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ABSTRACT

The Carbonic anhydrase isoforms IX and XIl play a significant role in regulating the intracellular and extra-
cellular pH in hypoxic tumours abetting the metastasis of solid tumours. Selective and potent inhibitors
targeting carbonic anhydrase IX and XIl reduce the activity of these isoforms in hypoxic tumours, repre-
senting an antitumor and antimetastatic mechanism. Coumarin-based derivatives are selective inhibitors
of CA isoforms IX and XII. In this study, we report the design and synthesis of new 3-substituted coumarin
derivatives with different functional moieties and their inhibitory activity against various carbonic anhy-
drase isoforms. We found that the tertiary sulphonamide derivative 6c showed selective inhibition against
CA IX with ICso of 4.1 uM. Similarly, the carbothioamides 7¢c, 7b and oxime ether derivative 20a exhibited
good inhibition against CA IX and CA XIl. Additionally, the binding mode was predicted and validated

using molecular docking and dynamic simulations.
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Introduction

Carbonic anhydrases (CAs; EC 4.2.1.1) are a superfamily of metal-
loenzymes with Zn®* ion as the active site core, catalyses the
reversible hydration of carbon dioxide into bicarbonate ions and
protons, controlling the acid-base balance in the blood and tis-
sues. Carbonic anhydrases are ubiquitous in all organisms. Eight
families, namely o, f, v, 6, {, n, 0 and 1, were reported, of which
the sixteen different isoforms of o-CAs were isolated from mam-
mals and classified as cytosolic (CA I, CA 1, CA lll, CA VII, CA XIII),
membrane-bound (CA IV, CA IX, CA XIl, CA XIV and CA XV), mito-
chondrial (CA VA, CA VB) and CA VI secreted in body fluids like
colostrum and saliva'™>.

MD simulations

Hypoxia in tumour cells remains a significant barrier to the
effective treatment of most malignancies®. Hypoxic cancer cells
are known to express HIF-1, which in turn stimulates down-
stream signalling leading to the overexpression of glucose/pro-
ton transporters, bicarbonate and monocarboxylate transporters,
as well as tumour-associated isoforms hCA IX and hCA XIl, on
the surfaces of the hypoxic tumour cells. These enzymes regulate
the pH of the hypoxic tumour cells by converting CO, into bicar-
bonate and protons, where the bicarbonate buffers the internal
pH and the protons form an acidic extracellular pH, thereby
inducing the metastasis of the tumour®~. In addition, CA IX and
Xl are scarcely expressed in normal cells; hence, selective
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inhibition of these isoforms, when combined with chemotherapy,
can result in an effective, innovative treatment for solid tumours®,

Carbonic anhydrase inhibitors are classified into three classes
based on their binding in the active site: (a) Zn>" binders (sulphona-
mides) (b) CAls anchoring to the zinc-coordinated water/hydroxide
ion (phenols, polyamines) and (c) compounds blocking the active
site’s entrance (coumarins and lacosamide)®. The coumarins, in par-
ticular, inhibit the CAs in a prodrug approach where the lactone ring
of the coumarin is hydrolysed by the enzyme, with the obtained 2-
hydroxycinnamic acids blocking the entry of the substrates into the
catalytic site®'°. Many studies involving the carboxylic acid groups as
the zinc binding groups reveal that the carboxylic acid groups are
more selective towards the hCA IX and hCA XII'"'2,

Coumarin is a neo-flavonoid found in secondary metabolites of
plants, and its natural and synthetic derivatives are known to pos-
sess various therapeutic effects'>™'®. The various substituted posi-
tions of the coumarin ring led to compounds with potent hCA IX
and Xl inhibitors'®. Thacker et al. reported coumarin-linked thio-
urea derivative (I) (Figure 1) selectively inhibiting the hCA IX and
hCA XIl in nanomolar concentrations'’. Abdelrahman et al.
reported the compound (ll) (Figure 1) with selective nanomolar
inhibition of isoforms hCA IX and hCA XII'®. Tawfik et al. reported
compound (lll) (Figure 1) with micromolar inhibition of cancer-
associated isoforms'®. Chandra et al. reported piperazine-linked
coumarin derivative (IV) (Figure 1) with submicromolar inhibition
of hCA IX?*°. Thacker and team reported coumarin-3-carboxamide
derivative (V) (Figure 1) with submicromolar inhibition of hCA IX
and hCA XII*'. Bozdag et al. reported coumarin arylsulfonylureido
derivative (VI) (Figure 1) with selective nanomolar inhibition of
the tumour-associated isoforms of carbonic anhydrase®. Eldehna
et al. reported the 3-substituted thiazolidinedione derivatives VII
with submicromolar carbonic anhydrase inhibition selectively
against hCA IX and hCA XIl with a K; value of 0.48 and 0.83,
respectively®®. Ibrahim et al. reported the 3-substituted coumarin
enaminone derivative VIII selectively inhibiting the hCA IX and
hCA Xl with a K; value of 93.9nM and 85.7 nM respectively*”.

Based on the above literature survey, which revealed the
potential of coumarin and its derivatives selectively inhibiting hCA
IX and hCA Xll, we designed several new coumarin derivatives
incorporating various functional moieties such as sulphonamides,
carbothioamides and oxime ethers with piperazine as a linker.
This work focuses on designing and synthesising new coumarin
derivatives and evaluating their inhibitory activity against different
isoforms of carbonic anhydrase. Further, the binding pattern of
these inhibitors at the active site is predicted using molecular
docking and simulations studies.

Materials and methods
Chemistry

All the reagents and solvents were procured from commercial
suppliers and were used without further purification. Thin layer
chromatography (TLC) was performed on MERCK pre-coated silica
gel 60-Fys; (0.5mm) aluminium plates. Visualisation of the TLC
plates was done under UV light 254nm and 280nm. 'H and '3C
NMR spectra were recorded on Bruker Avance Il AV500 MHz using
DMSO-ds as a solvent with tetramethyl silane (TMS) as the internal
standard. Chemical shifts (3) for 'H and '3C are reported in parts per
million(ppm) downfield from TMS. Spin multiplicities are described
as s(singlet), brs (broad singlet), d (doublet), t (triplet), g (quartet),
and m (multiplet). Coupling constant (J) values are reported in hertz
(Hz). HR-MS were determined with Agilent QTOF mass spectrometer
6540. All the purifications were performed using silica gel (230-400)
on Biotage isolera one flash chromatography. The reactions are car-
ried under nitrogen positive pressure using freshly distilled anhyd-
rous solvents. All the structures and IUPAC names of the
compounds were generated using ChemDraw professional 20.1.

