitory potential likely due to the pres
ence of electron-withdrawing NO2 group at the meta position. Among 
the three compounds, 6j (IC50 = 167.30 ± 5.22 nM) and 6i (IC50 =

R groups in the target compounds

Scheme 1. Synthetic pathway of thiosemicarbazones derivatives 6(a-t)

Table 1 
IC50 and Ki values of novel compounds against hCA I and hCA II.

Codes IC50 (nM) Ki (nM)

Metal chelating hCA I hCA II hCA I hCA II

6a 42.06 ± 7.24 249.28 ± 6.12 166.52 ± 5.47 233.46 ± 8.64 149.86 ± 4.31
6b 47.23 ± 4.62 247.09 ± 9.31 128.46 ± 2.49 226.47 ± 8.22 117.41 ± 2.35
6c 75.24 ± 8.35 380. 07 ± 8.32 190.20 ± 5.38 362.27 ± 11.23 181.71 ± 7.06
6d 75.06 ± 5.36 212.05 ± 11.48 152.38 ± 1.43 206.53 ± 11.73 141.34 ± 3.42
6e 53.06 ± 4.02 286.47 ± 8.13 138.23 ± 2.38 221.53 ± 8.42 122.81 ± 5.12
6f 11.31 ± 0.57 113.52 ± 4.35 82.82 ± 3.24 95.62 ± 5.85 76.97 ± 3.66
6 g 51.22 ± 3.75 235.48 ± 7.23 133.35 ± 2.77 216.57 ± 11.56 129.33 ± 5.09
6 h 9.43 ± 0.80 108.60 ± 7.32 93.16 ± 2.06 100.15 ± 7.28 81.36 ± 4.05
6i 62.58 ± 5.70 174.51 ± 7.38 119.54 ± 1.02 163.41 ± 7.09 105.27 ± 4.77
6j 56.13 ± 3.21 167.30 ± 5.22 126.01 ± 1.22 158.11 ± 4.30 102.19 ± 4.42
6 k 37.09 ± 4.52 189.78 ± 6.44 126.23 ± 1.19 170.19 ± 6.91 104.01 ± 3.09
6 l 10.86 ± 0.16 88.43 ± 3.25 61.82 ± 0.60 73.70 ± 3.47 55.22 ± 5.32
6 m 14.95 ± 3.64 116.18 ± 6.23 88.15 ± 1.36 102.44 ± 4.76 73.33 ± 5.16
6n 11.14 ± 1.46 146.05 ± 5.41 123.40 ± 1.23 111.05 ± 5.30 100.27 ± 4.22
6o 13.85 ± 3.18 179.92 ± 6.68 115.62 ± 1.39 165.53 ± 7.47 106.52 ± 3.44
6p 40.37 ± 3.77 360.80 ± 6.05 275.25 ± 3.62 342.05 ± 8.87 252.43 ± 7.58
6q 67.04 ± 5.01 289.32 ± 7.59 147.35 ± 3.54 229.14 ± 6.33 134.27 ± 3.94
6r 59.34 ± 6.14 342.21 ± 9.19 170.24 ± 3.19 331.06 ± 13.21 153.59 ± 7.54
6 s 64.77 ± 5.04 368.29 ± 10.71 277.37 ± 3.91 320.23 ± 10.74 270.38 ± 6.18
6 t 45.03 ± 5.51 140.26 ± 5.91 116.73 ± 2.42 124.06 ± 5.05 107.42 ± 2.55
AZA* – 290.50 ± 9.12 177.03 ± 6.08 265.17 ± 14.66 151.41 ± 3.29
EDTA** 13.28 ± 0.98 – – – –
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174.51 ± 7.38 nM) exhibited the lowest value than 6 k (IC50 = 189.78 
± 6.44 nM) due to the presence of chloro group at para and ortho po
sitions, respectively. When examined 6d possesses strongest inhibitory 
activity (IC50 = 212.05 ± 11.48 nM), than 6 g (IC50 = 235.48 ± 7.23 
nM) and 6e (IC50 = 286.47 ± 8.13 nM) respectively. The compound 6q 
(IC50 = 289.32 ± 7.59 nM) was found to be significantly potent as 
compared to 6r (IC50 = 342.21 ± 9.19 nM) due to the presence of methyl 
groups at ortho and para positions. Compound 6p (IC50 = 360.80 ± 6.05 
nM) exhibited lower value than 6 s (IC50 = 368.29 ± 10.71 nM), indi
cating higher potency because the methyl group at ortho position causes 
less steric hindrance. The enhanced activity of 6b (IC50 = 247.09 ± 9.31 
nM) compared to 6c (IC50 = 380. 07 ± 8.32 nM) was likely due to a 
smaller methyl group causing minimal steric hindrance.

For hCA II, compound 6 l (IC50 = 61.82 ± 0.60 nM) was more potent 
due to presence of moderate electron-withdrawing chloro groups at 
ortho and meta positions. Compound 6f (IC50 = 82.82 ± 3.24 nM) ex
hibits higher inhibitory potential than 6 h (IC50 = 93.16 ± 2.06 nM) due 
to presence of benzyl group. Compound 6o (IC50 = 115.62 ± 1.39 nM) 
showed higher inhibitory potential compared to 6n (IC50 = 123.40 ±
1.23 nM) due to strong electron withdrawing NO2 substitution at para 
position. Compound 6 m (IC50 = 85.12 ± 1.36 nM) exhibited lower 
value compared to 6j (IC50 = 158.11 ± 4.30 nM), indicating strong 
inhibitory potential likely due to electronegative bromo substitution at 
para position. Among the three compounds, 6 g (IC50 = 133.35 ± 2.77 
nM) and 6e (IC50 = 138.23 ± 2.38 nM) exhibited the lowest value than 
6d (IC50 = 152.38 ± 1.43 nM) due to the presence of phenyl and benzyl 
groups, respectively. The compound 6q (IC50 = 147.35 ± 3.54 nM) was 
found to be significantly potent as compared to 6r (IC50 = 170.24 ±
3.19 nM) due to the presence of methyl groups at ortho and para posi
tions. Compound 6p (IC50 = 275.25 ± 3.62 nM) exhibited lower value 
than 6 s (IC50 = 277.37 ± 3.91 nM), indicating higher potency because 
the methyl group at ortho position causes less steric hindrance. The 
enhanced activity of 6b (IC50 = 128.46 ± 2.29 nM) compared to 6c 
(IC50 = 190.20 ± 5.38 nM) was likely due to a smaller methyl group 
causing minimal steric hindrance.

