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Reaction of 2-nitrophenyl- and 4-nitrophenylsulfenyl-chlorides with aromatic/heterocyclic
sulfonamides containing a free amino group afforded sulfenamido-sulfonamides, which were
inhibitors of the zinc enzyme carbonic anhydrase (CA). Oxidation of these derivatives with
potassium permanganate in acetone led to the corresponding bis-sulfonamides. Good inhibi-
tion of three CA isozymes (CA I, II and IV, respectively) was observed with some of the new
compounds, the bis-sulfonamides being more active than the sulfenamido-sulfonamides. A
possible in vivo transformation of the last type of compounds, leading to an omeprazole-like
gastric acid secretion inhibitor is also discussed.

Keywords: Aromatic/heterocyclic sulfonamide; Carbonic anhydrase; Isozyme I, 11, IV;
Sulfenamide; Gastric acid secretion inhibition

INTRODUCTION

The eight carbonic anhydrase (CA, EC 4.2.1.1) isozymes isolated up to
now in higher vertebrates,? are involved in critical physiological processes
such as transport of CO, between metabolizing tissues and lungs,? secretion
of electrolytes in many organs,>* and signal transduction in a variety of
cells.’ Sulfonamide CA inhibitors are widely used drugs in the treatment or
prevention of glaucoma,’ gastro-duodenal ulcers,*® or diverse neurological

*See ref. 1.
* Corresponding author. Fax: + 39-55-2757555. Tel.: + 39-55-222007.
E-mail: scoz@riscl.lrm.fi.cnr.it.
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disorders® but recently they were shown to be useful for the inhibition of
osteoclastic bone resorption’ and thus as a new therapy for osteoporosis.
Moreover, sulfonamide CA inhibitors, such as acetazolamide 1 were shown
to be useful in the therapy of cancer in association with a lot of classical
antineoplastic agents, such as carmustine, cisplatin or melphalan.®® Other
sulfonamide inhibitors, such as methazolamide 2 were recently shown to
inhibit the growth of human lymphoma cells in culture.®® CA inhibition by
sulfonamides has as a consequence the acidification of the intratumoral
environment, markedly decreasing tumor growth in experimental animals,
but the definitive mechanism of action of the CA inhibitors in cancer ther-
apy has not yet been fully clarified.>® Recently a human tumor-associated
protein (detectable only in cancerous cells), possessing a domain homo-
logous to CA, and enzyme activity of the CA type (subsequently this pro-
tein was termed CA IX),'® was also isolated. This indicates that studies
on CA activity and its inhibition might be important for a better under-
standing of cell proliferation and transformation, as well as in the design
of novel types of anti-cancer therapies.
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Isozyme-specific or organ-selective CA inhibitors'' are also desirable in
order to improve the efficiency of clinically used inhibitors (such as aceta-
zolamide 1, methazolamide 2, benzolamide 3 or sezolamide 4) and for
understanding the physiological function of some CA isozymes.>*
Although few compounds possess high specificity for diverse CA isozymes,
recently some progress was achieved in the design of low molecular weight
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inhibitors with high affinity for the membrane-bound form CA Iv,1213 g5
well as some tight-binding-CA T sulfonamides.'*

CA together with H*/K*-ATP-ase are the key enzymes involved in
gastric acid secretion,*>!>!® and since high doses of acetazolamide were
shown to be useful as a therapy for gastro-duodenal ulcers*>!” in this paper we
propose a novel approach for a possible treatment of this disease, by com-
bining inhibition of CA by sulfonamide inhibitors with inactivation of H*/
K "-ATP-ase by sulfenyl derivatives. Here we report the synthesis of some
sulfenyl-sulfonamide derivatives that in acidic media (for instance in the
stomach) might be transformed to effective sulfonamide CA inhibitors and
sulfenyl halides (or similarly reactive intermediates) that by reaction with
H*/K*-ATP-ase, would inactivate this enzyme similarly to omeprazole 5,
the most potent known gastric acid secretion inhibitor.’® 2 In this way,
the two in vivo sources of H* ions (i.e., generated by hydration of CO,, a
reaction catalyzed by CAs — reaction (1), as well as by ATP hydrolysis —
reaction (2) — in the presence of H* /K " -ATP-ase) would be blocked, and

a strong inhibition of acid production would be expected.!*1°
CO; + H,O & HCO; + H™ (1)
ATP* + H,0 & ADP*~ + HPO?™ + H* (2)

The new compounds reported here were characterized by standard chem-
ical and spectroscopic methods and were assayed as CA inhibitors against
three isozymes (CA I, II and IV). In vitro tests also showed that in acidic
medium they undergo the type of transformation that constituted the
hypothesis for their design, i.e., they lead to formation of a sulfonamide
inhibitor, together with the sulfenyl halide that should subsequently sul-
fenylate and inactivate H* /K *-ATP-ase.