Synthesis of ethyl 2-oxo-2H-chromene-3-carboxylate®® (2)

An equimolar mixture of 2-hydroxy benzaldehyde (1 equiv.) and
diethyl malonate (1.1 equiv.) in ethanol was refluxed in the presence
of piperidine (0.1 equiv.) and a catalytic amount of acetic acid for 4-
6h at 70-80°C. The reaction progress was monitored by TLC. After
the completion of the reaction, the solvent was removed under
reduced pressure and the reaction mixture was poured slowly into
the beaker containing crushed ice and the contents were stirred
well. The resultant white solid was filtered and recrystallized from
ethanol to give a white crystalline solid with a yield of 82%. m.p.
130-133°C. "H NMR (500 MHz, DMSO-d,) & 8.77 (s, TH), 7.93 (dd,
J=77,1.5Hz, 1H), 7.77-7.73 (m, 1H), 7.45 (d, J=84Hz, 1H), 7.44-
740 (m, 1H), 431 (q, J=7.1Hz, 2H), 1.32 (t, J=7.1Hz, 3H).

Synthesis of 2-oxo-2H-chromene-3-carboxylic acid*® (3)

To the stirring solution of ethyl 2-oxo-2H-chromene-3-carboxylate (1
equiv.) in methanol, a solution of sodium hydroxide (2 equiv.) in
water was added dropwise. The reaction mixture was stirred at room
temperature for 2 h. After the completion of the reaction confirmed
by TLC, the solvent was removed under reduced pressure and acidi-
fied with hydrochloric acid to give 3 as a white solid, which was
then filtered and recrystallized from methanol to give white
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Figure 1. Carbonic anhydrase activity of previously reported coumarin derivatives.



crystalline solid with a yield of 74%. m.p. 146-148°C. 'H NMR
(500 MHz, DMSO-dg) 6 13.25 (s, TH), 8.76 (s, 1H), 7.92 (dd, J=7.8,
1.5Hz, 1H), 7.77-7.71 (m, 1H), 745 (d, J=84Hz, 1H), 7.43-7.39
(m, TH).

Synthesis of tert-butyl 4-(2-oxo-2H-chromene-3-carbonyl)
piperazine-1-carboxylate®® (4)

To an oven-dried round-bottomed flask equipped with a magnetic
stir bar was added 2-oxo-2H-chromene-3-carboxylic acid (1 equiv.)
and N-Boc piperazine (1 equiv.), HOBt (0.5 equiv.) and EDC.HCI (2
equiv.) in DMF maintaining inert conditions, and DIPEA (3 equiv.)
was added slowly to the reaction mixture and stirred for 8-12h at
room temperature. After the completion of the reaction confirmed
by TLC, the reaction mixture was poured into a beaker with
crushed ice, and the resultant solid was filtered, dried and used
for the subsequent reaction without any purification with a 61%
yield. m.p. 140-143°C. '"H NMR (500 MHz, DMSO-dg) 6 8.22 (s, TH),
7.78 (dd, J=7.7, 1.4Hz, 1H), 7.71-7.67 (m, 1H), 7.47 (d, J=8.3Hz,
1H), 7.44-7.39 (m, 1H), 3.62-3.57 (m, 2H), 3.43-3.36 (m, 4H), 3.32-
3.30 (m, 2H), 1.42 (s, 9H).

Synthesis of 3-(piperazine-1-carbonyl)-2H-chromene-2-one’® (5)

To the stirring solution of tert-butyl 4-(2-oxo-2H-chromene-3-car-
bonyl)piperazine-1-carboxylate (1 equiv.) in DCM, TFA (4 equiv.)
was added dropwise at 0-5°C. The reaction mixture was allowed
to stir for 1h. TLC confirmed the completion of the reaction, and
the reaction mixture was neutralised with sodium bicarbonate
solution and extracted with dichloromethane. The organic layer
was dried over sodium sulphate and concentrated to get the
product as a pale buff solid with a 69% yield. m.p. 152-155°C. 'H
NMR (500 MHz, DMSO-ds) 6 8.19 (s, 1H), 7.78 (d, J=7.4Hz, 1H),
7.68 (t, J=75Hz, 1H), 7.45 (d, J=8.2Hz, 1H), 741 (t, J=7.4Hz
1H), 3.53 (s, 2H), 3.29 (s, 2H), 2.73 (s, 2H), 2.65 (s, 2H).

General procedure for synthesis of 3-(4-(sulphonyl)piperazine-1-
carbonyl)-2H-chromen-2-one derivatives(6a—e)

To the solution of 3-(piperazine-1-carbonyl)-2H-chromen-2-one (1
equiv.) and various substituted sulphonyl chlorides (1.2 equiv.) in
DCM, DIPEA was added and stirred at room temperature for 2-3 h.
After the completion of the reaction, the solvent was evaporated
under reduced pressure, and the crude residue was subjected to
column chromatography with 6:4 ethyl acetate and hexane to
yield the title compounds (75-81%).

3-(4-((4-Nitrophenyl)sulphonyl)piperazine-1-carbonyl)-2H-chromen-
2-one (6a). Pale-yellow solid; yield 81%; m.p. 222-224°C. '"H NMR
(500 MHz, DMSO-dg) ¢ 8.47 (d, J=8.9Hz, 2H), 8.16 (s, 1H), 8.04 (d,
J=89Hz, 2H), 7.73 (dd, J=7.7, 1.5Hz, 1H), 7.71-7.65 (m, 1H), 7.44
(d, J=8.3Hz, 1H), 7.40 (t, J=7.5Hz, 1H), 3.75-3.69 (m, 2H), 3.54-
348 (m, 2H), 3.13-3.05 (m, 2H), 3.02-2.96 (m, 2H).">C NMR
(125MHz, DMSO-dg) 60 163.4, 158.1, 153.9, 150.7, 143.3, 141.2,
133.3, 129.6, 129.5, 125.3, 125.3, 1245, 118.7, 116.7, 46.3, 46.1,
46.0, 41.0. HRMS (ESI): m/z calculated for [M+H]" CyoH;5N505S
444.4375; found 444.4379.

