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ABSTRACT: Series of sulfonamide-substituted amide (9—11),
benzamide (12—15), and 1,3-disubstituted thiourea (17—26)
derivatives were synthesized from a common precursor, ie.,
substituted benzoyl chlorides. Structures of all of the synthesized
compounds were characterized by spectroscopic techniques ('H
nuclear magnetic resonance (NMR),3C NMR, and Fourier
transform infrared spectroscopy (FTIR)). All of the amide (9—
15) and thiourea (17—26) derivatives were screened against
human carbonic anhydrases, hCA-II, hCA IX, and hCA-XIL
Sulfonamide-substituted amides 9, 11, and 12 were found to be
excellent selective inhibitors with IC, values of 0.18 + 0.05, 0.17 +
0.0S, and 0.58 + 0.05 M against hCA II, hCA IX, and hCA XII,
respectively. Compound 9 was found to be highly selective for hCA
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IT and about 6-fold more potent as compared to the standard antagonist, acetazolamide. Safe toxicity profiling of the most potent and
selective compounds was determined against normal BHK-21 and HEK-293 T cells. Molecular docking studies were performed,
which described the type of interactions between the synthesized compounds and enzyme proteins. In addition, in silico absorption,
distribution, metabolism, and excretion (ADME) studies were performed, which showed that all of the synthesized molecules

tulfilled the druggability criteria.

1. INTRODUCTION

Human carbonic anhydrases (EC 4.2.1.1, hCAs) are zinc-
containing metalloenzymes found in numerous living organ-
isms, and they catalyze the reversible hydration of carbon
dioxide (CO,) to proton (H*) and bicarbonate (HCO;)."”
Carbonic anhydrases (CAs) are involved in various physio-
logical processes associated with the transport of CO,/
bicarbonate in homeostasis, electrolyte secretion in a variety
of tissues/organs, and biosynthetic reactions such as gluconeo-
genesis, ureagenesis, lipogenesis, respiration, calcification, bone
resorption, and oncogenesis.l’

There are eight genetically nonrelated families of CAs (a-,
P~ v+ 6, £ 1-, 6-, and 1-CA) recognized to date.>* Among the
human carbonic anhydrases, hCA-II plays an important role in
angiogenesis through vascular endothelial growth factor
receptor (VEGFR) signaling.” Human carbonic anhydrases
(hCA) IX and XII are tumor-associated CAs that belong to the
a-family,”” and the overexpression of human carbonic
anhydrase IX (hCA IX) and XII leads to various tumors.
However, CA IX may act as a therapeutic and diagnostic
biomarker for solid hypoxic tumors, whereas hCA XII is found
in normal tissues and its overexpressmn is associated with
certain types of noncombative tumors.*” Human carbonic
anhydrase (hCA) IX and hCA XII isoforms have been reported
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as drug targets in various pathologies of cancers and metastasis,
where both isoforms play a significant role in the growth,
invasion, and migration of tumors.'’~"> The vitality of these
isoforms has attracted many medicinal chemists to develop
selective inhibitors of these isoforms for anticancer drug
development.

The overexpression of CAs could result in multiple diseases,
including epilepsy, obesity, glaucoma, and various cancers.'”"*
Therefore, inhibition of CAs could be a potential therapeutic
target to reduce its hyperactivity in relevant disorders.” o116

Acetazolamide (1), dorzolamide (2), and brinzolamide (3)
are commercially available CA standard inhibitors that have
clinical applications. Nonselective inhibition by the reported
CA inhibitors leads to serious undesirable side effects.
Therefore, it is imperative to develop selective carbomc
anhydrase inhibitors for the specific CA isoform.*” It was
reported that phenols, aryl- or alkyl-substituted carboxylic
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Figure 1. Chemical structures of standard inhibitors: (1—4) sulfonamide derivatives of CA-II and CA-IX and (5) potent inhibitor of thiourea

derivative of CA-IX.

Scheme 1. Synthesis of Sulfonamide-Substituted Amides (9—11)

NH,

R,
o 2

cl 8a-b

R,

0°C, 3-4 h stirring
6-7

R
Diethylamine, CHCl;

Tz

1

9. Ry:3,4-diOCH;, R,:3-SO,NH,
10.R,: 3,5-diCH;, R,:3-SO,NH,
11.R;: 3,5-diCH;, R,:5-Cl 2,4-diSO,NH,

acids, sulfonamides, sulfamoyl carbamates, and sulfamides may
act as CA inhibitors.”” Among the known hCA inhibitors
(CAIs), sulfonamide-based compounds have been reported as
potent inhibitors because deprotonated nitrogen atoms of
sulfonamide moiety bind with the catalytic zinc ion at the
active site, thus blocking its enzymatic activity.'’~>* Deriva-
tives of sulfonamide also exhibit numerous biological activities,
i.e., anticancer, antimicrobial, antiplatelet, and anti-inflamma-
tory.”” Thiourea derivatives have been reported to have
biological significance such as antibacterial, antifungal,
insecticidal, anticancer, and anti-cholinesterase hCA IX
inhibition activities.”* Primary sulfonamide and thiourea
hybrids have been reported with fascinating pharmacological
effects; among them, compound 4 was found standard
inhibitor of hCA-I,>**° while compound § was found potent
a CA IX inhibitor”” (Figure 1).

In continuation of our previous work,”® we synthesized
secondary sulfonamides and screened for their inhibitory
potential toward hCA II/IX/XII In the present study, we have
synthesized the sulfonamide-substituted benzamides (9—11),
substituted benzamides (12—15), and 1,3-diarylthioureas
(17—26). All of the synthesized compounds were analyzed
for their CA inhibition activities toward hCA II, hCA IX, and
hCA XII. Based on the screening assay, structure—activity
relationships (SARs) were established, indicating the signifi-
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cance of functional moieties in the structure of synthesized
derivatives. In addition, in silico studies and cytotoxicity or cell
availability assay were performed for further confirmation to
explore their safety profile against normal cells and their
significance toward the development of effective treatment for
various cancers.

2. RESULTS AND DISCUSSION

2.1. Chemistry. Synthesis of our desired sulfonamide-
substituted benzamides (9—11) was carried out by stirring
substituted acid chlorides (6—7) with sulfonamide-substituted
anilines (8a—b) at 0 °C in basic media for 3—4 h (Scheme 1).

FT-IR data of compounds 9—11 showed the signal for the
CONH group in the range of 1635—1690 cm™" that indicated
the amide formation. For further structure confirmations,
NMR spectroscopic techniques were used. In 'H NMR
spectra, the appearance of singlet at 6 9.03—10.44 ppm, in
addition to the characteristic signals of aromatic protons and
sulfonamides groups, confirmed the synthesis of sulfonamide-
substituted benzamides (9—11). The appearance of the
CONH signal at 165.2—167.2 ppm further confirmed amide
bond formation. The purity of the compound was determined
by HPLC. The physical data of compounds (9—11) are
presented in Table 1.
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Table 1. Physical Data of Compounds 9—11

compound yield (%) M.P. (°C) color R¢
9 84 217-219 light yellow 0.4
10 77 220-222 light yellow 04"
11 73 212-214 dark yellow 0.5

“y-hexane/EtOAc = 1:4. ®n-hexane/EtOAc = 3:2.

For the synthesis of our desired product substituted
benzamides (12—15), substituted acid chlorides (6—7) were
stirred with substituted anilines (8c—f) at 0 °C in basic media
for 3—4 h (Scheme 2).