2.4. Metal chelating

Metal-chelating assay is an antioxidant method based on measuring 
the absorbance of the ferrous ion (Fe2+)-ferrozine complex after the 
addition of a test sample to a Fe2+ solution. The presence of antioxidant 
chelators is indicated by a reduction in the formation of the Fe2+-fer
rozine complex, as ferrozine only binds free Fe2+ ions, not those bound 
to other chelators. This reaction forms a red-colored chromophore with 
a measurable absorbance at 562 nm. However, a key limitation of this 
method is the competition between ferrozine and the test compounds for 
Fe2+ binding, along with differences in the stability of their respective 
Fe2+ complexes. This makes it difficult to accurately quantify weak iron 
chelators, as their chelating ability may be underestimated. Despite this, 
metal-chelating capacity is considered significant because it reduces the 

concentration of free transition metals that promote lipid peroxidation. 
Chelating agents are regarded as effective secondary antioxidants due to 
their ability to stabilize metals in their oxidized state and lower redox 
potential. In this study, EDTA was used as the reference chelator due to 
its strong metal-binding ability. As shown in Table 1, the novel com
pounds demonstrated significant iron-binding activity, which could be 
linked to their potential as lipid peroxidation inhibitors. The difference 
in activity between the control and varying concentrations (9 to 76 nM) 
of the tested compounds was statistically significant. Furthermore, the 
IC50 values of the novel compounds ranged from (9.43 ± 0.80 to 75.24 

± 8.35). In comparison, EDTA exhibited an IC50 value of 13.28 ± 0.98 
nM. Notably, several compounds (6 h: 9.43 ± 0.80 nM, 6 l: 10.86 ±
0.16 nM, 6n: 11.14 ± 1.46 nM, and 6f: 11.31 ± 0.57 nM) showed IC50 
values lower than that of EDTA, suggesting strong metal chelating po
tential. The N (iminic nitrogen) and S (thione sulfur) atoms in 4-formyl- 
2-nitrophenyl naphthalene-2-sulfonate thiosemicarbazones usually 
form bidentate chelates with metal ions. Sulfonate oxygen can also be 
used to provide tridentate coordination when needed. After condensa
tion with thiosemicarbazide, the molecule 4-formyl-2-nitrophenyl 
naphthalene-2-sulfonate yields a thiosemicarbazone derivative having 
the structure –CH=N–NH–C(S)NH2 [54]. Resonance-stabilized thio
ne–thiol tautomerism is present in this structure: 

R–CH = N–NH–C(S)NH2⇌R–CH = N–NH–C(–SH) = NH 

The S atom can readily establish a connection with the metal ion 
when the thiol form (-SH) is present. There are several important donor 
atoms in the thiosemicarbazone structure. The synthesized ligand con
tains several functional groups that contribute differently to metal 
complexation. The C=NNH–C(S)NH2 moiety serves as the main chela
tion center, with both the nitrogen (–C=NN–) and sulfur (C=S) atoms 
directly coordinating to the metal. The aldehyde group (–CHO) can 
participate indirectly by forming an imine nitrogen after condensation, 
which may also engage in coordination. The nitrophenyl group is 
generally passive, acting primarily as an electron-withdrawing group 
that reduces the electron density of the ligand without directly partici
pating in binding. Finally, the naphthalene-sulfonate moiety (–SO3

− ) can 
form ionic or coordinative interactions, particularly with alkali or 
transition metal ions, further stabilizing the complex.

2.5. Computational studies

2.5.1. Docking of hCA I inhibitors
Most active inhibitors of hCA I and hCA II (6f, 6 h, 6 l, 6 m and 6n) 

were selected for the docking studies. All compounds showed inhibition 
against both isozymes of CA. The crystal structures of hCA I and hCA II 
were downloaded from the PDB (PDB ids: 3lxe and 1a42). To validate 
the docking protocol, the co-crystallized ligand was extracted and 
docked into the enzyme, the docking conformation was able to repro
duce the experimentally observed conformation of the ligand. All 

Fig. 2. SAR of the synthesized thiosemicarbazones.
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inhibitors of hCA I were found to bind in the active site Fig. 3.
All compounds were found to have similar binding orientations in 

the active site near the zinc metal ion Fig. 4. Several recurring and 
potentially critical interactions that appear to contribute to binding af
finity and specificity were observed Table 2. Among hydrogen bonded 
interactions, Gln92 was making hydrogen bonds with the NH groups of 
6 h and 6 m, while His64 was making hydrogen bonds with the sulfone 
group oxygen atom of compound 6n and with the nitrogen atom of 6 f. 
In compounds 6f, 6 l and 6n His67 was making π-cation interactions 
with the nitro group.

The zinc metal ion of the active site was also making π-cation 
interaction with the phenyl ring of 6 h and 6 m, and with naphthyl ring 
of 6n. In compounds 6f, 6 h, 6 l and 6 m His64 was involved in pi-donor 
interaction with the aromatic phenyl and naphthyl ring. Noncovalent 
pi‑sulfur interactions were observed for compounds 6f, 6 l, 6 m and 6n 
with Hos64, His67 and His96.

One of the oxygen atoms of the nitro group of most active hCA I 
inhibitor 6 l was making a π-cation bond with His67, while the other 
oxygen atom was making an intra-molecular pi-anion contact with the 
naphthalene ring. Two pi‑sulfur bonds were observed between the sulfur 
atom of the sulfonate group and amino acids His67 and His64. The 
naphthalene ring was making pi-pi T-shaped contacts with His64 and 
His200.

The SAR analysis of hCA I inhibitors (6f–6n) reveals that the most 
potent derivatives (6 h, 6 m, 6n) share critical interactions with the 
catalytic zinc center and neighboring histidine residues (His64, His67, 
His94). The presence of halogen and sulfur substituents further en
hances binding through halogen, pi‑sulfur, and hydrophobic contacts. 
Compounds 6f and 6 l, lacked direct coordination with the zinc ion, 
instead pi-pi and pi‑sulfur interactions were observed, this is in agree
ment with their comparatively moderate activity. These results ratio
nalize the observed experimental inhibition activity and suggest that 
metal coordination, halogen bonding, and aromatic stacking mainly 
contributes to increased inhibitory activity against hCA I.

2.5.2. Docking of hCA II inhibitors
In general, no specificity towards over any one type of hCA isozyme 

(hCA I or hCA II) could be observed. In-fact, compound 6 l, that was the 
most active hCA I inhibitor was also the most active inhibitor of hCA II. 
The docking studies indicated that all compounds bind in the same area 
of the active site as the co-crystallized inhibitor Fig. 5.

Among hydrogen bonded interactions, Asn62 and Asn67 were 
making hydrogen bonds with sulfone group oxygen in compounds 6f, 6 l 
and 6 m. Another amino acid Thr200 was involved in hydrogen bond 
formation with oxygen atoms of nitro groups of compounds 6f and 6 m. 
The pi-cation interactions observed in compounds 6f, 6 h, 6 l, 6 m, 6n 
between the ligand’s amine group with an aromatic or charged system 
also seemed to stabilize the orientation of the ligands in the binding site. 
Similarly pi-anion interactions in compounds 6f, 6 h, 6 l, 6 m and 6n 
involving intramolecular interactions between the electron-rich oxygen 
and a π-system were also deemed significant for stabilizing binding site 
interactions.