MATERIALS AND METHODS

Melting points were determined with a heating plate microscope and are
not corrected, IR spectra were obtained in KBr pellets with a Perkin—
Elmer 16PC FTIR spectrometer and '"H-NMR spectra with a Varian
300CXP apparatus in solvents specified in each case. Chemical shifts are
expressed as 6 values relative to Me,Si as standard. Elemental analyses
were done by combustion for C, H, N with an automated Carlo Erba ana-
lyzer, and were +0.4% of the theoretical values.
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Sulfonamides used in synthesis were commercially available (from Sigma,
Acros or Aldrich) except for 5-amino-1,3,4-thiadiazole-2-sulfonamide 8e
which was prepared from acetazolamide (Sigma) by deacetylation,?! and
methanilamide 8b which was prepared from 3-aminobenzene-sulfonyl
fluoride hydrochloride (Acros) by treatment with excess aqueous ammonia.
Both compounds were recrystallized from ethanol-water (1:1, v/v).
2-Nitrobenzenesulfenyl chloride and triethylamine were from Acros,
4-nitrobenzenesulfenyl chloride from Aldrich. Acetonitrile (Merck) used as
solvent in the synthesis was doubly distilled and kept on molecular sieves
in order to maintain it in anhydrous conditions. Acetone and potassium
permanganate were from Merck.

Human CA I and CA II cDNAs were expressed in Escherichia coli
strain BL21 (DE3) from the plasmids pACA/HCA I and pACA/HVA II de-
scribed by Forsman er al.? (the two plasmids were a gift from Prof. Sven
Lindskog, Umea University, Sweden). Cell growth conditions were those
described by Lindskog’s group,”® and enzymes were purified by affinity
chromatography according to the method of Khalifah et /.* Enzyme con-
centrations were determined spectrophotometrically at 280 nm, utilizing a
molar absorptivity of 49mM ~'cm™! for CA I and 54mM~'cm™! for CA
I1, respectively, based on M, = 28.85kDa for CA I, and 29.30kDa for CA
11, respectively.?>?® CA IV was isolated from bovine lung microsomes as
described by Maren er al., and its concentration has been determined by
titration with ethoxzolamide.?™

Inhibitors were assayed by Maren’s micromethod,?’ at 0°C, in the con-
ditions of the E-I (enzyme-inhibitor) technique. Water saturated with
100% CO, (at 0°C) was used as substrate, as originally described by
Maren et al.?” Stock solutions of inhibitor (1 mM) were prepared in dis-
tilled—deionized water with 10-20% (v/v) DMSO (which is not inhibitory
at these concentrations)* and dilutions up to 0.1 nM were done thereafter
with distilled—deionized water. Inhibitor and enzyme solutions were pre-
incubated together for 10 min at room temperature prior to assay, in order
to allow for the formation of the E-1 complex.?’ In a special CO, bubbler
cell 0.3mL of distilled water was added, followed by 0.4 ml of phenol red
indicator solution (1%) and (0.1 ml) of inhibitor + 0.1 mL of CA solution,
preincubated as mentioned above). The CA concentrations were 1.5nM
for CA 11, 210 nM for CA I and 3.5nM for CA IV. The hydration reac-
tion was initiated by addition of 0.1 mL of barbital buffer (pH 7.5), and
the time to obtain a color change was recorded with a stopwatch. Enzyme
specific activity in the presence and in the absence of inhibitors, as well as
ICsq values (the mean of two determinations) were determined as described
by Maren. The standard error of these measurements is around 5—10%.>
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General Procedure for the Preparation of Compounds 9-18

An amount of 10mM sulfonamide 8a—e was dissolved/suspended in 50 mL
of anhydrous acetonitrile and 1.4 mL (10 mm) of triethylamine were added
dropwise. The reaction mixture was magnetically stirred at room tempera-
ture for 15 min, then 1.89 g (10 mM) of sulfenyl chloride 6 or 7 dissolved in
10mL of anhydrous acetonitrile were added dropwise for a period of 30 min.
The reaction mixture was stirred at room temperature for 3 h, when by means
of thin layer chromatography it was observed that the reaction was com-
pleted. After half of the solvent has been evaporated in vacuo, the reaction
mixture was poured into 50 mL of cold water, The precipitated product was
filtered and recrystallized from ethanol. Yields were in the range of 85-90%.

General Procedure for the Preparation of Compounds 19-28

5mM of sulfenamido-sulfonamide 9-18 were dissolved in 50 mL of acetone
and the required amount of saturated potassium permanganate solution
in acetone was added (this solution was obtained by stirring overnight
an excess of solid KMnOy in acetone, followed by filtration of the excess
permanganate and precipitated MnO;; the amount of permanganate
contained was then assayed by titration with a standardized oxalic acid
solution). This reaction mixture was stirred at room temperature for 1h,
the brown precipitate formed was filtered and discarded, and the clear
acetone solution evaporated in vacuo. The residue was recrystallized from
ethanol-water or methanol-water. Yields were in the range of 60—70%.