In the FT-IR spectrum of the compounds (12—15), the
appearance of the CONH signal in the range of 3290—3315
cm™! indicated the NH stretching, while stretching bands at
1622—1690 cm ™! indicated NHC=O0, confirming amide bond
formation. For further structure confirmations, the NMR
spectroscopic technique was used. In '"H NMR, the appearance
of singlet at 6 9.09—11.54 ppm in addition to the characteristic
signals of amide groups confirmed the synthesis of substituted
benzamides (12—15). The appearance of the CONH signal at
164.9—168.6 ppm in *C NMR further confirmed amide bond
formation. The purity of the compounds was checked by
HPLC, and physical data of compounds (12—15) are
presented in Table 2.

Compounds (17—26) were synthesized by following the
synthetic Scheme 3 to obtain 1-aroyl-3-aryl thiourea
derivatives. In situ condensation of freshly prepared benzoyl
chlorides (6—7) with potassium thiocyanate (KSCN) was
carried out to obtain pale yellow precipitates of benzyol
isothiocyanate (16a—b). The addition of 1 equiv of substituted
anilines (8a,c—f) in the reaction mixture led to the synthesis of
1-aroyl-3-aryl thioureas (17—26) in good yield (Table 3).

According to the FT-IR spectra, stretching bands that
appeared in the range of 3290—3450 cm™' for the NH group,
at 1480—1780 cm™" for the (C=0) group, and at 1005—1090
cm™! for the (C=S) group confirmed that 1-aroyl-3-
arylthiourea derivatives have been synthesized. '"H NMR data
showed the appearance of characteristic signals for NH protons
of NHCSNH groups at § 8.36—11.55 ppm (CONH) and §
10.56—13.08 ppm (CSNH). In the *C NMR spectrum, the
characteristic peaks of the thiourea appear in the region of 6
175—180 ppm for thiocarbonyl carbon (C=S) and & 164—
170 ppm for carbonyl carbon. These two signals confirmed the
formation of thiourea and amide linkage between the aromatic
acid and the aniline ring. The purity of the compounds was

Table 2. Physical Data of Compounds (12—15)

compound yield (%) M.P. (°C) color R¢
12 54 256—258 light brown 0.4°
13 78 237-239 yellow 0.5°
14 71 155—157 brown 0.4°
15 60 180—182 dark brown 0.5"

“n-hexane/EtOAc = 1:4. bn-hexane/ EtOAc = 3:2.

checked by HPLC. Physical data of compounds (17—26) are
presented in Table 3.

2.2. Carbonic Anhydrase Inhibition Activity. The
newly synthesized sulfonamide-substituted amides (9—11),
benzamides (12—15), and 1,3-disubstituted thioureas (17—
26) were screened for their CA inhibitory potency against the
human CA isoforms including hCA II, hCA IX, and CA XII,
which have been defined as drug targets.29 Acetazolamide
(AAZ) was used as the standard inhibitor of CA, and the
results are summarized in Table 4. The inhibition exhibited by
the screened compounds was compared with standard
inhibitors, and SAR was established on the nature of the
compounds and moieties attached to them. All of the
compounds exhibited significant inhibition toward the
prevalent cytosolic isoform of hCA-II in the range of 0.18—
4.45 uM. Compounds 09, 22, and 25 (with ICy, value = 0.18
+ 0.05, 0.26 + 0.03, and 0.38 + 0.09 uM, respectively) were
found to be more potent CA inhibitors when compared with
the standard drug. In compounds 09 and 22, the methoxy
(OCH,;) group is present at the para and meta positions of ring
A. In the case of compound 09, the sulfonamide group
(SO,NH,) is present at the m-position as well, while
compound 22 contains the chloro group at the para position
and the nitro group at the m-position of ring B. Similarly,
compound 25 has methyl groups at the o- and p-positions of A
ring, while free carboxylic acid is present at the para position of
B ring, as shown in Figure 5. Compound 10 is also considered
a good inhibitor with an ICg, value of 0.93 + 0.0S M against
hCA-1I, having methyl (CH;) and sulfonamide groups
(SO,NH,) at the m-position on rings A and B, respectively.
It is considered that the activity of compound 10 might be less
than that of the other sulfonamide analogues due to the
replacement of the functionalities of methoxy (OCH,) with
methyl (CH;). Compounds 11, 15, 19, and 24 showed
inhibitions with ICy, values of 1.185 + 0.143, 1.93 + 0.15,
0.725 + 0.068, and 1.24 + 0.96 uM, respectively, and their
inhibition is found to be equivalent to standard drug.
Compounds 14, 17, 18, and 26 exhibited moderate inhibition,

Scheme 2. Synthesis of Substituted Amides (12—15)

NH,
R,
o 2
. cl 8c-f N
! Diethylamine, CHCl; !

0 °C, 3-4 h stirring
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12.R;: 3,5-diOCH;, Ry:3,5-diCl, 4-OH
13.R;: 3,5-diCH;, R,:3-CO,H
14.R;: 3,5-diCH;, R,:2-Cl, 5-NO,
15.R;: 3,5-diCH;, Ry:3-Br, 5-CF,
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Scheme 3. Synthesis of 1,3-Diarylthiourea (17—26)

0 (0]
R]~©)\ cl KSCN/acetone R
T .
1

6-7 16a-b

N=C=8 8a, c-f

NH,

R, O s
M Rz
N N
H H

R

Dry acetone

17. R;: 3,5-diOCH;, Ry:2,4-diSO,NH,, 5-CI
18. R: 3,5-diOCH;, Ry: 4-CO,H

19. R;: 3,5-diOCH;, R,:2-Br, 6-C1,4-NO,
20.R;: 3,5-diOCH;, R,: 2-OH

21.R;: 3,5-diOCH;, R,: 3-CO,H

22.R;: 3,5-diOCH;, R,: 2-Cl, 5-NO,
23.R;: 3,5-diOCH;, R,: 3-Br, 5-CF;
24.R:3,5-diCH;, R,:2-OH
25.R;:3,5-diCH;, Ry: 4-CO,H

26.R,: 3,5-diCH;, Ry:3,5-diCl, 4-OH

Table 3. Physical Data of Synthesized Compounds (17—26)

compound yield (%) M.P. (°C) color R¢
17 74 213-215 brown 03"
18 88 238-240 light yeuow 0.2°
19 89 176178 yellow 0.6°
20 76 203-20S8 off white 0.4°
21 87 227-229 off white 0.4
22 82 176—178 yellow 0.3¢
23 81 208-210 off white 0.5
24 79 256—258 light brown 0.4
25 87 228-230 dark brown 0.4°
26 84 227-229 off white 04"

“y-hexane/EtOAc = 1:4. Pn-hexane/EtOAc = 3:2. “n-hexane/EtOAc
= 3.7. “n-hexane/EtOAc = 7:3. “n-hexane/EtOAc = 4:1.

Table 4. IC, of hCA II and hCA IX and % Inhibition”

ICyo + SEM (M) and % inhibition

compounds hCA 11 hCA IX hCA XII
9 0.18 + 0.05 22.31% 37.49%
10 0.93 + 0.0S 14.58 + 1.07 9.17 + 0.85
11 1.18 + 0.14 0.17 + 0.0 299 + 032
12 34.31% 32.14% 0.58 + 0.06
13 32.70% 10.36 + 1.45 37.78%
14 6.49 + 0.63 16.13% 0.95 + 0.08
15 193 + 0.1§ 47.23% 1.0S + 0.11
17 11.51 + 0.16 1.71 + 0.65 44.48%
18 4.17 + 0.29 0.21 + 0.09 1.68 + 0.15
19 0.72 + 0.06 1.01 + 0.05 38.14%
20 9.73% 29.21% 40.81%
21 20.34% 45.42% 36.70%
22 0.26 + 0.03 493 + 1.83 429 + 0.24
23 13.28% 28.21% 35.76%
24 1.24 + 0.96 1.25 + 0.02 9.90 + 0.66
25 0.38 + 0.01 9.76 + 1.03 43.91%
26 445 + 0.11 1.28 + 0.09 2.02 £ 0.28
acetazolamide 1.19 + 0.04 1.08 + 0.02 1.55 £0.03

“All of the reported results are the mean of three independent
experiments and compounds showing >50% inhibition were further
analyzed for the IC; value at different dilutions. The IC, values were
calculated through nonlinear regression analysis using GraphPad
Prism version 8. SEM = standard error mean.

while compounds 12, 20, 21, and 23 did not show any
inhibition toward CA.