N-(4-((4-(2-oxo-2H-chromene-3-carbonyl)piperazin-yl)sulphonyl)-

phenyl)acetamide (6b). Off-white solid; yield 70%; m.p. 194-
196°C. "H NMR (500 MHz, DMSO-ds) 6 10.42 (s, 1H), 8.18 (s, 1H),
7.85 (d, J=89Hz, 2H), 7.73 (dd, J=7.7, 1.8Hz, 1H), 7.71-7.65 (m,
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3H), 7.44 (d, J=8.4Hz, 1H), 7.39 (t, J=7.6Hz, 1H), 3.74-3.66 (m,
2H), 3.53-3.44 (m, 2H), 3.01-2.93 (m, 2H), 2.90-2.83 (m, 2H) 2.11
(s, 3H). "*C NMR (125 MHz, DMSO-dg) 6 169.7, 163.4, 158.1, 153.9,
1442, 143.2, 133.3, 1294, 129.3, 128.6, 125.3, 124.6, 119.2, 11828,
116.8, 46.5, 46.2, 46.1, 41.0, 24.7. HRMS (ESI): m/z calculated for
M+ H:l+ C22H22N306S 456.4925; found 456.4950.

3-(4-(Thiophen-2-ylsulfonyl)piperazine-1-carbonyl)-2H-chromen-2-

one (6¢). Pale-brown solid; yield 76%; m.p. 175-177°C. 'H NMR
(500 MHz, DMSO-dg) 6 8.20 (s, 1H), 8.11 (d, J=4.4Hz, 1H), 7.75 (d,
J=7.5Hz, 1H), 7.71-7.66 (m, 2H), 7.45 (d, /=83 Hz, 1H), 7.40 (t,
J=7.5Hz, 1H), 7.33 (t, J=4.4Hz, 1H), 3.77-3.72 (m, 2H), 3.56-3.51
(m, 2H), 3.06-3.00 (m, 2H), 2.96-2.91 (m, 2H). >C NMR (125 MHz,
DMSO-ds) 6 163.4, 158.1, 153.9, 143.3, 134.9, 134.8, 133.9, 133.3,
129.5, 129.0, 125.4, 124.7, 118.8, 116.8, 46.5, 46.2, 45.9, 40.9. HRMS
(ESI): m/z calculated for [M+H]" C;gH;7,N,0sS, 405.0573; found
405.0582.

3—(4-((5-Bromothiophen-2-yl)sulphonyl)piperazine-1-carbonyl)-2H-
chromen-2-one (6d). Pale-brown solid; yield 78%; m.p. 191-193 °C.
"H NMR (500 MHz, DMSO-d,) & 8.22 (s, TH), 7.76 (d, J=7.2 Hz, TH),
7.69 (t, J=7.1Hz, 1H), 7.55 (d, J=3.3Hz, 1H), 7.52 (d, J=3.3Hz,
1H), 7.46 (d, J=8.2Hz, 1H), 7.41 (t, J=7.0Hz, 1H), 3.81-3.72 (m,
2H), 3.58-3.51 (m, 2H), 3.11-3.04 (m, 2H), 3.01-2.94 (m, 2H). *C
NMR (125 MHz, DMSO-dg) 6 163.4, 158.1, 153.9, 143.3, 136.2, 134.6,
133.3, 132.8, 129.6, 1254, 1245, 1204, 118.8, 116.8, 46.5, 46.1,
45.9, 40.9. HRMS (ESI): m/z calculated for [M + H]* C;gH16BrN>OsS5
482.9679; found 482.9655.

3—(4-(Ethylsulfonyl)piperazine-1-carbonyl)-2H-chromen-2-one (6e).
Pale-buff solid; yield 65%; m.p. 234-236°C. 'H NMR (500 MHz,
DMSO-dg) 6 8.24 (s, 1H), 7.78 (d, J=7.7. Hz, 1H), 7.70 (t, J=7.8 Hz,
1H), 747 (d, J=83Hz, 1H), 7.42 (t, J=7.5Hz, 1H), 3.73-3.67 (m,
2H), 3.52-3.47 (m, 2H), 3.29-3.25 (m, 2H), 3.20-3.16 (m, 2H), 3.11
(@ J=73Hz, 2H), 123 (t, J=7.3Hz 3H). *C NMR (125MHz,
DMSO-dg) 6 163.5, 158.2, 154.0, 143.1, 133.3, 129.5, 125.4, 12438,
118.8, 116.8, 46.8, 45.9, 45.5, 43.3, 41.7, 7.8. HRMS (ESI): m/z calcu-
lated for [M 4+ H]" C;6H19N505S 351.1009; found 351.1014.

General procedure for synthesis of carbothioamide derivatives of
coumarin(7a-c)

In an oven-dried RBF containing a solution of 3-(piperazine-1-car-
bonyl)-2H-chromen-2-one (1 mmol.) in ACN, substituted phenyliso-
thiocyanates (1.2 mmol.) were added and refluxed at 80-90°C for
2-3 h. After the completion of the reaction, confirmed by TLC, the
solvent was removed under reduced pressure, and the crude mix-
ture was subjected to column chromatography with 6:4 ethyl
acetate and hexane to afford the titled compounds with a yield of
65-75%.

N-(2-chlorophenyl)-4—-(2-oxo-2H-chromene-3-carbonyl)piperazine-1-
carbothioamide (7a). White solid; yield 65%; m.p. 213-215°C. 'H
NMR (500 MHz, DMSO-dg) 6 9.39 (s, 1H), 8.27 (s, TH), 7.80 (d,
J=7.4Hz, 1H), 7.70 (t, J=7.4Hz, 1H), 749 (t, J=7.4Hz, 2H), 7.43
(t, J=7.3Hz, 1H), 7.37-7.26 (m, 3H), 4.09-4.02 (m, 2H), 3.97-3.91
(m, 2H), 3.77-3.70 (m, 2H), 3.60-3.54 (m, 2H). >C NMR (125 MHz,
DMSO-dg) 6 182.7, 163.8, 158.2, 154.1, 143.2, 1387, 133.3, 1324,
131.5, 129.8, 129.5, 128.3, 127.7, 125.3, 124.9, 1189, 116.8, 48.6,
47.8, 46.0, 41.7. HRMS (ESI): m/z calculated for [M+H]"
C»1H19CIN;05S 428.0830; found 428.0836.
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N-(4-chlorophenyl)-4-(2-oxo-2H-chromene-3-carbonyl)piperazine-1-
carbothioamide (7b). Off-white solid; yield 73%; m.p. 224-226°C.
"H NMR (500 MHz, DMSO-dy) & 9.49 (s, 1H), 8.26 (s, 1H), 7.80 (dd,
J=7.7, 1.3Hz, 1H), 7.70 (t, J/=7.8Hz, 1H), 7.48 (d, /=83 Hz, 1H),
742 (t, J=75Hz, 1H), 7.39-7.32 (m, 4H), 4.05-4.00 (m, 2H), 3.94-
3.88 (m, 2H), 3.75-3.69 (m, 2H), 3.59-3.54 (m, 2H).">C NMR
(125 MHz, DMSO-ds) 6 182.2, 163.7, 158.2, 154.1, 143.2, 1404,
133.3, 129.5, 128.8, 1284, 127.3, 1253, 1249, 1189, 116.8, 487,
479, 459, 41.7. HRMS (ESl): m/z calculated for [M+4H]"
C51H19CIN305S 428.0830; found 428.0838.