4-(2-Nitrobenzenesulfenylamido )-benzenesulfonamide 9, pale yellow crys-
tals, m.p. 185-7°C, IR (KBr), cm™': 735, 751, 776, 838, 1030, 1080 and
1250 (NO,), 1172 (SOF™), 1331 (SO%), 3260 and 3400 (NH and NH,);
'"H-NMR (DMSO-dy), 6, ppm: 5.19 (br s, 1H, NH); 6.55 (br s, 2H, NH,);
7.08 (m, AA'BB’, 4H, ArH from phenylene); 7.29-7.73 (m, 4H, ArH from
ortho-substituted phenyl). Found: C, 44.4; H, 3.1; N, 12.5. C;,H;;N;0,S,
requires: C, 44.3; H, 3.3; N, 12.9%.

3-(2-Nitrobenzenesulfenylamido )-benzenesulfonamide 10, yellow crystals,
m.p. 194-6°C, IR (KBr), cm™': 632, 741, 828, 995, 1090 and 1250 (NO,),
1181 (SOF™), 1314 (SO%), 3270 and 3400 (NH and NH,); 'H-NMR
(DMSO-dg), 6, ppm: 5.07 (br s, 1H, NH); 6.40 (br s, 2H, NH,); 7.10-7.59
(m, 4H, ArH from 1,3-phenylene); 7.29-7.73 (m, 4H, ArH from ortho-
substituted phenyl). Found: C, 44.3; H, 3.0; N, 12.6. C,H;;N;0,S,
requires: C, 44.3; H, 3.3; N, 12.9%.

4-( 2-Nitrobenzenesulfenylamidomethyl)-benzenesulfonamide 11, yellow
crystals, m.p. 210-2°C, IR (KBr), cm™': 725, 749, 783, 818, 1084 and 1249
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(NOy), 1171 (SOP™), 1320 (SO%), 3280 and 3400 (NH and NH,);
'H-NMR (DMSO-dg), 8, ppm: 4.89 (s, 2H, SNHCH>); 5.17 (br s, 1H,
NH); 5.85 (br s, 2H, NH;); 7.05 (m, AA’BB’, 4H, ArH from phenylene);
7.23-7.67 (m, 4H, ArH from ortho-substituted phenyl). Found: C, 45.8; H,
3.9; N, 12.2. C3H3N30,4S; requires: C, 46.0; H, 3.8; N, 12.3%.

4-(2-Nitrobenzenesulfenylamidoethyl )-benzenesulfonamide 12, pale yellow
crystals, m.p. 187-9°C, IR (KBr), cm™': 662, 849, 888, 957, 1051, 1082 and
1250 (NOy), 1169 (SO™), 1325 (SO%), 3280 and 3360 (NH and NH,);
'H-NMR (DMSO-dg), 6, ppm: 3.10 (t, 2H, aCH,); 3.70 (t, 2H, ACHy); 5.05
(br s, 1H, NH); 5.58 (br s, 2H, NH;); 7.06 (m, AA'BB’, 4H, ArH from phe-
nylene); 7.29-7.70 (m, 4H, Ar H from ortho-substituted phenyl). Found: C,
47.3; H, 3.8; N, 11.8. C;4H;5N30,S,; requires: C, 47.6; H, 4.2; N, 11.9%.

5-(2-Nitrobenzenesulfenylamido )- 1,3 4-thiadiazole-2-sulfonamide 13, yel-
low crystals, m.p. 239-41°C (dec.), IR(KBr), cm™': 559, 631, 715, 970,
1030, 1085 and 1250 (NO,), 1180 (SO3'™), 1320 (SOZ*), 1490, 1540, 3280
and 3390 (NH and NH,); 'H-NMR (DMSO-dy), 6, ppm: 5.08 (br s, 1H,
NH); 6.20 (br s, 2H, NH,); 7.23-7.75 (m, 4H, ArH from ortho-substituted
phenyl). Found: C, 28.2; H, 2.9; N, 20.7. CgHgN;s0,S; requires: C, 28.6;
H, 2.6; N, 20.9%.

4-(4-Nitrobenzenesulfenylamido )-benzenesulfonamide 14, yellow crystals,
m.p. 212-3°C, IR (KBr), cm™~': 708, 725, 810, 839, 1050, 1075 and 1250
(NOy), 1173 (SOF™), 1336 (SO3), 3230 and 3400 (NH and NH,); 'H-
NMR (DMSO-dg), 6, ppm: 5.12 (br s, 1H, NH); 6.71 (br s, 2H, NH,); 7.08
(m, AA’BB’, 4H, ArH from phenylene-sulfonamido); 7.15 (m, AA’BB’,
4H, ArH from nitro-phenylene). Found: C, 44.2; H, 3.0; N, 12.9.
C|2H11N30482 requires: C, 443, H, 3.3; N, 12.9%.