All of the compounds exhibited adequate inhibition toward
tumor-associated isoforms hCA-IX and hCA-XII, with the
inhibition constant ranging from 0.17 to 14.58 M. Among the
synthesized derivatives, compound 11 with an ICy, value of
0.17 + 0.05 uM was found to be a more potent hCA-IX
inhibitor due to the electron-donating effect of the methyl
substituent at the m-position on ring A and sulfonamide
substituents at the o- and p-positions while the chloro group at
the m-position of ring B.”> Compound 18 exhibited inhibition
with an IC;, value of 0.21 + 0.09 uM due to the presence of a
methoxy substituent on ring A and a free carboxylic acidic
group at the para position on ring B. Compounds 10, 13, 17,
19, 24, 22, 25, and 26 exhibited good inhibition with ICj,
values of 14.58, 10.36, 1.71, 1.01, 1.25, 4.93, 9.76, and 1.28
UM, respectively, compared with that of the standard inhibitor.
The rest of the compounds showed moderate or no inhibition
activity. By looking at the CA inhibition activity and
substitution pattern, it was found that compounds having
electron-withdrawing groups substituted on their B ring
exhibited excellent inhibition than compounds having
electron-donating groups on B rings.”'

Compounds 12 and 18 with the ICs, values of 0.58 + 0.06
and 1.68 =+ 0.15, respectively, were found to be potent
inhibitors of hCA IX. In the case of thiourea, nonselectivity
was observed between the two isoforms, while in the case of
amide, selectivity was observed. Compounds 12 and 14 were
found to be potent and selective inhibitors of hCA-XII
containing the electron-donating OCHj group at the m- and p-
position of their ring A and two halogens (ClI) at the meta (m)
and one hydroxyl (OH) group at the para position (p) on ring
B, responsible for the better activity of the compound. The
structure—activity relationship (SAR) from inhibition activity
data showed that the amide derivatives were selective toward
hCA-II, hCA-IX, and hCA-XII (shown in Figure 2).

2.3. Docking Studies of Human Carbonic Anhydrase
I and IX Inhibitors. Molecular modeling studies were
conducted on human carbonic anhydrase CA 1I (PDB:
3V7X), hCA-IX (PDB: SFL4), and hCA-XII (PDB: SMSA)
enzymes. The relative selectivity and potency of our designed
analogues were analyzed to clarify the trends observed and to
ensure the accuracy and efficiency of modeling studies. For
this, 3D structures of the enzymes were downloaded from the

https://doi.org/10.1021/acsomega.2c06513
ACS Omega 2022, 7, 47251-47264
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Figure 2. Structures of potent CA inhibitors contain amide and thiourea moieties.

THR1199 THR1200 PRO1202

\/’A

LEU1198

Compound 09

AL142

VALI21

Compound 11

Figure 3. Possible binding mode of inhibitor 9 inside CA-II and compound 11 inside the CA-IX active pocket.

PDB server’ https://www.rcsb.org/. A high-resolution crystal
structure of hCA II, hCA IX, and hCA XII with 1.03, 1.8, and
1.2 A were selected for the in silico studies of potent inhibitors.
The crystal structure of hCA II contains the co-crystallized
ligand N [2-(3,4-dimethoxyphenyl)ethyl]-4-sulfamoylbenza-
mide in its active site. The crystal structure of both hCA IX
and hCA XII contains a homotetramer chain; therefore, chain
A was selected for docking studies, which contain co-

crystallized ligands S-(1-naphthalen-1-yl-1,2,3-triazol-4-yl) thi-
ophene-2-sulfonamide (9FK) and 2,3,5,6-tetrafluoro-4-
(propylthio)benzenesulfonamide 3TV. The crystal structure
of co-crystallized ligands was selected as a reference for
docking, and the docking protocol was validated after
successfully reproducing the co-crystallized pose. The RMSD
values for the reference ligand of hCA II, hCA IX, and hCA XII

https://doi.org/10.1021/acsomega.2c06513
ACS Omega 2022, 7, 47251-47264
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Figure S. Possible binding mode of inhibitor 22 inside hCA II and compound 18 inside the hCA IX active pocket.

were found to be 0.58, 0.83, and 1.19 A, respectively, using
MOE, LeadIT, and SeeSAR software.

Compounds 09 and 11 were docked inside the active pocket
of hCA II and hCA IX. The HYDE assessment scores of the
potent inhibitors were —44 and —38 kJ mol™’, which was
comparable to the reference co-crystallized ligand. The
cofactor (Zn**) binds with the deprotonated nitrogen (N) of
primary sulfonamide to form a complex within the active side
through a bond distance of 2.06 A. Thr199 and Thr200 bind as
a H-bond donor with the O atom of the SO,NH, group with
bond distances of 2.22 and 1.82 A, respectively. Similarly,
Vall21, Pro, and Leul98 show m-alkyl and carbon—hydrogen
bond interactions with the aromatic ring of compound 09.

The leading interaction is represented by coordination
between the nitrogen (N) of the SO,NH, with the Zn*™* ion
with a bond distance of 2.16 A. Thr200 and Thr201 both bind
with the oxygen atoms of the sulfonamide moiety with bond
distances of 1.94 and 2.06 A, respectively, while GIn92 also
forms H-bonding with the carbonyl oxygen of amide via a

47256

bond distance of 1.74 A; similarly, Val130, Leu91, and
Val142,121 show s-alkyl and carbon—hydrogen bond inter-
actions with compound 11 (Figure 3).

The HYDE assessment scores for compounds 15 and 13
were —25 and —24 kJ mol™". The conventional hydrogen bond
was observed between GIn71 and the carbonyl of compound
13 with a bond distance of 2.22 A. 7—x stacking was observed
between His94 and synthesized compound 13 via a bond
distance of 3.75 A. The residues His96 and Leull showed 7-
alkyl interactions with the compounds having bond distances
of 5.48 and 5.03 A, respectively (Figure 4).