4—(2-Oxo0-2H-chromene-3-carbonyl)-N-phenylpiperazine-1-carbo-
thioamide (7c). Off-white solid; yield 71%; m.p. 231-233°C. 'H
NMR (500 MHz, DMSO-dg) ¢ 9.45 (s, 1H), 8.26 (s, 1H), 7.80 (dd,
J=77, 1.1Hz, 1H), 7.70 (t, J/=7.8Hz, 1H), 7.48 (d, J=8.3Hz, 1H),
743 (t, J=7.5Hz, 1H), 7.33-7.29 (m, J=4.4Hz, 4H), 7.15-7.10 (m,
1H), 4.06-3.99 (m, 2H), 3.94-3.88 (m, 2H), 3.76-3.69 (m, 2H), 3.59-
3.53 (m, 2H). "*C NMR (125 MHz, DMSO-dg) § 182.4, 163.7, 158.2,
154.1, 143.2, 141.4, 133.3, 129.5, 128.5, 125.7, 125.3, 124.9, 1249,
118.9, 116.8, 48.6, 47.8, 46.0, 41.8. HRMS (ESI): m/z calculated for
[M+HI" Cy1H50N305S 394.1220; found 394.1250.

Synthesis of 7-hydroxy-2-oxo-2H-chromene-3-carboxylic
acid (10)

A mixture of 2,4-dihydroxy benzaldehyde (1 equiv.) and diethyl
malonate (1.1 equiv.) in ethanol was refluxed at 70-80°C in the
presence of a catalytic amount of piperidine and acetic acid for 4-
6 h. After completion of the reaction, the solvent was removed
under reduced pressure, and the concentrate was poured slowly
into crushed ice to yield ethyl 7-hydroxy-2-oxo-2H-chromene-3-
carboxylate as a yellow solid which was filtered and used as such
for the subsequent reaction. To the stirring solution of ethyl 7-
hydroxy-2-oxo-2H-chromene-3-carboxylate (1 equiv.) in methanol,
a solution of sodium hydroxide (3 equiv.) in water was added
dropwise over 15min. The reaction mixture was stirred at room
temperature for 2h. After the completion of the reaction, con-
firmed by TLC, the solvent was removed under reduced pressure
and acidified with hydrochloric acid, which produced an off-white
solid. The solid was filtered and dried with a yield of 70%.

Synthesis of 4-hydroxy-2-oxo-2H-chromene-3-carboxylic
acid”” (15)

To an oven-dried RBF, equimolar amounts of salicylic acid (1
equiv.) and malonic acid (1 equiv.) were added with trifluoroacetic
acid as solvent and the contents were refluxed at 90-100°C for
8h. After the completion of the reaction, confirmed by TLC, the
solvent was removed under reduced pressure, and the crushed ice
was added to the action mixture to give a white solid, filtered and
dried with a yield of 88%.

Synthesis of hydroxy-3-(4-(sulphonyl) piperazine-1-carbonyl)-
2H-chromen-2-one derivatives (12a-c, 16a—c)

To an oven-dried RBF equipped with a magnetic stir bar was
added suitable hydroxy 2-oxo-2H-chromene-3-carboxylic acid (1
equiv.) and substituted sulphonyl piperazine (1 equiv.), HOBt (0.5
equiv.) and EDC.HCI (2 equiv.) in DMF maintaining inert condi-
tions, and DIPEA (3 equiv.) was added slowly to the reaction mix-
ture and was allowed to stir at room temperature for 8-12 h. After
the completion of the reaction confirmed by TLC, the reaction

mixture was poured into a beaker with crushed ice, and the
resultant solid was filtered and purified by column chromatog-
raphy with 6:4 ethyl acetate and hexane as the solvent for elution
to afford the title compound with a yield of 60-75%.

3—-(4-((4-Fluorophenyl)sulphonyl)piperazine-1-carbonyl)-7-hydroxy-
2H-chromen-2-one (12a)

Off-white solid; yield 70%; m.p. 154-156°C. '"H NMR (500 MHz,
DMSO-dg) 6 10.78 (s, 1H), 8.13 (s, 1H), 7.61 (d, J=8.6 Hz, 1H), 7.08
(t, J=8.9Hz 2H), 7.01-6.97 (m, 2H), 6.85 (dd, J=8.5, 2.3 Hz, 1H),
6.77 (d, J=2.2Hz, 1H), 3.77-3.71 (m, 2H), 3.54-3.47 (m, 2H), 3.17-
3.11 (m, 2H), 3.09-3.03 (m, 2H). '*C NMR (125 MHz, DMSO-d,) ¢
163.84, 162.65, 158.51, 157.76, 156.15, 155.88, 148.13, 143.77,
130.94, 120.14, 11838, 118.32, 115.93, 11576, 114.14, 111.27,
102.54, 50.09, 49.62, 46.78, 41.75. HRMS (ESI): m/z calculated for
M+ H:I+ C20H13FN206S 433.0864; found 433.0873.

7-Hydroxy-3-(4-(phenylsulfonyl)piperazine-1-carbonyl)-2H-chro-
men-2-one (12b)

Off-white solid; yield 71%; m.p. 190-192°C. "H NMR (500 MHz,
DMSO-dg) 0 10.79 (s, 1H), 8.05 (s, TH), 7.83-7.74 (m, 3H), 7.69 (t,
J=7.5Hz, 2H), 7.56 (d, J=8.5Hz, 1H), 6.83 (d, J=83Hz, 1H), 6.74
(s, TH), 3.74-3.64 (m, 2H), 3.47-3.42 (m, 2H), 3.00-2.95 (m, 2H),
2.92-2.86 (m, 2H).”>C NMR (125MHz, DMSO-de) & 163.9, 162.7,
158.5, 156.1, 144.2, 135.4, 133.9, 130.9, 130.0, 127.9, 119.6, 114.2,
111.2, 102.5, 46.5, 46.3, 46.2, 41.1. HRMS (ESI): m/z calculated for
[M 4+ HI" Cy0H19N,06S 415.0958; found 415.0966.