Pi-alkyl interactions are non-polar stabilizing interactions signifying 
hydrophobic pocket engagement. Most ligands were found to engage 
with Val121, Val135, Pro202, Leu198 to form pi-alkyl interactions, 
additionally compound 3 h was making pi-alkyl interactions with 
Lys170. Similarly pi-pi stacking and pi-pi T-shaped interactions were 
observed for most compounds with Phe131, Trp5 and His64 Table S1. 
The interaction of sulfonamide group with the zinc metal ion of the 
active site of carbonic anhydrase is well-known and indeed most sig
nificant. However, for compounds studied herein no direct interaction of 
sulfone group with the zinc metal ion was observed, nevertheless for 
compound 6n, the terminal nitro group was in contact with the zinc 
metal ion Fig. 4.

2.6. Molecular dynamics simulation

2.6.1. Molecular dynamics simulation studies of hCA I inhibitor
The molecular dynamics simulation analyses revealed that 6 l with 

hCA I for 150 ns showed the C-α RMSD value increased from 1.25 Å to 
2.38 Å in the initial 53 ns, then decreased to around 1.7 Å till the 84 ns 
mark, then remained comparatively stable around 1.75 Å towards the 
end of the simulation. The 6 l’s lig fit on protein RMSD value increased 
to around 7.5 Å in the initial 22 ns, then remained stable around 7.5 Å 
till the 48 ns mark, then the value spiked to around 12 Å till the 61 ns 
mark, then decreased again to around 7.5 Å and found to be stable till 
the completion of simulation studies. 6 l’s lig fit lig RMSD increased up 
to 3.6 Å in the initial 65 ns, then remained stable around 3.6 Å till the 
end of the simulation period. Protein RMSF analysis showed that the 
majority of residues showed fluctuations less than 1.5 Å during the 
simulation, where relatively higher fluctuations were shown by the 
residues in the N-terminal region of the protein, with the highest value 
by Leu 19 at 2.68 Å. The total percentage of secondary structure ele
ments was 37.09 %, where alpha-helices were 9.22 % and beta-strands 
were 27.87 %. 6 l’s Ligand RMSF analysis revealed that most atoms in 
the ligand showed values around 3 Å, where relatively higher values 
between 4 and 5 Å were expressed by sulfur of thiourea and some atoms 
of the dichlorobenzene and naphthalene moieties. Protein Ligand Con
tacts showed that His 67 showed most interactions, with an interaction 
fraction around 0.8, and consisted mostly of water bridges and hydro
phobic interactions Fig. 6. Ligand Protein Contacts showed that His 67 
exhibited Pi-Pi stacking interactions with the benzene of 6 l at 52 %. 6 l’s 
torsional profile analysis revealed that most rotatable bonds showed 
stable behavior, where some relatively higher dynamic torsional 
behavior was exhibited by bonds of the nitro group and the dichloro
benzene attachment Fig. 7.

2.6.2. Molecular dynamics simulation studies of hCA II inhibitor
MD simulation results showed the C-α RMSD value with hCA II for 

150 ns for 6 l increased in the initial 38 ns from 0.9 Å to around 2.1 Å 
and then the value remained relatively stable around 2.1 Å till the end of 
the simulation. The 6 l’s lig fit on protein RMSD value remained around 
3 Å in initial 84 ns except two transient dips to around 1.5 Å between 37 
and 45 ns, then the value increased to around 5 Å and remained around 
5.2 Å till 110 ns mark, then following a transient spike to about 9.2 Å, 
the value remained around 6.5 Å till the end of the simulation. 6 l’s lig fit 
lig RMSD remained mostly around 1.6 Å, except increase to around 3.1 Å 

Fig. 3. Overlap of docked conformations of most active hCA I inhibitors 6f, 6 h, 
6 l, 6 m and 6n in the active site with the co-crystallized inhibitor (represented 
in black).
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between 98 and 111 ns. Protein’s RMSF analysis revealed that the ma
jority of residues showed values less than 2.5 Å, where relatively higher 
values were exhibited by residues in the N-terminal region. The total 
percentage of secondary structure elements was 32.86 %, where alpha- 
helices were 4.6 % and beta-strands were 28.26 %. 6 l’s Ligand RMSF 
analysis revealed that the majority of atoms showed values less than 4 Å, 
where relatively higher values between 4 and 6 Å were expressed by 
sulfur of thiourea and some atoms of the dichlorobenzene and 

naphthalene moieties. Protein Ligand Contacts showed that His94 
showed most interactions at around 1.2 interaction fraction and con
sisted mostly of water bridges and hydrophobic interactions Fig. 8. 
Ligand Protein Contacts showed that Gln92 maintained polar interac
tion at 58 % with sulfone group of 6 l, while His94 maintained polar π-π 
stacking, and π-cation interactions with naphthalene moiety at 39 % and 
70 % respectively, and Trp5 maintained π-π stacking interactions with 
dichlorobenzene moiety at 30 %. 6 l’s torsional profile analysis showed 

Fig. 4. Binding site interactions of docked conformations of compounds 6f, 6 h, 6 l, 6 m, and 6n) against hCA I (top) and against hCA II (bottom).
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that most rotatable bonds remained stable during simulation, where 
relatively higher torsional behavior was displayed by bonds of the nitro 
group and the dichlorobenzene attachment Fig. 9.

In molecular dynamics simulation studies of 6 l with hCA I and hCA 
II, it was observed that both complexes remained relatively stable during 
the respective simulations, as the protein RMSDs in both complexes 
remained below 2.5 Å and showed stability. The compound 6 l in both 
simulations, though it exhibited some movements in the first part of the 
respective simulations, however, seemed to have established a stable 
pose in both respective complexes towards the end of the simulations in 
both isozymes. In both simulations, it appeared that the sulfone moiety 
of 6 l seems to prefer its orientation towards the central zinc metal ion in 
both respective complexes. Moreover, the commonality includes the 
higher RMSF of the N-terminal residues of both proteins, and similar 6 
l’s behavior in orientation, RMSF, and torsional dynamics in both sim
ulations. Overall, both complexes seemed to have established equilib
rium as both protein and ligand RMSD values plateaued towards the end 
in both simulations, indicating stability, which was also corroborated by 
the stable pose of 6 l in both complexes to the end of the respective 
simulations.

2.7. In-silico prediction of ADME properties

In order to predict drug-likeness of compounds, ADME properties 
Swiss ADME was used. The results are given in Table S2.