Among the thiourea derivatives, the most potent inhibitors
were docked against hCA-II and hCA-IX. The HYDE
assessment scores of the potent inhibitors were —28 and
—24 kJ mol ™!, respectively. The sulfur atom of compound 22
interacts with the proton of Asn66 via a bond distance of 2.2 A.
The Trp90 residue interacts through s—sulfur interactions
with a bond distance of 4.91 A. Leul99 and Vall121 interact
with the 7-system of compound 22 through a bond distance of
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Figure 6. Interaction of compound 12 with hCA XII and compound 18 in the active pocket of hCA XII

Table S. Evaluation of Synthesized Compounds Using In Silico ADME

no. of H-bond no. of H-bond
compounds MwW acceptors donors WLOGP

9 336.36 6 2 2.49
10 304.36 4 2 3.09
11 417.89 7 3 3.47
12 342.17 4 2 3.78
13 269.3 3 2 3.06
14 304.73 3 1 3.93
15 372.18 4 1 6.3

17 508.98 9 4 2.75
18 360.38 S 3 2.34
19 474.71 S 2 4.49
20 332.37 4 3 2.35
21 358.41 4 2 2.84
22 395.82 S 2 32

23 463.27 6 2 5.57
24 300.38 2 3 295
25 328.39 3 3 2.94
26 369.27 2 3 425

GI BBB Lipinski no. of PAINS no. of
absorption permeant violations alerts
high no 0 0
high no 0
low no 0 0
high yes 0 0
high yes 0 0
high yes 0 0
high no 1 0
low no 2 0
high no 0 0
low no 0 0
high no 0 0
high no 0 0
low no 0 0
high no 0 0
high no 0 0
high no 0 0
high no 0 0

4.79 and 4.44 A, respectively. His94 shows z—z interactions
with a bond distance of 4.70 A. Thr200 shows conventional
hydrogen bond interaction with compound 18 via a bond
distance of 2.20 A. The carbon—hydrogen interactions
observed between His94, Pro202, Phe70, and Glu69 with
compound 18 show bond distances of 2.60, 2.64, 2.54, and
2.89 A, respectively. LeuS7 and Leu91 interact with compound
18 through alkyl and 7-alkyl interactions with bond distances
of 5.03 and 5.35 A, respectively. Glu69 interacts through z-
anion interactions with a bond distance of 3.33 A (Figure S).

Within the hCA XII active site, the most active compounds
were docked, and the binding affinity of both compounds was
—27 and —3S kJ mol™". Compound 12 showed potential H-
bond with His 93, while Thr199 and Pro 200 form H-bonding
through water molecule with the NH of the amide. Leul97
and 139, Val 197,141,206, and Trp206 show van der Waals
interactions. Compound 18 forms H-bond with Thr200 and
GIn71 with a bond distance of 2.93 and 4.24 A, respectively.
Zn metal complexed with the oxygen atom of carbonyl moiety

47257

(C=0) with a bond distance of 1.88 A. Leul99 shows H-
arene interactions with the phenyl ring with a distance of 3.7 A
(Figure 6).

2.4. Pharmacokinetic Studies. Many potential enzyme
inhibitors have poor pharmacokinetic properties, making it
difficult for them to reach clinical trials. To understand the
basic properties, it is necessary to study the pharmacokinetics
of compounds. Using in silico techniques, a web-based module
called SwissADME was used to obtain the absorption,
distribution, metabolism, and excretion profiles (ADME
profile) of synthesized molecules 09—15 and 17—26. The
resulting data are summarized in Table 5. SwissADME was
used to predict the absorption of a compound passively
through the gastrointestinal tract (GI).””>® SwissADME
includes a highly intuitive method known as the boiled-egg
plot. The egg-shaped plot provides an overview of the
gastrointestinal absorption of the compound. The white part
of the egg represents the gastrointestinal absorption of the new
compound, while the yolk portion represents its BBB

https://doi.org/10.1021/acsomega.2c06513
ACS Omega 2022, 7, 47251-47264


https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

15
(o]
23
(o]
19
26 o
(]
12 © 11
% 10 25 22 )
1% 214°° & 180
21 0009 o
20

Figure 7. Boiled-egg plot of thiourea derivates and amide derivatives.

Table 6. Analysis of Selective and Potent Compounds at a Final Concentration (100 gM) Cell Viability in BHK-21 and HEK-

293 Normal Cells Compared to Untreated Control and Cisplatin (a Cytotoxic Agent)

% cell viability + SD % cytotoxicity + SD

% cell viability + SD % cytotoxicity & SD

samples (BHK-21 cells) (BHK-21 cells) (HEK-293 T cells) (HEK-293 T cells)
control 100 0 100 0

9 98 + 0.06 1.8 + 0.06 72 £ 0.2 27.0 £ 0.2
10 34+ 0.1 65.70 + 0.07 86 + 0.3 14 + 0.010
11 48 + 0.06 S1 + 0.005 72 + 0.6 27 + 0.06
12 35 + 0.08 64 + 0.03 73 + 0.1 26.6 + 0.06
13 94 + 0.2 05.50 + 0.23 86 + 0.6 14 £+ 0.09
14 47 + 0.09 52 + 0.14 85 £ 0.10 15 £ 04
15 48 + 0.04 512 £ 023 82 + 0.6 18 + 0.6
17 97 + 0.0 2.16 + 0.05 97 £ 0.3 03 £+ 0.04
18 59 + 0.03 40.7 + 0.04 75.+ 0.5 24 + 0.07
19 85+ 0.2 14.7 + 0.01 49 + 0.6 50 + 0.08
20 4S5 + 0.09 54.6 £ 0.02 86 + 0.07 13 + 0.03
21 48 £ 0.1 S1.5 + 0.06 86 + 0.6 13 £+ 0.05
22 39 + 0.08 60.0 + 0.05 91 + 0.6 09 + 0.050
23 34+ 0.1 65.0 + 0.06 74 + 0.4 26 + 0.06
24 56 + 0.2 43.8 + 0.01 81 + 0.1 18 + 0.03
25 95 + 0.0 04.3 + 0.09 98 + 0.6 02 + 0.02
26 59 + 0.01 40.70 +£ 0.1 98 + 0.4 02 + 0.06
cisplatin 21.0 £+ 0.04 78.0 + 0.06 23 + 0.8 77 £ 0.09

penetration. Based on the plot, none of the synthesized
compounds can penetrate the BBB, but all can cross the
gastrointestinal tract, representing good oral absorption
(Figure 6).

All scaffolds were consistent with Lipinski’s rule of drug-
likeness.”* Furthermore, the PAINS alerts (Pan-assay interfer-
ence compounds) filter was used to assess the promiscuity of
the prepared hits. All of the tested compounds (Table S)
showed druggable properties with no PAINS alerts except for
compound 17. In addition, all of the compounds showed high
gastrointestinal absorption and topological polar surfaces

ranging from 113.17 to 92.69 A. As a result of all of these
parameters, it can be predicted that synthesized hits could
serve as potentially promising agents for the oral treatment of
diseases caused by the overexpression of carbonic anhydrase.

2.5. Cell Viability Assay. For evaluating the cell viability/
cytotoxicity, the 3-(4,S-dimethylthiazol-2-yl)-2,5-diphenyl-tet-
razolium bromide (MTT) assay was performed against BHK-
21 and HEK-293 T normal cells.”* Comparing the most
selective and potent compounds, the cell viability or safety
profiling of compounds 09—15 and 17—26 was determined.
All compounds were screened at a final concentration of 100
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Figure 8. Analysis of cell viability/cytotoxicity using BHK-21 normal cells treated with compounds 1—17 at a final concentration of 100 uM.
Statistics indicating significant values *p < 0.05, **p < 0.01, ***p < 0.001 vs the untreated group. Cisplatin (100 #M) is used as a positive control.

uM (Figure 7 and Table 6). The results were compared with
the standard drug cisplatin. Most of the compounds were
found to be noncytotoxic and safe at 100 M concentration.

Compounds 09, 23, 25, and 13 showed the highest cell
viability profile of more than 90% in BHK-21 cells, while 09,
22, 25, and 26 showed the highest safety profile/viability in
HEK-293 T cells (>90%) compared to the control after 24—48
h incubation, followed by cisplatin cell viability in BHK-21
(21%) and HEK-293 (23%) T cells compared to the control
after 24—48 h incubation. However, compounds 12, 22, 23,
and 10 showed the lowest cell viability in BHK-293 normal
cells but expressed the highest cell viability in HEK-293 T
compared to the untreated control. So, it is concluded that
these selective and potent compounds could be evaluated for
any bioassays (Figure 8).