3-(4-Nitrobenzenesulfenylamido )-benzenesulfonamide 15, yellow crystals,
m.p. 209-11°C, IR (KBr), cm™: 669, 753, 832, 990, 1080 and 1250 (NO,),
1181 (SOF™), 1315 (SO%), 3260 and 3400 (NH and NH,); 'H-NMR
(DMSO-dg), 8, ppm: 5.10 (br s, 1H, NH); 6.40 (br s, 2H, NH,); 7.10-7.59
(m, 4H, ArH from 1,3-phenylene); 7.15 (m, AA’BB’, 4H, ArH from nitro-
phenylene). Found: C, 44.1; H, 3.4; N, 12.7. C;;H;|N30,4S, requires:
C,44.3; H, 3.3; N, 12.9%.

4-(4-Nitrobenzenesulfenylamidomethyl )-benzenesulfonamide 16, yellow
crystals, m.p. 219-20°C, IR (KBr), cm™': 705, 736, 780, 838, 1080 and
1247 (NO,), 1171 (SO3F™), 1324 (SO%), 3260 and 3400 (NH and NH,);
'H-NMR (DMSO-d¢), 6, ppm: 4.93 (s, 2H, SNHCH,); 5.15 (br s, 1H,
NH); 5.82 (br s, 2H, NH,); 7.05 (m, AA’BB’, 4H, ArH from phenylene-
sulfonamido); 7.15 (m, AA’BB’, 4H, ArH from nitro-phenylene). Found:
C,46.2; H, 3.8; N, 12.3. C{3H|3N10,S, requires: C, 46.0; H, 3.8; N, 12.3%.
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4-(4-Nitrobenzenesulfenylamidoethyl )-benzenesulfonamide 17, yellow crys-
tals, m.p. 198-9°C, IR (KBr), cm™': 659, 732, 856, 889, 974, 1060, 1087
and 1250 (NO,), 1169 (SO3™), 1321 (SO%°), 3270 and 3360 (NH and NH));
'H-NMR (DMSO-dg), 6, ppm: 3.12 (t, 2H, aCH,); 3.71 (t, 2H, SCH,);
5.10 (br s, 1H, NH); 5.61 (br s, 2H, NH,); 7.07 (m, AA’BB’, 4H, ArH
from phenylene-sulfonamido); 7.15 (m, AA’BB’, 4H, ArH from nitro-phe-
nylene). Found: C, 47.5; H, 4.0; N, 11.5. C,4H;sN;0,4S, requires: C, 47.6;
H, 4.2; N, 11.9%. :

5-(4-Nitrobenzenesulfenylamido )- 1,3 4-thiadiazole-2-sulfonamide 18, yel-
low crystals, m.p. 251-4°C (dec.), IR (KBr), cm™!: 612, 638, 710, 966,
1034, 1081 and 1250 (NO,), 1179 (SO™), 1320 (SO%), 1470, 1540, 3275
and 3380 (NH and NH,); '"H-NMR (DMSO-d¢), 6, ppm: 5.10 (br s, 1H,
NH); 6.26 (br s, 2H, NH,); 7.15 (m, AA’BB’, 4H, ArH from phenylene).
Found: C, 28.5; H, 2.6; N, 20.7. CgHgNsO,S; requires: C, 28.6; H, 2.6; N,
20.9%.

4-(2-Nitrobenzenesulfonylamido )-benzenesulfonamide 19, pale yellow
crystals, m.p. 218-9°C, IR (KBr), cm™ ! 662, 745, 853, 1030, 1078 and
1250 (NO,), 1139 and 1172 (SOF™), 1335 (SO%*), 3290 and 3400 (NH and
NH.,); 'H-NMR (DMSO0-dg), 8, ppm: 6.75 (br s, 3H, NH + NH,); 7.05 (m,
AA'BB’, 4H, ArH from phenylene); 7.32-7.64 (m, 4H, ArH from ortho-
substituted phenyl). Found: C, 40.0; H, 3.1; N, 11.5. C;3H;1N306S,
requires: C, 40.3; H, 3.0; N, 11.7%.

3-(2-Nitrobenzenesulfonylamido )-benzenesulfonamide 20, pale yellow
crystals, m.p. 201-4°C. IR (KBr), cm™!: 685, 717, 810, 943, 1080 and 1250
(NO,), 1144 and 1181 (SO?™), 1314 (SO%), 3275 and 3400 (NH and
NH,); 'H-NMR (DMSO-d), 6, ppm: 6.50 (br s, 3H, NH, + NH); 7.15—
7.50 (m, 4H, ArH from 1, 3-phenylene); 7.33-7.78 (m, 4H, ArH from
ortho-substituted phenyl). Found: C, 40.3; H, 3.2; N, 11.6. C;2H 1 N30¢S,
requires: C, 40.3; H, 3.0; N, 11.7%.

4-(2-Nitrobenzenesulfonylamidomethyl )-benzenesulfonamide 21, white
crystals, m.p. 228-9°C, IR (KBr), cm™': 694, 725, 789, 798, 885, 1080 and
1255 (NO,), 1150 and 1171 (SO™), 1323 (SO%), 3260 and 3400 (NH and
NH,); '"H-NMR (DMSO-dg), 8, ppm: 4.95 (s, 2H, SO,NHCH,); 6.28 (br s,
3H, NH, + NH); 7.05 (m, AA'BB’, 4H, ArH from phenylene); 7.25-7.70
(m, 4H, ArH from ortho-substituted phenyl). Found: C, 41.8; H, 3.6; N,
11.2. C3H3N306S,; requires: C, 42.0; H, 3.5; N, 11.3%.