Most compounds had molecular weights on the higher end 
(500–585), only compounds 6a-c had molecular weights less than 500. 
The number of rotatable bonds was also high 7–10, indicating high 
molecular flexibility which may lead to decreased membrane perme
ability and oral bioavailability, which is evident from low gastrointes
tinal absorption (GI). The number of hydrogen bond donors and 
acceptors was well within the acceptable range (HBA ≤ 10, HBD ≤ 5). 
Topological polar surface area (PTSA) of all compounds was higher than 
ideal value of 140, indicating limiting membrane permeability, which is 
reaffirmed by inability of all compounds to cross blood brain barrier 
(BBB). Except 6a, all compounds were predicted to be poorly water 
soluble. Although the ADME predictions indicate relatively low aqueous 
solubility for the synthesized thiosemicarbazones, their octanol–water 
partition coefficients are within favorable ranges, reflecting balanced 
lipophilicity. Low solubility is common for organic molecules of this 
type, and it can potentially be overcome using appropriate formulation 
strategies, including salt formation or suitable excipients, to improve 

Table 2 
Critical interactions of most active hCA I inhibitors 6f, 6 h, 6 l, 6 m and 6n that 
appear to contribute to binding affinity and specificity.

Code Interactions Type Distance 
(Å)

6f His64:He2 - Lig:N Hydrogen bond 2.34
​ Lig:C - Thr199:Og1 Carbon hydrogen bond 2.59
​ Lig:N - His67 Pi-cation 3.96
​ Thr199:Hn - Lig Pi-donor 3.20
​ Lig:S - Tyr7 Pi-Sulfur 5.02
​ Lig:S - His64 Pi-Sulfur 5.38
​ Lig:S - His96 Pi-Sulfur 3.67
​ Lig - Trp5 Pi-pi stacked 4.87
​ Lig - Trp5 Pi-pi stacked 5.03
​ Trp5 - Lig Pi-pi stacked 4.68
​ His67 - Lig Pi-pi stacked 4.79
​ His94 - Lig Pi-pi T-shaped 4.90
​ Lig - Val143 Pi-alkyl 5.30
​ Lig - Leu198 Pi-alkyl 4.63
​ Lig - Pro202 Pi-alkyl 4.81
​ Lig - Pro202 Pi-alkyl 3.91
6 h Lig:H17 - Gln92:Oe1 Hydrogen bond 2.71
​ Gln92:He22 - Lig:F1 Hydrogen bond;halogen 

(fluorine)
2.79

​ His67:Cd2 - Lig:F1 Carbon hydrogen bond 3.17
​ Zn261:Zn - Lig Pi-cation 4.45
​ His64:He2 - Lig Pi-donor 3.03
​ His94 - Lig Pi-pi stacked 3.85
​ Pro201:C,O;Pro202:N - 

Lig
Amide-pi stacked 4.50

​ Lig - Pro202 Pi-alkyl 4.56
​ Lig - Pro202 Pi-alkyl 3.89
6 l Lig:N43 - Lig Pi-cation 4.15
​ Lig:N43 - His67 Pi-cation 4.81
​ Lig:O45 - Lig Pi-anion 3.97
​ His64:He2 - Lig Pi-donor 2.45
​ Lig:S20 - His64 Pi-Sulfur 5.98
​ Lig:S20 - His67 Pi-Sulfur 5.29
​ His64 - Lig Pi-pi T-shaped 4.46
​ His64 - Lig Pi-pi T-shaped 4.42
​ His200 - Lig Pi-pi T-shaped 5.41
​ Lig - Val62 Pi-alkyl 4.84
​ Lig - Val62 Pi-alkyl 5.32
6 m Lig:H13 - Gln92:Oe1 Hydrogen bond 2.98
​ Ala132:Ca - Lig:O48 Carbon hydrogen bond 3.11
​ Zn261:Zn - Lig Pi-cation 4.68
​ His64:He2 - Lig Pi-donor 2.95
​ Lig:S11 - His64 Pi-Sulfur 5.83
​ His94 - Lig Pi-pi stacked 3.86
​ His64 - Lig Pi-pi T-shaped 4.95
​ Pro201: C, O; Pro202: N - 

Lig
Amide-pi stacked 4.71

​ Lig - Pro202 Pi-alkyl 4.36
​ Lig - Pro202 Pi-alkyl 3.91
​ Tyr7 - Lig:Br1 Pi-alkyl 5.31
​ His64 - Lig:Br1 Pi-alkyl 4.45
​ His96 - Lig:Br1 Pi-alkyl 3.96
6n Lig:N2 - Lig:O55 Attractive charge 3.24
​ Lig:N53 - Lig:O3 Attractive charge 4.37
​ His64:He2 - Lig:O31 Hydrogen bond 2.14
​ Gln92:He22 - Lig:O54 Hydrogen bond 1.76
​ Arg173:Hh21 - Lig:S17 Hydrogen bond 2.70
​ Lig:N53 - His67 Pi-cation 4.18
​ Zn261:Zn - Lig Pi-cation 3.24
​ Lig:O3 - Lig Pi-anion 3.78
​ Lig:O55 - His67 Pi-anion 4.62
​ Leu198:Cd2 - Lig Pi-sigma 3.80
​ Lig:S30 - His64 Pi-Sulfur 4.90
​ Lig - Lig Pi-pi stacked 5.37
​ His67 - Lig Pi-pi T-shaped 4.69
​ Lig - Val62 Pi-alkyl 4.44
​ Lig - Leu198 Pi-alkyl 5.43
​ Lig - Ala121 Pi-alkyl 5.29
​ Lig - Val143 Pi-alkyl 4.89

Fig. 5. Overlap of docked conformations of most active hCA II inhibitors 6f, 6 
h, 6 l, 6 m and 6n in the active site with the co-crystallized inhibitor (repre
sented in black).
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bioavailability in therapeutic applications.

3. Experimental section

3.1. Chemistry

All chemicals required for the synthesis of 4-formyl-2-nitrophenyl 
naphthalene-2-sulfonate-derived thiosemicarbazones were obtained 
from Sigma-Aldrich. Petroleum ether, ethyl acetate, glacial acetic acid, 
nitric acid, dimethylformamide, ethanol and methanol were purchased 
from Merck and used in its original form. Aluminum-backed silica plates 
were utilized to monitor the completion of reaction. 1H and 13C NMR 
spectra were recorded at 25 ◦C using a Bruker Ascend 400 MHz NMR 
spectrometer, deuterated solvent such as DMSO‑d6 (400 MHz for 1H and 
100 MHz for 13C NMR). Chemical shift (ppm) was used to represent the 
NMR spectra and coupling constant (j) were expressed in hertz (Hz) to 
describe the multiplicity of the signals.

3.2. Synthesis of 4-hydroxy-3-nitrobenzaldehyde (2)

4-Hydroxy-3-nitrobenzaldehyde (2) was synthesized by following a 
previously reported method [55]. 4-Hydroxybenzaldehyde (1) (1 mmol) 
was added to 10 mL of DCM, followed by the dropwise addition of nitric 
acid (HNO3) (1 mmol). The mixture was sonicated for 30 min. The 
progress of the reaction was monitored by thin layer chromatography, 
and the formation of yellow precipitates indicated the completion of the 
reaction. The product was filtered and washed with water.