3. CONCLUSIONS

Synthesis of sulfonamide-substituted amides (9—11), benza-
mides (12—15), and 1,3-disubstituted thioureas (17—26) was
carried out to check their potential role as selective CA
inhibitors. It was found that compounds 9—26 exhibited their
activity as CA inhibition activity in comparison with the
standard drug acetazolamide. Docking studies of the targeted
compounds further confirmed the mode of binding with our
targeted protein. Among the three series compounds, 9 and 11
showed maximum selective CA inhibition activity with ICs
values of 0.18 and 0.17 uM against hCA II and hCA IX,
respectively. Docking studies further confirmed the binding
affinities of the lead compounds against the targeted proteins.
As the overexpression of hCA XII and hCA IX was known to
be involved in cancer disease, all of the synthesized
compounds, especially the most potent compounds 9 and
11, were subjected to cell viability studies in comparison to the
cisplatin drug. It was found that compounds 9, 23, 25, and 13
showed potential activity against BHK-21 and HEK-293 T
cells. Based on our investigations, it is proposed that
derivatives 9 and 11 may serve as a lead structure to design
potentially more active carbonic anhydrase inhibitors.

4. EXPERIMENTAL SECTION

All of the reactants purchased from Sigma-Aldrich were used
without further purification. Commercially available solvents
were purified by standard methods, and reaction progress and
product purity were checked by a TLC silica gel plate (0.2 mm,
60 HF,,, Merck). The melting points of all of the synthesized
compounds were noted in capillary tubes with an electro-
thermal melting point instrument, Stuart digital melting point
(SMP 10) apparatus. "H NMR spectra were obtained from a
spectrophotometer of 400 MHz using a DMSO-d; (deuter-

ated) solvent, while internal reference was TMS (tetrame-
thylsilane), and '*C was carried out at 100 MHz using the
DMSO-dg (deuterated) solvent.

4.1. General Procedure of Synthesis of Sulfonamide-
Substituted Benzamides (9—11). For the synthesis of our
desired product sulfonamide-substituted benzamide (9—11),
substituted acid chlorides (6—7) were stirred with sulfona-
mide-substituted anilines (8a—b) at room temperature in basic
media for 16—18 h (Scheme 1).*

4.1.1. 3,4-Dimethoxy-N-(3-sulfamoylphenyl) Benzamide

(09).
O
Y N O~
HN™ Y H
o/

Yield: 84%, R; = 0.3, (n-hexane/ethyl acetate = 1:4), M.P.:
217-219 °C, color: light yellow. FT-IR (9, cm™): 3535 (NH,
stretching), 1635 (C=O0, stretching), 1396 (C=C, stretch-
ing), 1108 (C—O, stretching) cm™. '"H NMR (400 MHz,
DMSO-d) & (NH, s, 1H), 10.35 (s, 1H, Ar—H), 832 (t, ] =
1.4 Hz, 1H, Ar—H), 7.97 (dtd, ] = 6.2, 3.9, 2.0 Hz, 1H, Ar—H),
7.76=7.65 (m, 1H, Ar—H), 7.67—7.60 (m, 1H, Ar—H), 7.62—
7.50 (m, 2H, Ar—H), 7.38 (s, 2H, Ar—H), 7.11 (dd, J = 8.6,
5.6 Hz, 1H, Ar—H), 3.86 (s, 6H, OCH;) ppm. "*C NMR (100
MHz, DMSO-d,) § 165.2 (C=0), 152.0, 148.4, 144.6, 139.8,
129.4, 126.5, 123.4, 121.3, 120.6, 117.5, 111.1, 111.1 (ArCs),
55.8, 55.7 (OCH,) ppm.

4.1.2. 3,5-Dimethyl-N-(3-sulfamoylphenyl) Benzamide
(10).

Yield: 77%, R; = 0.4, (n-hexane/ethyl acetate = 1:4), M.P.:
220—222 °C, color: light yellow. FT-IR (9, cm™): 3304 (NH,
stretching), 1654 (C=O0, stretching), 1337 (C=C, stretch-
ing), 1236 (C—O, stretching) cm™. '"H NMR (400 MHz,
DMSO-d,) & 10.44 (NH, s, 1H), 8.36 (s, 1H, Ar—H), 7.96
(dd, J = 6.7, 3.0 Hz, 1H, Ar—H), 7.64—7.57 (m, 3H, Ar—H),
7.57—7.53 (m, 3H, Ar—H), 7.24 (s, 1H, Ar—H), 3.35 (CH,, s,
6H) ppm. *C NMR (100 MHz, DMSO-dy) 6 166.1 (C=0),
144.6, 139.7, 137.7, 134.6, 1332, 129.4, 125.5, 123.2, 1207,
117.3 (ArCs), 21.0, 20.8 (CH;) ppm.
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4.1.3. N-(5-Chloro-2,4-disulfamoylphenyl)-3,5-dimethyl-
benzamide (11).

HzNOsz@:SOQNHZ
Cl NH

)

Yield: 73%, R¢ = 0.5, (n-hexane/ethyl acetate = 3:2), M.P.:
212-214 °C, color: dark yellow. FT-IR (9, cm™): 3670 (NH,
stretching), 1690 (C=O0, stretching), 1445 (C=C, stretch-
ing), 1370 (C—N, stretching), 970 (C—Cl, stretching). 'H
NMR (400 MHz, DMSO-d;) & 9.03 (NH, s, 1H), 8.00 (d, J =
13.4 Hz, 2H, Ar—H), 7.60—7.39 (m, SH, Ar—H), 7.04 (d, ] =
8.5 Hz, 1H, Ar—H), 6.89 (s, 1H, Ar—H), 2.50 (CH,, s, 6H)
ppm. *C NMR (100 MHz, DMSO-ds) § 167.2 (C=0),
152.7, 148.6, 148.4, 1457, 134.4, 127.9, 125.7, 123.3, 112.0,
111.1 (ArCs), 28.5, 28.5 (CH;) ppm.

4.2. General Procedure of Synthesis of Substituted
Benzamides (12—15). For the synthesis of our desired
product substituted benzamides (12—15), substituted acid
chlorides (6—7) were stirred with substituted anilines (8c—f)
at room temperature in basic media for 16—18 h (Scheme
)2

4.2.1. N-(3,5-Dichloro-4-hydroxyphenyl)-3,4-dimethoxy-
benzamide (12).

Cl

HO:©\ o
cl NJ\@[O\
H
o~
Yield: 54%, R; = 0.4, (n-hexane/ethyl acetate = 3:2), M.P.:
256—258 °C, color: light brown. FT-IR (9, cm™): 3450 (NH,
stretching), 2991 (OH), 1629 (C=0, stretching), 1446 (C=
C, stretching), 1257 (C-O, stretching), 990 (C-Cl],
stretching) cm™. 'H NMR (400 MHz, DMSO-d;) § 9.90
(NH, s, 1H), 7.82 (d, J = 1.9 Hz, 2H, Ar—H), 7.65—7.55 (m,
1H, Ar—H), 7.51 (d, ] = 2.1 Hz, 1H, Ar—H), 7.12—7.05 (m,
1H, Ar—H), 3.83 (s, 6H, OCH,) ppm. *C NMR (100 MHz,
DMSO-d,) 6 164.9 (C=0), 151.9, 148.4, 145.1, 132.5, 126.5,
122.1, 121.1, 120.4, 111.0, 111.0 (ArCs), 55.8, 55.7 (OCHj;)
ppm

4.2.2. 3-(2,4-Dimethylbenzamido) Benzoic Acid (13).