4-(2-Nitrobenzenesulfonylamidoethyl )-benzenesulfonamide 22, white crys-
tals, m.p. 218-9°C, IR (KBr), cm™': 691, 735, 844, 873, 975, 1039, 1080
and 1250 (NO,), 1154 and 1169 (SO™), 1328 (SO3*), 3260 and 3390 (NH
and NH,); '"H-NMR (DMSO-dg), 6, ppm: 3.12 (t, 2H, oCH,); 3.77 (t, 2H,
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BCH,); 6.74 (br s, 3H, NH, +NH); 7.08 (m, AA'BB’, 4H, ArH from
phenylene); 7.26-7.61 (m, 4H, ArH from ortho-substituted phenyl).
Found: C, 43.5; H, 3.8; N, 10.8. C;4H5N30S, requires: C, 43.6; H, 3.8,
N, 10.9%.

5-(2-Nitrobenzenesulfonylamido )-1,3,4-thiadiazole-2-sulfonamide 23, pale
yellow crystals, m.p. 239-41°C (dec.), IR (KBr), cm™': 590, 637, 685, 719,
971, 1050, 1085 and 1250 (NO,), 1153 and 1180 (SO3™), 1327 (SO%),
1495, 1540, 3260 and 3390 (NH and NH,); '"H-NMR (DMSO-dy), 6, ppm:
7.10 (br s, 3H, NH,; + NH); 7.28-7.65 (m, 4H, ArH from ortho-substituted
phenyl). Found: C, 26.2; H, 2.3; N, 18.7. CgHgNsOS; requires: C, 26.1;
H, 2.4; N, 19.0%.

4-(4-Nitrobenzenesulfonylamido )-benzenesulfonamide 24, pale yellow
crystals, m.p. 229-33°C, IR (KBr), cm™': 701, 755, 818, 894, 1045, 1078
and 1250 (NOy), 1139 and 1173 (SOF™), 1335 (SO%), 3260 and 3400 (NH
and NH,); 'TH-NMR (DMSO-dg), 6, ppm: 7.00 (br s, 3H, NH, + NH); 7.09
(m, AA'BB’, 4H, ArH from phenylene-sulfonamido); 7.21 (m, AA’BB’,
4H, ArH from nitro-phenylene). Analysis, found: C, 40.4; H, 3.0, N,
11.5%. C;,H 1 N3O6S, requires: C, 40.3; H, 3.0; N, 11.7%.

3-(4-Nitrobenzenesulfonylamido )-benzenesulfonamide 25, pale yellow
crystals, m.p. 235-7°C, IR (KBr), em™!: 690, 725, 778, 821, 970, 1085 and
1250 (NO,), 1150 and 1182 (SO™), 1319 (SO%), 3290 and 3400 (NH and
NH,); '"H-NMR (DMSO-dg), 6, ppm: 1H, 6.90 (br s, 3H, NH,+ NH);
7.10-7.55 (m, 4H, ArH from 1,3-phenylene); 7.19 (m, AA'BB’, 4H, ArH
from nitro-phenylene). Found: C, 40.1; H, 3.4; N, 11.7. C;;H;;N;0¢S,
requires: C, 40.3; H, 3.0; N, 11.7%.

4-(4-Nitrobenzenesulfonylamidomethyl )-benzenesulfonamide 26, white
crystals, m.p. 249-51°C, IR (KBr), cm~': 661, 715, 762, 820, 884, 1075
and 1249 (NOy), 1151 and 1173 (SO3™), 1325 (SO%*), 3270 and 3390 (NH
and NH,); 'H-NMR (DMSO-dg), 8, ppm: 4.90 (s, 2H, SO,NHCH,); 6.86
(br s, 3H, NH, + NH); 7.05 (m, AA’BB’, 4H, ArH from phenylene-sulfo-
namido); 7.23 (m, AA’'BB’, 4H, ArH from nitro-phenylene). Found: C,
42.2; H, 3.6; N, 11.3. C;3H3N50¢8S, requires: C, 42.0; H, 3.5; N, 11.3%.