3.3. Synthesis of 4-formyl-2-nitrophenyl naphthalene-2-sulfonate (4)

4-Formyl-2-nitrophenyl naphthalene-2-sulfonate (4) was prepared 
by following reported method [55]. 4-Hydroxy-3-nitrobenzaldehyde (2) 
(3.425 mmol) and triethylamine (3.425 mmol) were dissolved in 10 mL 
of DMF, and the mixture was stirred in an ice bath. Naphthalene-2- 
sulphonyl chloride (3) (3.425 mmol) was added to the solution. The 
reaction mixture was examined by thin layer chromatography, and after 
60 min, the reaction was quenched by adding distilled water (20 mL), 
resulting in the precipitation of the product. The precipitate was filtered, 
washed with ice cold water, dried at room temperature, and prepared for 
further analysis.

3.4. Synthesis of thiosemicarbazones 6(a-t)

Equimolar amounts of 4-formyl-2-nitrophenyl naphthalene-2- 
sulfonate (4) and thiosemicarbazides 5(a-t) were dissolved in meth
anol, 3–4 drops of acetic acid were added as a catalyst and refluxed at 
65–70 ◦C for 2–3 h. The reaction progress was examined by thin layer 
chromatography. Upon completion, the mixture was subjected to 
filtration, washed with methanol and dried at room temperature. The 
resulting compounds were characterized as follow:

(E)-4-[(2-Carbamothioylhydrazineylidene)methyl]-2-nitrophenyl 
naphthalene-2-sulfonate (6a)

Yellow solid, m.p. 231–233 ◦C, Yield 84 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 11.66 (s, 1H), 8.60 (d, J = 2.0 Hz, 1H), 8.57 (d, J = 2.1 Hz, 
1H), 8.34 (s, 1H), 8.30–8.23 (m, 3H), 8.15 (d, J = 8.2 Hz, 1H), 8.08–8.03 
(m, 2H), 7.83 (m, 2H), 7.74 (m, 1H), 7.20 (d, J = 8.6 Hz, 1H). 13C NMR 
(100 MHz, DMSO‑d6) δ 178.9, 143.9, 140.5, 138.8, 135.8, 135.4, 133.4, 
131.9, 131.3, 130.8, 130.8, 130.7, 130.3, 128.7, 128.5, 125.4, 124.0, 

Fig. 6. MD simulation studies of complex of 6 l with hCA I for 150 ns, RMSD plot; Protein RMSF graph; Ligand RMSF graph and protein ligand contacts.

K. Abbas et al.                                                                                                                                                                                                                                   Bioorganic Chemistry 167 (2025) 109243 

8 



122.7.
(E)-4-{[2-(Methylcarbamothioyl)hydrazineylidene]methyl}-2-nitro

phenyl naphthalene-2-sulfonate (6b)
Yellow solid, m.p. 218–220 ◦C, Yield 86 %. 

1H NMR (400 MHz, 
DMSO‑d6) δ 11.73 (s, 1H), 8.70 (q, J = 4.5 Hz, 1H), 8.61 (d, J = 2.0 Hz, 
1H), 8.51 (d, J = 2.1 Hz, 1H), 8.25 (dd, J = 8.5, 5.7 Hz, 2H), 8.15 (d, J =
8.2 Hz, 1H), 8.09–8.03 (m, 2H), 7.87–7.80 (m, 2H), 7.74 (m, 1H), 7.21 
(d, J = 8.6 Hz, 1H), 3.01 (d, J = 4.5 Hz, 3H). 13C NMR (100 MHz, 
DMSO‑d6) δ 178.4, 143.9, 140.5, 138.3, 135.8, 135.5, 133.2, 131.9, 
131.3, 130.9, 130.8, 130.7, 130.3, 128.7, 128.5, 125.5, 123.9, 122.7, 
31.3.

(E)-4-{[2-(sec-Butylcarbamothioyl)hydrazineylidene]methyl}-2- 
nitrophenyl naphthalene-2-sulfonate (6c)

Yellow solid, m.p. 222–224 ◦C, Yield 79 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 11.69 (s, 1H), 8.72 (t, J = 6.0 Hz, 1H), 8.61 (d, J = 1.9 Hz, 
1H), 8.48 (d, J = 2.1 Hz, 1H), 8.26 (dd, J = 8.5, 5.5 Hz, 2H), 8.15 (dd, J 
= 8.3, 1.2 Hz, 1H), 8.12 (dd, J = 8.6, 2.1 Hz, 1H), 8.07 (s, 1H), 7.87–7.81 
(m, 2H), 7.75 (m, 1H), 7.22 (d, J = 8.6 Hz, 1H), 3.40 (t, J = 6.6 Hz, 2H), 
2.02 (m, 1H), 0.89 (s, 3H), 0.87 (s, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 
177.9, 143.8, 140.6, 138.5, 135.8, 135.4, 133.1, 131.9, 131.3, 130.8, 
130.8, 130.7, 130.3, 128.7, 128.5, 125.4, 124.1, 122.7, 51.3, 28.3, 20.5.

(E)-4-{[2-(Cyclohexylcarbamothioyl)hydrazineylidene]methyl}-2- 
nitrophenyl naphthalene-2-sulfonate (6d)

Yellow solid, m.p. 234–236 ◦C, Yield 76 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 11.65 (s, 1H), 8.61 (d, J = 2.0 Hz, 1H), 8.42 (d, J = 2.1 Hz, 
1H), 8.26 (dd, J = 8.5, 5.8 Hz, 2H), 8.19–8.13 (m, 3H), 8.07 (s, 1H), 7.85 
(dd, J = 3.2, 1.7 Hz, 1H), 7.84–7.81 (m, 1H), 7.75 (m, 1H), 7.21 (d, J =
8.6 Hz, 1H), 4.24–4.12 (m, 1H), 1.86 (dd, J = 11.9, 3.9 Hz, 2H), 1.73 (m, 
2H), 1.61 (d, J = 12.4 Hz, 1H), 1.40 (m, 2H), 1.27 (m, 2H), 1.11 (m, 1H). 
13C NMR (100 MHz, DMSO‑d6) δ 176.4, 143.8, 140.6, 138.8, 135.8, 
135.2, 133.1, 131.9, 131.3, 130.9, 130.8, 130.7, 130.3, 128.7, 128.5, 
125.4, 124.4, 122.7, 53.4, 32.1, 25.6, 25.4.