(0]
o H
Yield: 78%, Ry = 0.5, (n-hexane/ethyl acetate = 1:4), M.P.:
237-239 °C, color: yellow. FT-IR (9, cm™): 3460 (NH,
stretching), 3060 (OH, stretching), 1640 (C=O, stretching),
1448 (C=C, stretching), 1272 (C—N, stretching) cm™". 'H
NMR (400 MHz, DMSO-d,) & 12.8 (OH, 4., s, 1H) 11.54
(NH, s, 1H), 8.36 (s, 1H, Ar—H), 7.96 (ddd, ] = 6.7, 5.5, 3.0
Hz, 1H, Ar—H), 7.64—7.57 (m, 3H, Ar—H), 7.57—7.53 (m,
3H, Ar—H), 7.24 (s, 1H, Ar—H), 3.35 (CH,, s, 6H) ppm. *C
NMR (100 MHz, DMSO-d;) & 168.6 (C=0), 168.1, 141.9,
139.5, 139.4, 135.6, 134.1, 132.3, 131.3, 130.6, 129.0, 128.6,
126.5, 124.3, 120.5, 40.0, 21.4, 21.0 ppm.

4.2.3. N-(2-Chloro-5-nitrophenyl)-3,5-dimethylbenzamide

(14).
NO,
0
N
Ho ¢

Yield: 71%, R; = 0.4, (n-hexane/ethyl acetate = 3:2), M.P.:
155—157 °C, color: brown. FT-IR (9, cm™): 3670 (NH,
stretching), 1680 (C=O0, stretching), 1454 (C=C, stretch-
ing), 962 (C—Cl, stretching) cm™'. '"H NMR (400 MHz,
DMSO-dy) 6 10.25 (NH, s, 1H), 8.53 (d, J = 2.8 Hz, 1H, Ar—
H), 8.11 (dd, ] = 8.9, 2.8 Hz, 1H, Ar—H), 7.86 (d, ] = 8.9 Hz,
2H, Ar—H), 7.62 (d, ] = 1.6 Hz, 2H, Ar—H), 7.27 (s, 1H, Ar—
H), 3.35 (CH,, s, 3H), 2.37 (CH,, s, 3H) ppm. *C NMR (101
MHz, DMSO-dy) 6 165.9 (C=0), 146.4, 137.9, 136.4, 135.8,
133.6, 133.5, 130.9, 125.7, 122.0, 121.6 (ArCs), 20.9 (CH,)
ppm.

4.2.4. N-(3-Bromo-5-(trifluoromethyl) phenyl)-3,5-dime-
thylbenzamide (15).

Br

Iz

Yield: 60%, R; = 0.5, (n-hexane/ethyl acetate = 3:2), M.P.:
180—182 °C, color: dark brown. FT-IR (9, cm™): 3488 (NH,
stretching), 3055 (C—H, stretching), 1622 (C=O0, stretch-
ing), 1446 (C=C, stretching), 1328 (C—N, stretching), 740
(C—Br, stretching), 1159 (C—F, stretching) cm™'. 'H NMR
(400 MHz, DMSO-d,) 6 9.09 (NH, s, 1H), 8.37 (t, ] = 1.9 Hz,
1H, Ar—H), 8.22 (d, J = 1.8 Hz, 1H, Ar—H), 7.66 (d, ] = 1.9
Hz, 1H, Ar—H), 7.58 (d, ] = 1.7 Hz, 2H, Ar—H), 7.25 (d, ] =
1.8 Hz, 1H, Ar—H), 2.36 (CH,, s, 6H) ppm. "*C NMR (100
MHz, DMSO-d;) 6 166.4 (C=0), 141.6, 137.9, 134.1, 133.5,
131.4, 131.0, 125.9, 125.5, 124.6, 122.3, 121.9, 1154, 115.3
(ArCs), 20.9 (CH;) ppm.

4.3. General Procedure of Synthesis of 1,3-Diaryl
Thioureas (17—26). In the synthesis of thiourea derivatives,
the first step was acid chloride formation. Acid chloride
formation was carried out in a two-neck round bottom flask
(100 mL). 3,4-Dimethoxybenzoic acid (0.0011 mmol) and
thionyl chloride (0.119 mL) were fused at 178—183 °C for 6 h,
and then the reaction mixture was cooled at room temperature.
The suspension of potassium thiocyanate (KSCN) in acetone
was added to the reaction mixture and was continued to stir. A
solution of aniline in acetone was added to the reaction
mixture, and the reaction was refluxed for about 3—4 h at 65
°C. Progress of the reaction was monitored by TLC until the
reaction was completed, and isothiocyanate was completely
converted into thiourea. After completion of the reaction, the
solvent was evaporated under reduced pressure using a rotary
evaporator at 50 °C. About 30 mL of chilled distilled water was
added to the reaction mixture to remove the unreacted
reactants from the reaction mixture. To purify the products,
recrystallization in ethanol or methanol was done according to
their solubilities.”*

https://doi.org/10.1021/acsomega.2c06513
ACS Omega 2022, 7, 47251-47264


https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.3.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.1.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06513?fig=sec4.2.4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

4.3.1. N-((5-Chloro-2,4-disulfamoylphenyl) carbamothio-
yl)-3,4-dimethoxybenzamide (17).

H2N028@[S02NH2
Cl 45? 0]

s (o}

N ~
H
o~

Yield: 74%, R; = 0.3 (n-hexane/ethyl acetate = 3:2), M.P.:
213-215 °C, color: brown. FT-IR (9, cm™): 3444 (NH,
stretching), 1691 (C=O0, stretching), 1377 (C=C, stretch-
ing), 1216 (C=S, stretching) cm~'. '"H NMR (400 MHz,
DMSO-d,) 6 11.77 (NH, s, 1H), 10.55 (NH, s, 1H), 8.16 (s,
2H, Ar—H), 7.44 (d, ] = 2.0 Hz, 1H, Ar—H), 6.97 (s, 2H, Ar—
H), 6.61 (s, 4H, Ar—H), 3.83 (s, 6H, OCH,) ppm. *C NMR
(100 MHz, DMSO-d,) 6 178.4 (C=S), 167.2 (C=0), 152.7,
148.6, 134.5, 130.4, 126.6, 123.3, 123.0, 121.6, 117.6, 112.0,
111.1 (ArCs), 55.7, 55.5 (OCH;) ppm.

4.3.2. 4-(3-(3,4-Dimethoxybenzoyl) thioureido) Benzoic
Acid (18).

(0]

HoJ\@L

Yield: 88%, R; = 0.2, (n-hexane/ethyl acetate = 1:4), M.P.:
238-240 °C, color: light yellow. FT-IR (9, cm™): 3571 (NH,
stretching), 1685 (C=O0, stretching), 1472 (C=C, stretch-
ing), 1290 (C=S, stretching), 1075 (C—O, stretching) cm™".
'"H NMR (400 MHz, DMSO-d;) 6 12.81 (NH, s, 1H), 11.53
(NH, s, 1H), 10.34 (s, 1H, Ar—H), 8.01—7.92 (m, 1H, Ar—H),
7.92 (d, ] = 6.8 Hz, 3H), 7.92—7.86 (m, 1H, Ar—H), 7.54 (d, ]
= 2.1 Hz, 1H, Ar—H), 7.10 (dd, ] = 8.6, 4.4 Hz, 1H, Ar—H),
3.85 (OCHj,, s, 6H) ppm. *C NMR (100 MHz, DMSO-d) &
179.3 (C=S), 167.1 (C=0), 1654 (C=O0,.4.), 152.0,
148.4, 143.5, 130.3, 130.0, 126.7, 121.4, 119.6, 111.2, 111.0
(ArCs), 55.8, 55.7 (OCH;) ppm.