4-(4-Nitrobenzenesulfonylamidoethyl )-benzenesulfonamide 27, white crys-
tals, m.p. 237-40°C, IR (KBr), cm™": 690, 728, 779, 860, 898, 970, 1045,
1080 and 1255 (NO,), 1150 and 1171 (SO3™), 1328 (SO2*), 3270 and 3390
(NH and NH,); '"H-NMR (DMSO-dg), 6, ppm: 3.15 (t, 2H, «CH,); 3.71
(t, 2H, BCH;); 6.86 (br s, 3H, NH, + NH); 7.06 (m, AA’BB’, 4H, ArH
from phenylene-sulfonamido); 7.21 (m, AA’BB’, 4H, ArH from nitro-
phenylene). Found: C, 43.5; H, 3.9; N, 11.0. C,4H;sN30¢S; requires: C,
43.6; H, 3.8; N, 10.9%.
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5-(4-Nitrobenzenesulfonylamido )-1,3,4-thiadiazole-2-sulfonamide 28, white
crystals, m.p. 278-9°C (dec.), IR (KBr), cm™": 625, 674, 754, 970, 1045,
1078 and 1250 (NO,), 1150 and 1180 (SOF™), 1326 (SO%) 1460, 1545,
3280 and 3390 (NH and NH,); 'H-NMR (DMSO-dg), 6, ppm: 7.03 (br s,
3H, NH, + NH); 7.28 (m, AA’BB’, 4H, ArH from phenylene). Found: C,
26.2; H, 2.4; N, 18.8. CgHgNsO4S; requires: C, 26.1; H, 2.4; N, 19.0%.

RESULTS AND DISCUSSION

Although arylsulfenyl halides such as the nitrosubstituted derivatives 6 and
7 are extensively used reagents for oligo- and polypeptide synthesis, their
reaction with amino-sulfonamides of type 8 has not been investigated pre-
viously.?73® In Scheme 1, the synthesis of arylsulfenyl-sulfonamides 9-18,
by reaction of the above mentioned reagents, is shown. The new deriva-
tives have been characterized by elemental analysis, IR and 'H-NMR spec-
troscopy which confirmed the proposed structure for the new derivatives
(see Materials and Methods for details).

Ci NH(CHz) ASO NH
©/$ +H N(CHZ) ASO NH—’

R -13: R=2-Ni
6: R-Z-NO2 913 N0,
7: R=4-NO, 14-18:R = 4-NO2

8a: n=0;A=—©—

8b: n=0;, A= —@2
8c:n=1;A= —©—
8d:n=2; A= —@—
8e: =0 A 11
+n=0; A=
JL
SCHEME 1|

The presence of the arylsulfenamido moiety in the derivatives 9-18 is not
only of interest for their possible transformation in acidic medium into a
sulfonamide CA inhibitor plus a compound able to modify H* /K *-ATP-
ase, but also as precursors for other types of CA inhibitors. Thus, recently
the X-ray crystallographic structure of the adduct of human CA II with
aminobenzolamide (the 4-amino-derivative of compound 3) has been
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reported.>! Aminobenzolamide is not only one of the most potent inhibitors
of isozyme CA II (with a K; of 1nM)***? but it is also one of the sulfon-
amides with the highest affinity for CA III, a sulfonamide-resistant
isozyme'! (with a K; of 3.7uM).>® The above-mentioned X-ray crystallo-
graphic study as well as molecular modeling studies for the binding of this
inhibitor to CA III>' showed that it is the second arylsulfonamido moiety
(X-CgH4-SO,NH-) which is important for the tight binding to the enzyme
as well as for the differences of affinity of this inhibitor to diverse isozymes,
as compared to other sulfonamides, such as acetazolamide 1, methazolamide
2 or sezolamide 4 (all acting as very good CA II inhibitors and weak CA III
inhibitors).>* As seen from Figure 1, generated from the X-ray crystallo-
graphic coordinates kindly provided by Prof. A. Liljas, Drs. A. Svensson
and J. Vidgren (University of Lund, Sweden), the high affinity of amino-
benzolamide can be explained by the supplementary hydrogen bonds
formed between the oxygen atoms of the second SO,NH moiety and active
site residues Leu 198 and Gln 92, as well as the edge-to-face arrangement of
the amino-phenyl ring of the inhibitor and the phenyl ring of active site resi-
due Phe 131,*! which is very favorable for protein-ligand interactions.>*>*
Thus, inhibitors possessing this type of substitution (Aryl-SO,NH-aryl’-
SO,NH,) might constitute interesting lead molecules for obtaining iso-
zyme-specific inhibitors, and this is the main reason that prompted us to
prepare compounds 19-28, by oxidation of the sulfenamido-sulfonamides
9-18 with potassium permanganate in acetone.'*® These new compounds
have also been characterized by elemental analysis and spectroscopic mea-
surements that confirmed their structure (see Materials and Methods).

Q/SOZNH(CHZ) ASO,NH,
19-28

R=2-NO; R=4-NO

19: n=0;A=—©—

20: n=0; A= @
21:n=1; A= —@—
22: n=2; A= —@—

N—N

23: n=0; A= )j\ )j\

S

24:n=0;A=—©—

25:n=0; A= —@
;A= <O
27: n=2; A= —@—

N—N

28: n=0; A= ’U\SJL
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TABLE I Biological activity data of sulfonamide CA inhibitors 9-28 prepared in the present
study and standard inhibitors 1-3 and 8

Compound ICso (nM)
CA T CA It CAIV!?