(E)-4-{[2-(Benzylcarbamothioyl)hydrazineylidene]methyl}-2-nitro
phenyl naphthalene-2-sulfonate (6e)

Yellow solid, m.p. 215–217 ◦C, Yield 81 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 11.86 (s, 1H), 9.28 (t, J = 6.3 Hz, 1H), 8.60 (d, J = 2.0 Hz, 
1H), 8.51 (d, J = 2.1 Hz, 1H), 8.25 (dd, J = 8.5, 4.8 Hz, 2H), 8.15–8.08 
(m, 3H), 7.85–7.80 (m, 2H), 7.76–7.71 (m, 1H), 7.32 (d, J = 4.4 Hz, 4H), 
7.24 (p, J = 4.6 Hz, 1H), 7.19 (d, J = 8.6 Hz, 1H), 4.85 (d, J = 6.2 Hz, 
2H). 13C NMR (100 MHz, DMSO‑d6) δ 178.4, 143.8, 140.6, 139.6, 138.9, 
135.8, 135.4, 133.3, 131.9, 131.3, 130.9, 130.8, 130.7, 130.3, 128.7, 
128.6, 128.5, 127.5, 127.2, 125.4, 124.1, 122.7, 47.0.

(E)-4-{[2-((4-Fluorobenzyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6f)

Yellow solid, m.p. 208–210 ◦C, Yield 85 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 11.88 (s, 1H), 9.29 (t, J = 6.3 Hz, 1H), 8.61 (d, J = 1.9 Hz, 
1H), 8.51 (d, J = 2.1 Hz, 1H), 8.27–8.23 (m, 2H), 8.16–8.11 (m, 2H), 
8.10 (d, J = 2.2 Hz, 1H), 7.86–7.80 (m, 2H), 7.74 (m, 1H), 7.39–7.34 (m, 
2H), 7.20 (d, J = 8.6 Hz, 1H), 7.18–7.13 (m, 2H), 4.82 (d, J = 6.2 Hz, 
2H). 13C NMR (100 MHz, DMSO‑d6) δ 178.3, 162.8 (J1

C-F = 243.17 Hz), 
143.8, 140.7, 139.0, 135.8, 135.8, 135.7, 135.3, 133.3, 131.9, 131.3, 
130.8, 130.8, 130.7, 130.3, 129.5, 129.4, 128.7, 128.5, 125.4, 124.1, 
122.7, 115.4, 115.2, 46.3.

(E)-2-Nitro-4-{[2-(Phenylcarbamothioyl)hydrazineylidene]methyl} 
phenyl naphthalene-2-sulfonate (6 g)

Yellow solid, m.p. 228–230 ◦C, Yield 75 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.06 (s, 1H), 10.27 (s, 1H), 8.62 (dd, J = 5.1, 2.0 Hz, 2H), 
8.26 (dd, J = 8.4, 4.6 Hz, 2H), 8.20–8.12 (m, 3H), 7.83 (m, 2H), 7.74 (m, 
1H), 7.51–7.47 (m, 2H), 7.38 (t, J = 7.9 Hz, 2H), 7.23 (t, J = 8.2 Hz, 2H). 
13C NMR (100 MHz, DMSO‑d6) δ 177.0, 143.9, 140.7, 139.4, 139.3, 
135.8, 135.2, 133.7, 131.9, 131.3, 130.9, 130.8, 130.7, 130.3, 128.7, 
128.6, 128.5, 126.9, 126.2, 125.4, 124.3, 122.7.

(E)-4-{[2-((2-Fluorophenyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6 h)

Fig. 7. Ligand Protein Contacts, and Ligand Torsion Profile of 6 l with hCA I.
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Yellow solid, m.p. 212–214 ◦C, Yield 79 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.20 (s, 1H), 10.12 (s, 1H), 8.62 (dd, J = 6.7, 2.0 Hz, 2H), 
8.25 (dd, J = 8.4, 3.7 Hz, 2H), 8.16 (d, J = 4.3 Hz, 2H), 8.14 (t, J = 2.2 
Hz, 1H), 7.86–7.80 (m, 2H), 7.74 (m, 1H), 7.43 (m, 1H), 7.39–7.33 (m, 
1H), 7.32–7.28 (m, 1H), 7.27–7.20 (m, 2H). 13C NMR (100 MHz, 
DMSO‑d6) δ 178.3, 159.30 (J1

C-F = 248.03 Hz), 143.9, 140.8, 139.7, 
135.8, 135.2, 133.8, 131.9, 131.3, 131.1, 130.9, 130.8, 130.7, 130.3, 
128.7, 128.5, 125.5, 124.6, 124.6, 124.2, 122.7, 116.3, 116.1.

(E)-4-{[2-((2-Chlorophenyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6i)

Yellow solid, m.p. 219–221 ◦C, Yield 80 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.20 (s, 1H), 10.25 (s, 1H), 8.64 (d, J = 2.1 Hz, 1H), 8.61 
(d, J = 2.0 Hz, 1H), 8.27 (d, J = 4.3 Hz, 1H), 8.25 (d, J = 3.6 Hz, 1H), 
8.16–8.14 (m, 2H), 8.13 (d, J = 2.1 Hz, 1H), 7.83 (m, 2H), 7.74 (m, 1H), 
7.55 (m, 2H), 7.37 (m, 2H), 7.23 (d, J = 8.6 Hz, 1H). 13C NMR (100 MHz, 
DMSO‑d6) δ 177.9, 143.9, 140.8, 139.6, 137.0, 135.8, 135.2, 133.8, 
132.0, 131.9, 131.3, 131.2, 130.9, 130.8, 130.7, 130.3, 129.8, 128.8, 
128.7, 128.5, 127.7, 125.5, 124.1, 122.7.

(E)-4-{[2-((4-Chlorophenyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6j)

Yellow solid, m.p. 229–231 ◦C, Yield 84 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.14 (s, 1H), 10.28 (s, 1H), 8.61 (d, J = 2.0 Hz, 2H), 8.25 
(dd, J = 8.5, 5.3 Hz, 2H), 8.20–8.13 (m, 3H), 7.87–7.80 (m, 2H), 7.74 
(m, 1H), 7.56–7.52 (m, 2H), 7.45–7.41 (m, 2H), 7.23 (d, J = 8.6 Hz, 1H). 
13C NMR (100 MHz, DMSO‑d6) δ 177.0, 143.9, 140.8, 139.8, 138.3, 
135.8, 135.1, 133.7, 131.9, 131.3, 130.9, 130.8, 130.7, 130.3, 130.2, 
128.7, 128.5, 128.4, 125.4, 124.4, 122.7.

(E)-4-{[2-((3-Chlorophenyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6 k)

Yellow solid, m.p. 228–230 ◦C, Yield 86 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.19 (s, 1H), 10.30 (s, 1H), 8.61 (t, J = 1.7 Hz, 2H), 8.26 
(dd, J = 8.5, 5.4 Hz, 2H), 8.20 (dd, J = 8.7, 2.1 Hz, 1H), 8.18–8.13 (m, 
2H), 7.87–7.80 (m, 2H), 7.74 (m, 1H), 7.67 (t, J = 2.0 Hz, 1H), 
7.55–7.50 (m, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.29 (m, 1H), 7.24 (d, J =
8.6 Hz, 1H). 13C NMR (100 MHz, DMSO‑d6) δ 176.8, 143.9, 140.8, 
140.8, 140.0, 135.8, 135.0, 133.7, 132.6, 131.9, 131.3, 130.9, 130.8, 
130.7, 130.3, 130.1, 128.7, 128.5, 126.2, 125.8, 125.4, 125.2, 124.5, 
122.7.