3-(4-((5-Bromothiophen-2-yl)sulphonyl)piperazine-1-carbonyl)-7-
hydroxy-2H-chromen-2-one (12c)

Pale-brown solid; yield 68%; m.p. 217-219°C. 'H NMR (500 MHz,
DMSO-d,s) 6 10.81 (s, 1H), 8.09 (s, 1H), 7.58 (d, J=7.5Hz, 1H), 7.52
(d, J=16.9Hz, 2H), 6.84 (d, J=6.4Hz, 1H), 6.75 (s, 1H), 3.79-3.67
(m, 2H), 3.56 —3.45 (m, 2H) 3.10-3.02 (m, 2H), 3.01-2.95 (m, 2H).
'3C NMR (125 MHz, DMSO-dg) 6 163.9, 162.8, 158.5, 156.2, 144.2,
136.3, 134.5, 132.7, 131.0, 120.38, 119.5, 114.2, 111.2, 102.5, 46.5,
46.1, 40.9. HRMS (ESI): m/z calculated for [M 4+ H]* C;gH6BrN;OgS>
498.9628; found 498.9637.

3—(4-((4-Fluorophenyl)sulphonyl)piperazine-1-carbonyl)-4-hydroxy-
2H-chromen-2-one (16a)

Pale-green solid; yield 72%; m.p. 170-172°C. '"H NMR (500 MHz,
DMSO-ds) 'H NMR (500MHz, DMSO) & 9.81 (s, 1H), 7.23 (t,
J=7.7Hz, 1H), 7.14 (dd, J=7.4, 1.2Hz, 1H), 7.06 (t, J=8.8Hz, 2H),
6.97 (d, J=4.6Hz, 1H), 6.95 (d, J=4.6Hz, 1H), 6.88 (d, J=8.2Hz,
1H), 6.85 (t, J=7.4Hz, 1H), 3.84-3.61 (m, 2H), 3.44-3.34 (m, 2H),
3.13-3.01 (m, 4H). >C NMR (125 MHz, DMSO-ds) & 167.48, 157.69,
155.81, 153.73, 148.20, 148.19, 130.67, 128.62, 124.26, 119.60,
118.27, 118.21, 116.11, 115.91, 115.73, 49.88. HRMS (ESI): m/z cal-
culated for [M+ H]™ CooH1sFN,O6S 433.0864; found 433.0877.

4-Hydroxy-3-(4-(phenylsulfonyl)piperazine-1-carbonyl)-2H-chro-
men-2-one (16b)

Pale-green solid; yield 73%; m.p. 224-226°C. 'H NMR (500 MHz,
DMSO-ds) 6 9.76 (s, 1H), 7.74 (d, J=7.7Hz, 3H), 7.67 (t, J=7.6 Hz,
2H), 7.20 (t, J=7.1Hz, 1H), 7.05 (d, J=7.3Hz, 1H), 6.83-6.77 (m,
2H), 3.76-3.59 (m, 2H), 3.30-3.20 (m, 2H), 2.98-2.86 (m, 4H). '3C
NMR (125 MHz, DMSO-dg) 6 167.5, 153.6, 135.4, 135.4, 133.8, 130.8,



129.9, 128.7, 127.9, 123.7, 119.6, 116.1, 116.1, 46.5. HRMS (ESI): m/z
calculated for [M 4+ H]1 C50H;9N>06S 415.0958; found 415.0963.

3-(4-((5-Bromothiophen-2-yl)sulphonyl)piperazine-1-carbonyl)-4-
hydroxy-2H-chromene-2-one (16c)

Pale-brown solid; yield 70%; m.p. 254-256°C. '"H NMR (500 MHz,
DMSO-ds) 6 9.82 (s, 1H), 7.53 (d, J/=4.0Hz, 1H), 7.49 (d, /J=4.0Hz,
1H), 7.22 (t, J=7.8Hz, 2H), 7.11 (dd, J=7.5, 1.5Hz, 1H), 6.88-6.81
(m, 2H), 3.74 (s, 2H), 3.01 (s, 6H). '>*C NMR (125 MHz, DMSO-dj) &
167.5, 153.6, 136.3, 134.5, 132.6, 130.8, 128.8, 123.6, 120.3, 119.6,
116.1, 464. HRMS (ESl): m/z calculated for [M+H]"
CygH16BrN>OgS, 498.9628; found 498.9635.

Synthesis of 3-acetyl-2H-chromene-2-one? (18)

A mixture of 2-hydroxy benzaldehyde (1 equiv.) and ethyl acetoa-
cetate (1 equiv.) in ethanol was stirred at room temperature in
the presence of a catalytic amount of piperidine for 4-6h.
Reaction progress was monitored by TLC. After the completion of
the reaction, the solvent was removed under reduced pressure,
and the reaction mixture was added to crushed ice and the pre-
cipitate was filtered and recrystallized from ethanol with a yield
of 70%.

General procedure for the synthesis of ketooxime ether derivatives
of coumarin (20a, b)

To the solution of 3-acetyl coumarin(1 equiv.), O-benzyl hydroxyl-
amine salts?® (1.5 equiv.) in DMF under nitrogen was added a
catalytic amount of acetic acid. The reaction mixture was stirred at
room temperature for 2-3 h. After completion of the reaction, the
reaction mixture was poured into crushed ice®®. Further, the
obtained solid was filtered and subjected to column chromatog-
raphy with ethyl acetate and hexane 1:9 to get the titled mole-
cules with a 70-73% yield.

(E)-3-(1-(((4-fluorobenzyl)oxy)imino)ethyl)-2H-chromen-2-one

(20a). Pale-green solid; yield 70%; m.p. 123-125°C. 'H NMR
(500 MHz, DMSO-dg) 6 8.12 (s, 1H), 7.84 (d, J=7.6Hz, 1H), 7.66 (t,
J=7.9Hz, 1H), 7.46 (td, J=9.5, 6.6Hz, 3H), 7.39 (t, J=7.6Hz 1H),
7.22 (t, J=8.9Hz, 2H), 5.20 (s, 2H), 2.15 (s, 3H). ">°C NMR (125 MHz,
DMSO-dy) 6 163.3, 161.3, 159.4, 154.2, 153.9, 142.0, 134.4, 133.0,
130.7, 130.6, 129.7, 125.3, 124.6, 119.0, 116.5, 1156, 115.6, 75.2,
14.8. HRMS (ESI): m/z calculated for [M-+H]" CigH;sFNO3
312.1030; found 312.1036.