1 (acetazolamide) 200 7 120
2 (methazolamide) 10 9 145
3 (benzolamide) 2 1 35
8a (sulfanilamide) 2800 300 3000
8b (methanilamide) 2500 240 2200
8¢ (homosulfanilamide) 2500 170 2800
8d (p-aminoethylbenzene sulfonamide) 2100 180 2450
8e (aminothiadiazolesulfonamide) 280 30 190
9 170 18 80
10 190 17 60
11 140 11 60
12 90 10 40
13 7 09 22
14 120 16 110
15 150 13 45
16 110 8 40
17 90 8 50
18 9 0.5 10
19 90 10 45
20 110 10 50
21 40 3 20
22 40 2 17
23 3 0.4 5
24 65 5 63
25 85 9 32
26 82 6 i0
27 25 5 10
28 2 0.1 3

tHuman (cloned) isozyme;

VIsolated from bovine lung microsomes (ref.2™),

ICso — the mean of two different assays — represents the molarity of inhibitor producing a 50% decrease of
enzyme specific activity for the CO, hydration reaction, by Maren’s micromethod.

The following features were observed for inhibition by these new sulfon-
amides: (i) the strongest inhibition was observed with the bis-sulfonamides
19-24, which are better inhibitors for all three isozymes as compared to
the corresponding sulfenamido-sulfonamides 9-18, which in turn are
themselves better inhibitors than the parent amino-sulfonamides 8a-—e, (ii)
the 4-nitrophenyl-substituted compounds were generally slightly more active
than the corresponding 2-nitro-substituted derivatives, (iii) the heterocyclic
derivatives 13, 18, 23 and 28 were the most potent inhibitors; for the aro-
matic derivatives, the inhibitory power increases with the number of ali-
phatic carbon atoms (n in formulas 9-28). For the series of compounds
with n=0, the sulfanilamide derivatives were generally more inhibitory
than the corresponding methanilamides and, (iv) isozyme CA II was the
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most sensitive to these new inhibitors, followed by CA 1V, whereas CA 1
was the most resistant. Some tight-binding CA I inhibitors were obtained,
such as 13, 23 and 28. Furthermore, some of the new compounds, such as
18, 22, 23, 26-28 behave as much more efficient CA IV inhibitors as com-
pared to the classical, clinically used compounds 1-3.

As mentioned in the introductory section, the new compounds reported
here were prepared in order to design a novel type of gastric acid secretion
inhibitor, that should combine CA inhibitory properties with H* /K *-
ATP-ase inactivation effects of the omeprazole type. Omeprazole, 5, is in
fact a prodrug that in an acidic millieu within the stomach undergoes the
chemical transformations shown in Scheme 2.'%!°

Memsmﬁ} e O “ﬁ}m

OMe 2

+RSH 4 JB

1}* )L“(CD@%

32

The active species formed from omeprazole are presumably 29 and/or
32.!8 The first step of this transformations consists in protonation of the
sulfoxide moiety of 5 and elimination of water, with the generation of the
sulfenium ion key intermediate 29 via a Pumerer-like reaction.'®® This sul-
fenium ion reacts subsequently with cysteine residues from the enzyme
active site, leading either to sulfenamides of type 30, or to mercapto-
benzimidazoles of type 31.'® It seems that the first type of derivative is the
one most probably formed, involving two cysteine residues (RSH in
Scheme 2) of the H* /K "-ATP-ase, Cys 813 (or 822) and Cys 892.'8-20
The region of the protein containing these amino acid residues is situated
in a membrane-spanning segment, accessible from the acidic face of the
pump. Alternatively, a reaction product of type 32 has also been isolated
when omeprazole was treated with acid in the absence of mercapto-deriva-
tives. The cyclic sulfenamide 32 may also react subsequently with Cys resi-
dues in the protein.'8~%°
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Since the nitrophenyl-sulfenyl moiety used as protecting group in oligo-
and polypeptide synthesis is removable in acidic medium,®>° we tested
whether some of the CA inhibitors 9-18 prepared in the present study
could be transformed into reactive species similar to intermediates 29 and
32 formed from omeprazole in the presence of acid, that should subse-
quently be able to react with H* /K" -ATP-ase.

Thus, treatment of 13 with an aqueous 0.1 N HCl solution at room tem-
perature for 15 min, in a biphasic system also containing diethyl ether, led to
the generation of the o-nitrophenylsulfenyl chloride 6, which was extracted
into the ethereal phase (Scheme 3). The obtained compound was spectro-
scopically and chromatographically identical to an authentic sample from
Acros.

N-—N HCI0.1 N N—N scl
SO VR & SR ©) ¢
@E:NH 3 SOle-l2 HoN” s sozr.m2 NO2
02 13 Be 6

SCHEME 3

Our hypothesis is that the sulfenyl chloride generated from the CA inhi-
bitor reported by us here, reacts with the solvent exposed Cys residues in
H*/K*-ATP-ase, similarly to the omeprazole intermediates mentioned
above, inactivating in this way the enzyme and decreasing the gastric acid
secretion. Preliminary data from this laboratory showed that sulfenyl
chlorides react readily with cysteine and glutathione in conditions similar
to those described above (data not shown; Supuran, CT et al., manuscript
in preparation). Combined with the CA inhibitory effect caused by the sul-
fonamide 8e generated in the reaction of Scheme 3, such a putative phar-
macological agent should constitute a potent gastric acid inhibitor. Work
is in progress in this laboratory to evaluate the effect of compounds of the
type described in this paper upon H* /K *-ATP-ase.