(E)-4-{[2-((2,3-Dichlorophenyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6 l)

Yellow solid, m.p. 160–162 ◦C, Yield 83 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.28 (s, 1H), 10.32 (s, 1H), 8.63 (d, J = 2.1 Hz, 1H), 8.61 
(d, J = 2.0 Hz, 1H), 8.27 (d, J = 4.5 Hz, 1H), 8.24 (d, J = 3.8 Hz, 1H), 
8.17–8.15 (m, 2H), 8.13 (d, J = 1.9 Hz, 1H), 7.87–7.80 (m, 2H), 7.74 (m, 
1H), 7.62 (dd, J = 8.0, 1.6 Hz, 1H), 7.52 (dd, J = 8.0, 1.6 Hz, 1H), 7.41 
(t, J = 8.0 Hz, 1H), 7.23 (d, J = 8.6 Hz, 1H). 13C NMR (100 MHz, 
DMSO‑d6) δ 177.9, 143.9, 140.8, 139.9, 139.1, 135.8, 135.1, 133.8, 
132.2, 131.9, 131.3, 131.0, 130.9, 130.8, 130.7, 130.3, 130.1, 129.3, 
128.7, 128.5, 128.2, 125.5, 124.2, 122.7.

(E)-4-{[2-((4-Bromophenyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6 m)

Yellow solid, m.p. 227–229 ◦C, Yield 80o/o. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.15 (s, 1H), 10.27 (s, 1H), 8.61 (d, J = 2.0 Hz, 2H), 8.26 
(dd, J = 8.5, 5.3 Hz, 2H), 8.20–8.15 (m, 2H), 8.14 (s, 1H), 7.87–7.80 (m, 
2H), 7.74 (m, 1H), 7.59–7.54 (m, 2H), 7.52–7.47 (m, 2H), 7.23 (d, J =
8.6 Hz, 1H). 13C NMR (100 MHz, DMSO‑d6) δ 176.9, 143.9, 140.8, 
139.8, 138.7, 135.8, 135.1, 133.7, 131.9, 131.4, 131.3, 130.9, 130.8, 
130.7, 130.3, 128.7, 128.7, 128.5, 125.4, 124.4, 122.7, 118.4.

Fig. 8. MD simulation studies of complex of 6 l with hCA II for 150 ns, RMSD plot; Protein RMSF graph; Ligand RMSF graph and protein ligand contacts.
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(E)-2-Nitro-4-{[2-((3-Nitrophenyl)carbamothioyl)hydrazineylidene] 
methyl}phenyl naphthalene-2-sulfonate (6n)

Yellow solid, m.p. 236–238 ◦C, Yield 81 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.33 (s, 1H), 10.50 (s, 1H), 8.62 (d, J = 2.1 Hz, 2H), 8.55 
(t, J = 2.2 Hz, 1H), 8.28–8.25 (m, 2H), 8.24 (dd, J = 2.8, 1.6 Hz, 1H), 
8.21 (d, J = 3.8 Hz, 1H), 8.18–8.12 (m, 1H), 8.11–8.04 (m, 2H), 7.84 (m, 
2H), 7.75 (m, 1H), 7.67 (t, J = 8.2 Hz, 1H), 7.26 (d, J = 8.6 Hz, 1H). 13C 
NMR (100 MHz, DMSO‑d6) δ 176.9, 147.7, 143.8, 140.9, 140.5, 140.5, 
135.8, 134.9, 133.8, 132.7, 131.9, 131.3, 130.9, 130.8, 130.7, 130.3, 
129.8, 128.7, 128.5, 125.5, 124.6, 122.7, 120.6, 120.5.

(E)-2-Nitro-4-{[2-((4-Nitrophenyl)carbamothioyl)hydrazineylidene] 
methyl}phenyl naphthalene-2-sulfonate (6o)

Yellow solid, m.p. 221–223 ◦C, Yield 85 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.40 (s, 1H), 10.53 (s, 1H), 8.62 (t, J = 1.7 Hz, 2H), 
8.28–8.23 (m, 5H), 8.22 (d, J = 2.3 Hz, 1H), 8.17–8.13 (m, 1H), 
8.02–7.98 (m, 2H), 7.84 (m, 2H), 7.75 (m, 1H), 7.27 (d, J = 8.6 Hz, 1H). 
13C NMR (100 MHz, DMSO‑d6) δ 176.3, 145.6, 144.2, 143.8, 141.0, 
140.7, 135.8, 134.8, 133.8, 131.9, 131.3, 130.9, 130.8, 130.7, 130.3, 
128.7, 128.5, 125.5, 124.7, 124.2, 122.7.

(E)-2-Nitro-4-{[2-(o-Tolylcarbamothioyl)hydrazineylidene]methyl} 
phenyl naphthalene-2-sulfonate (6p)

Yellow solid, m.p. 242–244 ◦C, Yield 84 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.03 (s, 1H), 10.15 (s, 1H), 8.66 (d, J = 2.1 Hz, 1H), 8.61 
(d, J = 2.0 Hz, 1H), 8.28–8.24 (m, 2H), 8.16–8.14 (m, 2H), 8.13 (t, J =
2.0 Hz, 1H), 7.83 (m, 2H), 7.74 (m, 1H), 7.30–7.26 (m, 1H), 7.24–7.20 
(m, 4H), 2.21 (s, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 177.7, 143.9, 
140.6, 139.0, 138.4, 136.2, 135.8, 135.4, 133.7, 131.9, 131.3, 130.8, 
130.8, 130.7, 130.5, 130.3, 129.4, 128.7, 128.5, 127.4, 126.5, 125.4, 
124.0, 122.7, 18.2.

(E)-4-{[2-((2,4-Dimethylphenyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6q)

Yellow solid, m.p. 233–235 ◦C, Yield 77 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 11.98 (s, 1H), 10.07 (s, 1H), 8.63 (dd, J = 13.9, 2.0 Hz, 2H), 
8.25 (dd, J = 8.5, 3.5 Hz, 2H), 8.13 (q, J = 5.2 Hz, 3H), 7.86–7.79 (m, 

2H), 7.74 (m, 1H), 7.21 (d, J = 8.6 Hz, 1H), 7.07 (d, J = 8.0 Hz, 2H), 
7.02 (dd, J = 8.1, 2.0 Hz, 1H), 2.29 (s, 3H), 2.16 (s, 3H). 13C NMR (100 
MHz, DMSO‑d6) δ 177.8, 143.9, 140.6, 138.9, 136.5, 135.8, 135.8, 
135.8, 135.4, 133.7, 131.9, 131.3, 131.1, 130.8, 130.8, 130.7, 130.3, 
129.1, 128.7, 128.5, 127.0, 125.4, 124.0, 122.7, 21.0, 18.1.