(E)-3-(1-(((4-chlorobenzyl)oxy)imino)ethyl)-2H-chromen-2-one

(20b). Pale-green solid; yield 73%; m.p. 128-130°C. 'H NMR
(500 MHz, DMSO-dy) ¢ 8.11 (s, 1H), 7.83 (dd, J=7.8, 1.5Hz, TH),
7.68 —7.63 (m, 1H), 7.45 (d, J=1.8Hz, 4H), 7.43 (s, 1H), 7.41-7.37
(m, TH), 5.21 (s, 2H), 2.16 (s, 3H). "*C NMR (125 MHz, DMSO-d¢) &
159.4, 154.4, 153.9, 142.0, 137.2, 133.0, 132.9, 130.2, 129.7, 128.9,
125.3, 124.6, 119.0, 116.5, 75.0, 14.9. HRMS (ESI): m/z calculated for
[M 4 HI* CygH,5CINO; 328.0735; found 328.0742.

CA inhibitory assay

An Applied Photophysics stopped-flow instrument was used for
assaying the CA-catalysed CO, hydration activity®. Phenol red (at
a concentration of 0.2 mM) was used as an indicator, working at
the absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5)
as a buffer and 20 mM Na,SO, (for maintaining constant the ionic
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strength), following the initial rates of the CA-catalyzed CO, hydra-
tion reaction for a period of 10-100s. The CO, concentrations
ranged from 1.7 to 17mM to determine the kinetic parameters
and inhibition constants. Enzyme concentrations in the assay sys-
tem were in the range of 4-13 nM. For each inhibitor, at least six
traces of the initial 5-10% of the reaction were used for determin-
ing the initial velocity. The uncatalyzed rates were determined in
the same manner and subtracted from the total observed rates.
Stock solutions of inhibitor (0.1 mM) were prepared in distilled-
deionized water, and dilutions up to 0.01 nM were done thereafter
with the assay buffer. The inhibitor and enzyme solutions were
preincubated together for 15min at room temperature prior to
assay, in order to allow for the formation of the E-I complex. The
inhibition constants were obtained by non-linear least-squares
methods using PRISM 3 and the Cheng-Prusoff equation, as
reported earlier®®3', representing the mean from at least three dif-
ferent determinations. All CA isoforms were recombinant ones
obtained in house as reported earlier®*>3,

In silico studies

The crystal structure of CA IX (pdb 5DVX)** and XII (pdb 1JD0)**
were prepared using the Protein Preparation Wizard®*® and mini-
mised using the OPLS3e force field. The 3D ligand structures were
prepared using Ligprep®” at pH 7.4+0.5. To correctly estimate the
binding mode of the synthesised compounds in the catalytic
pocket of hCA IX, the grid was prepared using the native couma-
rin coordinates co-crystallized in hCA Il. The prepared structure of
hCA IX (pdb: 5DVX) was superimposed against the structure of
hCA 1l (pdb: 3F8E). The co-crystallized ligand (2-amino-2-hydroxy-
methyl-propene-1,3-diol) from the hCA IX isoform was removed,
and the hydrolysed coumarin of the hCA Il isoform, together with
its Zn2" coordinated water molecule was inserted inside the pre-
pared structure of the hCA IX and the docking grid was prepared
by taking the centroid of the co-crystallized hydrolysed coumarin
ligand with default settings. The grid for the hCA XIl was gener-
ated by taking the central coordinates of co-crystallized acetazola-
mide and keeping the default settings. Ligands were docked
using extra precision mode (XP) of Glide® and the best pose of
each molecule was refined with Prime®® with a VSGB solvation
model considering the target flexible within 3 A around the ligand.
The best poses of 6¢ and 7c¢ in complex with CA IX and 6d and
7b in complex with CA XIlI were taken to perform a 100ns MD
simulation using Desmond®® using the OPLS 2005 force field. The
orthorhombic box system was built using TIP4PEW water mole-
cules as solvent system extended 15A away from any protein
atom and neutralised by adding chlorine and sodium ions. The
simulation protocol comprised a starting relaxation step followed
by a final production phase of 100ns. The relaxation step is div-
ided into five stages having: (a) a stage of 100 ps at 10K retaining
the harmonic restraints on the solute heavy atoms (force constant
of 50.0kcal mol™' A using the NPT ensemble with Brownian
dynamics; (b) a stage of 12ps at 10K with harmonic restraints on
the solute heavy atoms (force constant of 50.0kcal mol™' A,
using the NVT ensemble and Berendsen thermostat; (c) a stage
of 12ps at 10K and 1atm, retaining the harmonic restraints and
using the NPT ensemble and Berendsen thermostat and barostat;
(d) a stage of 12ps at 300K and 1atm, retaining the harmonic
restraints and using the NPT ensemble and Berendsen thermo-
stat and barostat; (e) a final 24 ps stage at 300K and 1atm with-
out harmonic restraints, using the NPT Berendsen thermostat
and barostat. Then the system enters the final production phase
of the MD simulation run using a canonical NPT Berendsen
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ensemble at temperature 300K. During the MD simulation, a
time step of 2 fs was used while constraining the bond lengths
of hydrogen atoms with the MSHAKE algorithm. The atomic
coordinates of the system were saved every 100 ps along the MD
trajectory. Protein and ligand RMSD values, ligand torsions evolu-
tion and occupancy of intermolecular hydrogen bonds and hydro-
phobic contacts were computed along the production phase of the
MD simulation with the Simulation Interaction Diagram tools imple-
mented in Maestro'®

Results and discussion
Chemistry

The synthetic route followed for the new coumarin-sulphonamide
derivatives is summarised in Scheme 1. Salicylaldehyde (1), on
reaction with diethyl malonate in the presence of a catalytic
amount of piperidine and acetic acid, gave ethyl 2-oxo-2H-

chromene-3-carboxylate (2), which on hydrolysis with NaOH
afforded 2-oxo-2H-chromene-3-carboxylic acid (3). The acid (3)
was then coupled with N-Boc piperazine in the presence of
EDC.HCI, HOBt and DIPEA to afford tert-butyl 4-(2-oxo-2H-chro-
mene-3-carbonyl) piperazine-1-carboxylate (4). The Boc deprotec-
tion with TFA in DCM afforded 3-(piperazine-1-carbonyl)-2H-
chromen-2-one (5), which on reaction with various benzene sulph-
onyl chlorides using triethylamine as base and DCM as solvent
afforded the titled sulphonamide derivatives (6a—e). The reaction
of intermediate 5 with substituted phenylisothiocyanates in aceto-
nitrile yielded the carbothioamide derivatives (7a-c) (Scheme 1).