4.3.3. N-((2-Bromo-6-chloro-4-nitrophenyl) carbamothio-
yl)-3,4-dimethoxybenzamide (19).

O5N Br s o
Cl o

Yield: 89%, R; = 0.6, (n-hexane/ethyl acetate = 3:7), M.P.:
176—178 °C, color: yellow. FT-IR (9, cm™): 3290 (N-H,
stretching), 3031 (Ar=CH), 2359 (C—N of —(CO)NH),
1703 (C=0), 1591 (N—C=S), 1445 (C—N), 1328 (C-0),
1267 (C=S), 1076 (C—0—C), 743—604 (Ar—H), 700 (C—
Br), 680 (C—Cl) cm™. 'H NMR (400 MHz, DMSO-d,) 6
12.33 (s, 1H), 11.90 (s, 1H), 8.49 (dd, J = 26.8, 2.5 Hz, 1H),
8.00—6.96 (m, 3H), 3.95—3.73 (s, 6H). *C NMR (100 MHz,
DMSO-dg) & 148.56, 136.04, 127.61, 124.88, 116.33, 105.79.

4.3.4. N-((2-Hydroxyphenyl) carbamothioyl)-3,4-dime-
thoxybenzamide (20).

J NP
OH O/

Yield: 76%, R; = 0.4, (n-hexane/ethyl acetate = 1:4), M.P.:
203—205 °C, color: off-white. FT-IR (9, cm™): 3450 (NH,
stretching), 1612 (C=0O0, stretching), 1450 (C=C,,, stretch-

N
H H

47261

ing), 1320 (C=S, stretching), 1080 (C—O, stretching) cm™".
'"H NMR (400 MHz, DMSO-d,) 6 13.08 (NH, s, 1H), 11.33
(NH, s, 1H), 10.20 (s, 1H), 8.55 (s, 1H, Ar—H), 7.72 (s, 1H,
Ar—H), 7.62 (s, 1H, Ar—H), 7.10 (d, ] = 8.5 Hz, 2H, Ar—H),
6.96 (d, ] = 9.4 Hz, 1H, Ar—H), 6.84 (t, ] = 8.4 Hz, 1H, Ar—
H), 3.87 (s, 6H, OCH,) ppm. *C NMR (100 MHz, DMSO-
dg) 6 177.8 (C=S), 167.5 (C=0), 153.1, 149.0, 148.3, 126.5,
126.1, 123.8, 123.4, 123.0, 118.4, 115.2, 111.6, 111.1 (ArCs),
55.9, 55.8 (OCH;) ppm.

4.3.5. 3-(3-(3,4-Dimethoxybenzoyl) thioureido) Benzoic

Acid (21).
S
HO N

X
O

o)
N O~
H
O/

Yield: 87%, R; = 0.4, (n-hexane/ethyl acetate = 7:3), M.P.:
227-229 °C, color: off-white. FT-IR (9, cm™): 3433 (NH,
stretching), 3040 (OH, stretching), 1612 (C=0, stretching),
1446 (C=C, stretching), 1278 (C=S, stretching) cm™". '"H
NMR (400 MHz, DMSO-ds) 6 13.08 (NH, s, 1H), 11.33
(NH, s, 1H), 10.20 (OH 4, s, 1H), 8.55 (s, 1H, Ar—H), 7.72
(s, 1H, Ar—H), 7.62 (s, 1H, Ar—H), 7.10 (d, J = 8.5 Hz, 2H,
Ar—H), 6.96 (d, ] = 9.4 Hz, 1H, Ar—H), 6.84 (t, ] = 8.4 Hz,
1H, Ar—H), 3.87 (OCH,, s, 6H) ppm. *C NMR (100 MHz,
DMSO-dg) 6 179.7 (C=S), 167.3 (C=0), 165.1 (C=
O,ai), 153.2, 148.4, 139.6, 138.5, 131.3, 127.1, 125.3, 124.3,
123.2, 121.3, 111.6, 111.1 (ArCs), 55.9, 55.7 (OCH;) ppm.

4.3.6. N-((2-Chloro-5-nitrophenyl) carbamothioyl)-3,4-di-
methoxybenzamide (22).

NO,
o s

/O:©)J\H)J\H

\O (¢]]
Yield: 82%, R; =0.3, (n-hexane/ethyl acetate = 4:1), M.P.:
176—178 °C, color: yellow. FT-IR (d, cm™): 3427 (NH),
1643 (C=0), 1423 (C=C), 1272 (C=S), cm™". '"H NMR
(400 MHz, DMSO-d,) 6 11.88 (Ns, 1H), 9.17 (NH, s, 1H),
8.37—8.06 (m, 2H, Ar—H), 8.02—7.83 (m, 1H, Ar—H), 7.77—
7.59 (m, 2H, Ar—H), 7.12 (d, J = 8.6 Hz, 1H, Ar—H), 3.8H, 7
(OCH;, s, 6H) ppm. *C NMR (100 MHz, DMSO-d;) 6 180.6
(C=S), 168.0 (C=0), 153.4, 148.3, 145.9, 136.7, 130.8,
129.9, 128.1, 123.4, 122.3, 122.0, 111.7, 111.2 (ArCs), 55.9,
55.8 (OCH;) ppm.

4.3.7. N-((3-Bromo-5-(trifluoromethyl) phenyl) carbamo-

thioyl)-3,4-dimethoxybenzamide (23).
Br

o s

Yield: 81%, Ry =0.5, (n-hexane/ethyl acetate = 1:4), M.P.:
208—210 °C, color: off-white (cream). FT-IR (9, cm™): 3431
(N—H, stretching), 1639 (C=O, stretching), 1515 (C=C,
stretching), 1359 (C=S, stretching) cm™'. 'H NMR (400
MHz, DMSO-d,) 6 12.81 (NH, s, 1H), 11.65 (NH, s, 1H),
8.28 (s, 1H, Ar—H), 8.14 (s, 1H, Ar—H), 7.86 (s, 1H, Ar—H),
7.78—7.61 (m, 2H, Ar—H), 7.11 (d, ] = 8.6 Hz, 1H, Ar—H),
3.86 (CHs,, s, 6H) ppm. *C NMR (100 MHz, DMSO-d;) 6
180.3 (C=S), 167.3 (C=O0), 1533, 1483, 140.5, 1313,
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131.1, 130.8, 124.4, 123.5, 123.3, 121.8, 121.7, 118.3, 111.6,
111.2 (ArCs), 55.9, 55.8 (OCH;) ppm.

4.3.8. N-((2-Hydroxyphenyl) carbamothioyl)-3,5-dime-
thylbenzamide (24).

S (0]
QMQ
OH H H

Yield: 79%, R; =0.4, (n-hexane/ethyl acetate = 1:4), M.P.:
256—259 °C, color: light brown. FT-IR (9, cm™"): 3583 (NH,
stretching), 3008 (OH, stretching), 1780 (C=O0, stretching),
1385 (C=C, stretching), 1309 (C=S, stretching) cm™'. 'H
NMR (400 MHz, DMSO-d,) & 12.67 (NH, s, 1H), 11.51
(NH, s, 1H), 8.30 (t, ] = 1.9 Hz, 1H, Ar—H), 7.91—7.80 (m,
2H, Ar—H), 7.63 (s, 2H, Ar—H), 7.55 (t, ] = 7.9 Hz, 1H, Ar—
H), 7.29 (s, 1H, Ar—H), 2.35 (OCHj, s, 6H) ppm. *C NMR
(100 MHz, DMSO-dy) & 179.6 (C=S), 168.4 (C=0), 166.9,
138.4, 137.8, 137.8, 134.6, 132.0, 131.5, 129.1, 128.8, 127.1,
126.4 (ArCs), 30.8, 20.8 (OCH;) ppm.

4.3.9. 4-(3-(2,4-Dimethylbenzoyl) thioureido) Benzoic
Acid (25).