(E)-4-{[2-((2,6-Dimethylphenyl)carbamothioyl)hydrazineylidene] 
methyl},-2-nitrophenyl naphthalene-2-sulfonate (6r)

Yellow solid, m.p. 239–241 ◦C, Yield 82 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.00 (s, 1H), 10.04 (s, 1H), 8.67 (d, J = 2.1 Hz, 1H), 8.61 
(d, J = 2.0 Hz, 1H), 8.26 (dd, J = 8.5, 3.0 Hz, 2H), 8.16–8.10 (m, 3H), 
7.86–7.80 (m, 2H), 7.74 (m, 1H), 7.21 (d, J = 8.6 Hz, 1H), 7.15–7.10 (m, 
3H), 2.17 (s, 6H). 13C NMR (100 MHz, DMSO‑d6) δ 177.5, 144.0, 140.6, 
138.9, 137.3, 136.8, 135.8, 135.4, 133.8, 131.9, 131.3, 130.8, 130.8, 
130.7, 130.3, 128.7, 128.5, 128.1, 127.5, 125.4, 123.9, 122.7, 18.4.

(E)-4-{[2-((2-Ethylphenyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6 s)

Yellow solid, m.p. 230–232 ◦C, Yield 83 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.02 (s, 1H), 10.14 (s, 1H), 8.65 (d, J = 2.1 Hz, 1H), 8.61 
(d, J = 2.0 Hz, 1H), 8.28–8.23 (m, 2H), 8.14 (m, 3H), 7.87–7.80 (m, 2H), 
7.74 (m, 1H), 7.32–7.18 (m, 5H), 2.57 (q, J = 7.6 Hz, 2H), 1.13 (t, J =
7.6 Hz, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 178.1, 143.9, 141.8, 
140.6, 139.0, 137.9, 135.8, 135.4, 133.7, 131.9, 131.3, 130.8, 130.8, 
130.7, 130.3, 129.8, 128.8, 128.7, 128.5, 127.7, 126.4, 125.4, 124.0, 
122.7, 24.5, 14.6.

(E)-4-{[2-((3-Methoxyphenyl)carbamothioyl)hydrazineylidene] 
methyl}-2-nitrophenyl naphthalene-2-sulfonate (6 t)

Yellow solid, m.p. 188–190 ◦C, Yield 78 %. 
1H NMR (400 MHz, 

DMSO‑d6) δ 12.06 (s, 1H), 10.22 (s, 1H), 8.62 (d, J = 2.0 Hz, 2H), 8.26 
(dd, J = 8.4, 5.0 Hz, 2H), 8.19 (dd, J = 8.7, 2.1 Hz, 1H), 8.15 (d, J = 8.1 
Hz, 2H), 7.87–7.80 (m, 2H), 7.74 (m, 1H), 7.28 (t, J = 8.1 Hz, 1H), 7.23 
(d, J = 8.6 Hz, 1H), 7.17 (t, J = 2.2 Hz, 1H), 7.11–7.07 (m, 1H), 6.81 (m, 
1H), 3.76 (s, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 176.8, 159.5, 143.9, 
140.7, 140.4, 139.5, 135.8, 135.2, 133.7, 131.9, 131.3, 130.9, 130.8, 
130.7, 130.3, 129.3, 128.7, 128.5, 125.4, 124.4, 122.7, 118.9, 112.4, 

Fig. 9. Ligand Protein Contacts, and Ligand Torsion Profile of 6 l with hCA II.
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111.6, 55.6.

3.5. Metal chelating assay

The metal-chelating ability was evaluated with slight modification 
based on the method described by Dinis et al. [56]. The Fe2+-binding 
capacity was determined spectrophotometrically at 562 nm. Briefly, 
three different concentrations (9–76 nM) of the test compounds dis
solved in methanol (0.4 mL) were added to a solution containing FeCl2 
(0.1 mL, 0.6 mM). The reaction was initiated by the addition of ferrozine 
solution (0.1 mL, 5 mM). The mixture was gently mixed and allowed to 
stand at room temperature for 10 min. Finally, the absorbance was 
measured at 562 nm using spectrophotometer [56].

3.6. Carbonic anhydrase activity assay

Sepharose-4B-L-Tyrosine-Sulfanilamide affinity column chromatog
raphy was used to purify the hCA isoenzymes. Sepharose-4B-L-Tyrosine- 
Sulfanilamide was employed in this method as a chromatographic assay 
matrix. In accordance with Verpoorte et al.’s [57]. description in a prior 
work, both CA isoenzyme activity was measured. The substrate that was 
employed was p-nitrophenylacetate (PNA). As explained in detail, the 
amount of protein was measured during the purification processes using 
the Bradford method. As in earlier studies [58–62] solution preparations 
and activity measurement amounts were carried out. One ϻmol of p- 
nitrophenyl acetate hydrolyzed to p-nitrophenol and acetate in one 
minute is considered one enzyme unit of CA I and II esterase activities 
[63].

4. Conclusion

In conclusion, both in vitro and in silico studies of 4-formyl-2-nitro
phenyl naphthalene-2-sulfonate-based thiosemicarbazones demon
strated their significant therapeutic potential as hCA I and hCA II 
inhibitors. The synthesized compounds demonstrated notable inhibitory 
activity, with IC50 values ranging from 88.43 ± 3.25 nM to 380.07 ±
8.32 nM for hCA I, and 88.43 ± 3.25 nM to 277.37 ± 3.91 nM for hCA II. 
Notably, 6 l exhibited the most potent inhibition, showing IC50 values of 
88.43 ± 3.25 nM for hCA I and 61.82 ± 0.60 nM for hCA II-surpassing 
the reference drug acetazolamide (IC50 = 290.50 ± 9.12 nM for hCA I 
and 177.03 ± 6.08 nM for hCA II). Molecular docking studies revealed 
strong binding interactions with key residues in the CA active site, while 
ADME predictions indicated favorable pharmacokinetic properties, 
further supporting their drug-likeness. These findings support further 
structural optimization and biological evaluation of these thio
semicarbazones as promising candidates for the development of more 
effective and selective CA inhibitors. Overall, this study serves as a 
valuable foundation for the design and development of novel enzyme 
inhibitors with potential relevance to future CA therapies. Among the 
most potent pro-oxidants in both food and pharmacological systems are 
Fe2+ ions, which readily form complexes with ferrozine. The formation 
of the ferrozine-Fe2+ complex is disrupted in the presence of Fe2+- 
chelating agents, leading to a decrease in the characteristics red color
ation of the complex. In this context, several of the synthesized com
pounds notably (6 h, 6 l, 6n, and 6f) demonstrated potential as effective 
metal chelators and could be further explored for related applications.
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P. Taslimi, İ. Gülçin, J. Mol. Struct. 1175 (2019) 906–915.
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