In another modification, 7-hydroxy-3-carboxy coumarin (10)
was prepared using 2,4-dihydroxy benzaldehyde as the starting
material. The 4-hydroxy-3-carboxy coumarin (15) was prepared by
heating salicylic acid with malonic acid in the presence of tri-
fluoroacetic acid. These acid intermediates 10 and 15 were
coupled with substituted sulphonyl piperazines to afford com-
pounds 12a-c and 16a-c (Scheme 2).

o
[¢] (@]
N . .
@\AO i N o~ ii N OH i @fﬁ@
OH o~ o N
(0] [¢] O [¢]
1 2 3 4

SCN N
o N | R,
6a R =4-NO,-Phenyl ’/S\R 0 P> o)
6b R = 4-acetamido-Phenyl BN o) 1 X
6¢ R;= Thiophen-2-yl @\/ﬁN/\ o v N/\ vi A N/\ ’
6d R= 5-Br-thiophen-2-yl o o &N\S’/ @ NH @ N._N.
6e R,= Ethyl O// "Ry (¢} o~ o m/ R,
6a- 5 Ta-c S

7a R,=2-Cl-Phenyl

7b R,= 4-Cl-Phenyl

7¢ Ry= Phenyl

Scheme 1. Reagents and conditions: (i) diethyl malonate, Piperidine, EtOH, 70-80°C, 4-6 h, 82% (ii) NaOH, H,0, MeOH, rt., 2h, 74% (iii) N-Boc piperazine, EDC.HCI,
HOBt, DIPEA, DMF, rt, 8-12h, 61% (iv) TFA, DCM, 0-5°C to rt.,, 1h, 69% (v) substituted sulphonyl chlorides, DIPEA, DCM, rt.,, 2-3 h, 75-81%. (vi) substituted phenyliso-

thiocyanates, ACN, reflux, 2-3 h, 65-75%.
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Scheme 2. Reagents and conditions: (i) diethyl malonate, piperidine, glacial acetic acid (Cat.), reflux, 80°C, 4-6 h, 79% (ii) NaOH, H,0, MeOH, rt.2h, 70% (iii) substi-
tuted sulphonyl piperazines, EDC.HCI, HOBt, DIPEA, DMF, rt,8-12 h, 60-75% (iv) TFA, 90-100°C 8 h, 88% 27,
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Scheme 3. Reagents and conditions: (i) ethyl acetoacetate, piperidine, EtOH, rt, 4-6 h, 70% (ii) cat. AcOH, DMF, rt, 2-3 h, 70-73%.
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Table 1. Inhibition data for hCA isozymes |, I, IX and Xl for synthesised compounds using AAZ as a standard CAl (K; in uM).*®

S.No. Code Structure hCA | hCA Il hCA IX hCA XII
1. 6a (0] >100 >100 7.1 9.1
N N
N/
0" o S
N02
2. 6b o] >100 >100 6.7 423

3. 6¢ o >100 >100 4.1 66.7

4, 6d (0] >100 >100 5.56 9.8
XN
@fﬁ@w 0
0”0 SNF
)
s //
Br
5. 6e o >100 >100 37.8 26.1
XN
OO s
o 0 //S\/
6. 7a o) >100 >100 72,0 47.8
seqevs.
o QNYN
s
7. 7b o >100 >100 9.2 8.0

8. 7c o) >100 >100 5.1 318

9. 12a o >100 >100 >100 86.6
NN
M e
HO 0”0 s
(¢]
F
10. 12b o >100 >100 >100 9.3
A N
jonasy
HO oo s
o
11. 12c 0] >100 >100 50.7 >100

R N/\
o
Ho/©\/ojj: bN\s”
0

(continued)
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Table 1. Continued.

S.No. Code Structure hCA | hCA lI hCA IX hCA Xl
12. 16a OH O >100 >100 >100 92.2
X N/\
o o K/N\//S//
O
F
13. 16b OH O >100 >100 90.9 9.5
A N
e
0" o y:
A0
14. 16¢ OH O >100 >100 >100 36.5
X N
o0 o Q\"s/’o s
A
15. 20a \/©/F >100 >100 62.1 9.2
O O
16. 20b \/©/C| >100 >100 8.9 9.4
O O
17. AAZ le) N- N (0] 0.25 0.012 0.026 0.006
\
MM 5 NH,
N~ S 4
H

Values are mean from three different assays using the stopped-flow technique (errors were in the range of + 5-10% of the reported values).

b6 h incubation.

Similarly, 3-acetyl coumarin (18) intermediate was prepared
from salicylaldehyde and ethyl acetoacetate. The intermediate 18
was further treated with substituted O-benzyl hydroxylamine. HCI
to yield compounds 20a, b (Scheme 3).

CA inhibition

The synthesised compounds were tested for their CA inhibitory
potential against the isoforms hCA |, II, IX, and XII, and the results
are given in Table 1. The CA inhibition was evaluated using the
stopped-flow carbon dioxide hydrase assay®’, and acetazolamide
(AAZ) was used as a reference CAl. The concentration-response
curves of the most active molecules compared with the control
acetazolamide against the CA isoforms IX and Xl are shown in
Figures S1 and S2 of the supporting information.

a. The synthesised coumarin derivatives showed selective CA
inhibitory activity against hCA IX and hCA XII (associated with
tumour) with K; values ranging from 4 to 100 uM.

b. While the sulphonamide derivatives 6c exhibited hCA IX
inhibition with K; of 4.1 uM, compound 6a showed inhibition
against hCA IX and hCA XII with K; of 7.1 and 9.1 uM, respect-
ively. The compound 6d inhibited both hCA IX and hCA XII
with K; of 5.56 and 9.8 uM, respectively. The compounds 12b

and 16b exhibited selective inhibition of hCA Xl with K; of
9.3 and 9.5 pM, respectively.

The Structure-Activity Relationship studies indicate that the
sulphonamides with phenyl and thiophen-2-yl substitutions
with EWG, like NO, (6d) and Br (6a), were found to be active
against both the isoforms. In contrast, aliphatic ethyl (6e)
substitutions on piperazine led to a decrease in activity. The
hydroxyl substitutions on the coumarin ring (12a-c and 16a-
) resulted in a loss of activity against hCA IX.