(0}

HO)KQ\ s 0

et

H H
Yield: 87%, R; = 0.4, (n-hexane/ethyl acetate = 3:2), M.P.:
228-230 °C, color: dark yellow. FT-IR (9, cm™): 3467 (NH,
stretching), 3074 (OH, stretching), 1608 (C=O0, stretching),
1443 (C=C, stretching), 1170 (C=S, stretching) cm™'. 'H
NMR (400 MHz, DMSO-dy) 6 12.94 (NH, s, 1H), 12.77
(NH, s, 1H), 11.70 (OH_,4., s, 1H), 8.03—7.87 (m, 4H, Ar—
H), 7.44 (d, ] = 7.7 Hz, 1H, Ar—H), 7.16—7.08 (m, 2H, Ar—
H), 2.37 (CH,, s, 6H) ppm. *C NMR (100 MHz, DMSO-d)
5 179.0 (C=S), 170.6 (C=0), 166.8 (C=0,.4.), 142.0,
141.2, 136.7, 131.5, 130.9, 130.0, 128.7, 128.1, 126.2, 123.5
(ArCs), 19.7-20.23 (CH;) ppm.

4.3.10. N-((3,5-Dichloro-4-hydroxyphenyl) carbamothio-
yl)-3,5-dimethylbenzamide (26).
Cl

HO
ﬁli i
Cl N N
H

H

Yield: 84%, R; = 0.3, (n-hexane/ethyl acetate = 1:4), M.P.:
227-229 °C, color: off-white (cream). FT-IR (9, cm™): 3394
(NH, stretching), 1502 (C=0, stretching), 1321 (C=C,,
stretching), 1207 (C=S, stretching) cm™'. 'H NMR (400
MHz, DMSO-d,) & 12.39 (NH, s, 1H), 11.50 (NH, s, 1H),
10.30 (OH,, s, 1H), 8.93 (s, 1H, Ar—H), 7.57—7.64 (m, 3H,
Ar—H), 7.60 (s, 1H, Ar—H), 7.28 (s, 1H, Ar—H), 2.45 (CH,,
s, 6H) ppm. *C NMR (100 MHz, DMSO-d4) 5180.0 (C=S),
168.3 (C=0), 137.8, 134.6, 133.6, 131.9, 131.3, 130.8, 126.4,
125.5, 121.7, 109.7 (ArCs), 20.8, 20.2 (CH,) ppm.

4.4. Protein Expression. The plasmids of CA II, CA IX,
and CA XII were transformed into competent Escherichia coli
bacteria,”> and the plasmid was extracted using the SanPrep
column plasmid miniprep kit as directed in the kit instructions
obtained from Sangon Biotech. Steps for transfection included

seeding of HEK-293 cells in a 96-well plate by the addition of a
mixture of plasmid (0.1 pg) and Lipofectamine 3000 (0.2 uL).
The next step was to grow the cells in DMEM supplemented
with 10% fetal bovine serum (FBS) and 1% pen/strep mixture,
and to perform transfection, the mixture was incubated at 37
°C and 5% CO,.*® After 6 h, the cells were aspirated, and the
freshly prepared medium (+10% FBS and 1% pen/strep) was
added. On the next day, new media were added for the
selection procedure, which contained DMEM, FBS, and 200 g/
mL Hygromycin B. Under a fluorescent microscope, the cells
transfected with the off-spark plasmids were checked to ensure
protein production after they reached 70—80% confluency in
the selective media. Using the method described by ref 37, cell
lysate was prepared by centrifuging the transfected cells at
2000 rpm for S min, washing them with PBS, and centrifuging
them again. Using cell lysis buffer, the pellet was suspended,
incubated on ice for 15 min, and then centrifuged again at
10000 g for 15 min at 4 °C, and then the supernatant was
collected for purification with Ni-NTA.*® The eluted solution
was assessed using the protein quantification technique Biuret
assay and Bradford reagent.

4.5. Carbonic Anhydrase Inhibition Assay. Carbonic
anhydrase inhibition activity was carried out using the
previously developed method with slight modification. The
principle of the current method involved hCA hydrolyzing the
p-nitrophenyl acetate to p-nitrophenol, which is determined
spectrophotometrically. The reaction mixture contained 60 L
of S0 mM Tris-sulfate buffer (pH 7.6 containing 0.1 mM
ZnCl,), 10 uL (0.5 mM) of test compound in 1% DMSO, and
10 puL of carbonic anhydrase. All of the ingredients were
blended and preincubated at 25 °C for 10 min. A 96-well plate
reader was used to read the plate at 348 nm. Preparation of p-
nitrophenyl acetate was done by taking 6 mM stock using <5%
acetonitrile in buffer and was used fresh. To assay the well,
about 20 uL of substrate solution was added to attain 0.6 mM
concentration. The total assay volume was made to 100 uL.
After 30 min of incubation at 37 °C, all ingredients were
blended, and a reading was taken at 348 nm. Acetazolamide
was used as a positive control, while 1% DMSO was used as a
negative control. The results reported are the mean of three
independent experiments (+SEM) and expressed as percent
inhibitions calculated by the formula

inhibition (%) = [100 — (Abs of test comp/Abs of control)
X 100]

ICso values of selected compounds exhibiting >50%
inhibition activity at 1.0 mM were further evaluated to
measure the ICg, value through serial dilution.

4.6. In Silico Studies. 4.6.1. Compound Preparation. All
of the structures of the synthesized compounds are drawn
using Chemdraw professional 15.0. The 3D structures of the
compounds were generated using Moe software with the
standard parameters, and the gradient value for the
minimization of energy was selected as 0.00001 (RMS, kcal/
A?). Then, the structures of the synthesized compounds were
saved as Mol2 forms for further molecular docking studies.

4.6.2. Docking Studies. Docking studies have been
performed on the most potent inhibitors 09, 11, 15, 13, 22,
and 18 of the series using PDB IDs 3V7X' (CA II) (http://
doi.org/10.2210/pdb3V7X/pdb), SFL4 (CA 1X)** (http://
doi.org/10.2210/pdbSFL4/pdb), and SMSA CAXII http://
doi.org/10.2210/pdbSMSA/pdb. Molecular docking was
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performed using Moe, LeadIT program’s Flexx utility.”" We
prepared the receptor for docking using the default parameters
of the protein preparation. We selected the co-crystallized
inhibitors in the isozymes of carbonic anhydrase from the
protein database as our reference ligand. Using Flexx docking,
enthalpy and entropy approaches were used to score and rank
the docking poses of the potent inhibitors after validation of
the docking protocol. Liquid crystals of the co-crystallized
inhibitors were used for redocking. HYDE assessment of the
top-ranking poses was carried out next, followed by the
selection of a possible binding mode.*'

4.7. Cell Viability Assay. The cell viability assay 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
was performed with slight modification in previously reported
protocol®* to test selective and potent compounds for cell
viability. For cell viability assay, HEK-293 T and BHK-21
normal cells were grown in DMEM containing 10% fetal
bovine serum at 37 °C and 5% CO,. HEK-293 T cells
(10 000/well) were seeded in a 96-well plate for 24 h. After 24
h, incubation media were removed, and compounds were
added at a final concentration of 100 uM in serum-free media
in triplicate, and further incubation was done for 24—48 h at
37 °C. MTT reagent was added at 4 mg/mL concentration,
100 L per well, and left for 4—6 h until formazan crystals were
formed. By adding pure DMSO, the formed crystals were
dissolved. Using a microplate reader (Omega star), absorbance
was taken at 590 nm, and 630 nm background absorbance was
subtracted. Cell viability was determined using the following
formula: absorbance of sample/absorbance of control X 100.
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