The carbothioamide derivatives (7a-c) inhibited hCA IX and
hCA XII, of which 7c showed inhibition against hCA IX with K;
of 5.1 uM, and 7b inhibited both the isoforms hCA IX and
hCA XIl with K; of 9.2 and 8.0 uM respectively.

The unsubstituted carbothioamide derivative 7c inhibited
hCA IX with better K; than hCA Xll, and the 4-Cl derivative 7b
inhibited hCA Xl better than hCA IX. The 2-Cl (7a) substitu-
tion resulted in a 5-7-fold decrease in the hCA IX and hCA
XII inhibition.

The coumarin oxime ether derivatives inhibited both the iso-
forms, hCA IX and hCA Xl with a K; of 8.9-62.1 uM, where 4-
Cl-phenyl substituted compound 20b was equally active
against both hCA IX and hCA XIl with a K; of 8.9 and 9.4 uM,
the 4-F-phenyl substituted 20a exhibited a 6-fold decrease in
activity against the hCAIX isoform.


http://doi.org/10.1080/14756366.2023.2185760
http://doi.org/10.1080/14756366.2023.2185760

In silico studies

In an attempt to predict the binding mode of the synthesised
compounds with hCA IX (PDB ID: 5DVX) and hCA Xl (PDB ID:
1JD0), molecular docking and dynamic simulation studies were
performed. The a-carbonic anhydrases are found to cleave the lac-
tone ring of the coumarins to form a cinnamic acid deriva-
tive”'%3°, The predicted hydrolysed structures of the synthesised
compounds were drawn accordingly, and the in silico studies were
performed using protocols adopted from the literature'®*'.

Owing to the flexibility of the hydrolysed forms of the synthes-
ised molecules exhibiting better binding affinities towards the CA
active site residues when compared to the closed forms, the com-
pounds 6c and 7c showed potent inhibition against the hCA IX
(PDB ID: 5DVX). The carboxyl group of compound 6c showed key
H-bonding interactions with Thr332 and Thr333, and the thio-
phene ring showed a n-m stacking interaction with His200.
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Similarly, compound 7c¢ showed two hydrogen bonding interac-
tions with GIn224, Thr332 and Thr333 and the hydrophobic inter-
actions stabilised the binding mode in the active pocket of hCA IX
as shown in Figure 2.

Further, the molecular dynamics simulation for 100 ns showed
the molecules to be stable in the binding pocket throughout the
simulation. The plots of the ligand (red) and protein (blue) in
Figure 3 show the changes in RMSD and the conformation of the
ligands during the 100 ns simulation in the binding site of hCA IX
(PDB ID: 5DVX). The compound 6c¢ attained a stable conformation
in the binding pocket at 20 ns, and minor changes in the conform-
ation at 50 ns resulted in the fluctuation in the RMSD below 2.5 A
retaining the key interactions of Thr332 and Thr333. Likewise,
compound 7c stabilised into the binding site at 20ns and with
minor fluctuations in the RMSD throughout the simulation, retain-
ing the interactions with GIn224.

&
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TRP 141

Figure 2. (A) Docking pose of compound 6c (green) (B) docking pose of compound 7c (grey) in the active site of hCA IX (PDB ID: 5DVX) n*tis represented as grey

sphere.
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Figure 3. Graph showing analysis of ligand RMSD for MD simulation time of 100 ns on hCA IX (PDB ID: 5DVX) (A) change in conformations of 6c. (B) change in confor-

mations of 7c.
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Figure 4. (A) Docking pose of compound 6d (purple) (B) docking pose of compound 7b (teal) in the active site of hCA IX (PDB ID: 1JDO0) n’tis represented as grey
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Figure 5. Graph showing analysis of ligand RMSD for MD simulation time of 100 ns on hCA XII (PDB ID: 1JD0) (A) change in conformations of 6d. (B) change in confor-

mations of 7b.

The compounds 6d and 7b, active against hCA Xll, showed
important interactions with the binding site residues of hCA XII
(PDB ID: 1JDO0). Interestingly, compound 6d showed metal
coordination through the carboxylate anion and Zn?*, hydro-
gen bonding interactions with Thr199, Thr200, Thr91, and a
halogen bond with Lys67. Additionally, the n-=n stacking inter-
action with His94 stabilised the ligand in the hCA XIl binding
pocket. Similarly, compound 7b coordinated with Zn?" in add-
ition to the hydrogen bonding interactions with Thr199, Thr200,
the n—7n stacking interaction with His94 and His96, and a halo-
gen bonding interaction with Lys4 stabilised 7c as shown in
Figure 4. It should be mentioned that the hydrolysed coumarins
were not seen bound to the metal ion by X-ray crystallography,

as mentioned in the introduction'®. Thus, the obtained compu-
tational data reported here must be validated by crystallo-
graphic experiments.

Moreover, it is evident that the compounds showed
stable interactions throughout the 100 ns simulation. The plots in
Figure 5 showed the compound 6d settled in a stable conform-
ation from 40ns and with minor fluctuations in the RMSD around
1-1.5A. Whereas the compound 7b stabilised in the pocket at
10ns later, the changes in the conformations from 20 to 35ns
leading to the final stabilisation of the ligand at 40-60ns with
minor changes in RMSD around 2.5 A with stable key interactions
with the metal ion and the residues accounting for the potency of
the compounds against hCA XIlI.



Conclusion

In summary, this work describes the design and synthesis of 16
new coumarin derivatives consisting of 11 coumarin-linked sul-
phonamides (6a-e, 12a-c, 16a-c), 3 coumarin-linked carbothioa-
mides (7a-c) and 2 coumarin oxime ether derivatives (20a, 20b)
as potential carbonic anhydrase inhibitors. The synthesised com-
pounds selectively inhibited the hCA IX and hCA XII with K; rang-
ing from 4 to 93 pM. Compounds 6c and 7c exhibited selectivity
towards hCA IX with a K; of 4.1 and 5.1 uM, respectively. At the
same time, compounds 6d and 7b inhibited hCA XII with a K; of
9.8 and 8.0uM, respectively. The oxime ether 20a selectively
inhibited hCA XIl with a K; of 9.2 uM. Further, the in-silico studies
revealed the key interacting residues of the synthesised molecules
in the binding pocket and the molecular dynamic simulations con-
firmed the binding mode and the stability of the interactions of
the ligands in the binding pockets of the enzymes hCA IX and
hCA XII which are overexpressed in the hypoxic cancer cells sug-
gesting the compounds 6c¢, 7c and 7b can further be explored to
develop into effectiive inhibitors of hCA IX and hCA XIl.
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