Acknowledgements

This research was financed by the EU grant ERB CIPDCT 940051.
Thanks are addressed to Prof. Sven Lindskog, Umea University, Sweden,
for the gift of the two plasmids expressing CA I and CA II, to Prof. Anders
Liljas and Drs. Anders Svensson and Jukka Vidgren, Lund University,
Sweden for the X-ray coordinates of the aminobenzolamide-HCA II
adduct.

RIGHTS

i,



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by HINARI on 12/17/11
For personal use only.

INHIBITORS OF CA ISOZYMES I, II AND IV 189

References

[1] This paper is Part 45 of the series “Carbonic Anhydrase Inhibitors”. Part 44: Supuran,
C.T. and Scozzafava, A. (1997) J. Enz. Inhib., in press.

[2] Hewett-Emmett, D. and Tashian, R.E. (1996) Mol. Phylogenet. Evol., 8, 50-77.

[3] Maren, T.H. (1995) J. Glaucoma, 4, 49-62.

[4] (a) Supuran, C.T. (1994) Carbonic anhydrase inhibitors. In Carbonic Anhydrase and
Modulation of Physiologic and Pathologic Processes in the Organism (Puscas, 1., Ed.)
pp. 29-111. Helicon, Timisoara. (b) Puscas, I. and Supuran, C.T. (1996) In Aparelho
Digestivo, (J. Coelho Ed.) pp. 1704-1734. MEDSI, Rio de Janeiro.

[5] Puscas, I. and Supuran, C.T. (1994), In Carbonic Anhydrase and Modulation of Physio-
logic and Pathologic Processes in the Organism, (Puscas, 1., Ed.) pp. 146-175. Helicon,
Timisoara.

[6] Woodbury, D.M. (1980) In Antiepileptic Drugs: Mechanisms of Action, (Glaser, G.H.,
Penry, J.K. and Woodbury, D.M., Eds.) pp. 617-633. Raven, New York.

[7] (a) Hall, T.J. and Schaueblin, M. (1994) Calcif. Tissue Int., 55, 266-268. (b) Laitala, T.
and Vaananen, K. (1993) J. Bone Miner. Res., 8, 119-126.

[8] (a) Teicher, B.A., Liu, S.D., Liu, J.T., Holden, S.A. and Herman, T.S. (1993) Anticancer
Res., 13, 1549-1556. (b) Chegwidden, W.R. and Spencer, .M. (1995) Inflammopharma-
cology, 3, 231-239.

[9] Puscas, I., Coltau, M., Farcau, D., Puscas, C. and Supuran, C.T. (1994) In Carbonic
Anhydrase and Modulation of Physiologic and Pathologic Processes in the Organism
(Puscas, 1., Ed.) pp. 551-558. Helicon, Timisoara.

{10] Pastorek, J., Pastorekova, S., Callebaut, I, Mornon, J.P., Zelnik, V., Opavsky, R,
Zatovicova, M., Liao, S., Portetelle, D. and Stanbridge, E.J. (1994) Oncogene, 9, 2877
2888.

[11] Lindskog, S. and Wistrand, P.J. (1987) In Design of Enzyme Inhibitors as Drugs
(Sandler, M.J., Smith, H.J., Eds.) pp. 698-723. Oxford Univ. Press, Oxford.

[12] (a) Supuran, C.T., Balaban, A.T., Gheorghiu, M.D., Schiketanz, A., Dinculescu, A,
Puscas, 1. (1990) Rev. Roum. Chim., 35, 399-405. (b) Supuran, C.T., Manole, G.,
Dinculescu, A., Schiketanz, A., Gheorghiu, M.D., Puscas, 1., Balaban, A.T. (1992)
J. Pharm. Sci., 81, 716-719. (c) Supuran, C.T. and Clare, B.W. (1995) Eur. J. Med.
Chem., 30, 687—-696.

[13] (a) Supuran, C.T., Nicolae, A., Popescu, A. (1996) Eur. J. Med. Chem., 31, 431-438.
(b) Supuran, C.T., Popescu, A., Ilisiu, M., Costandache, A. and Banciu, M.D. (1996)
Eur. J. Med. Chem., 31, 439-447. (c) Supuran, C.T., Conroy, C.W. and Maren, T.H.
(1996) Eur. J. Med. Chem., 31, 843-846. (d) Briganti, F., Pierattelli, R., Scozzafava, A.
and Supuran, C.T. (1996) Eur. J. Med. Chem., 31, 1001-1010.

[14] (a) Jain, A., Whitesides, G.M., Alexander, R.S. and Christianson, D.W. (1994) J. Med.
Chem., 37, 2100-2105. (b) Boriack, P.A., Christianson, D.W., Kingery-Wood, J. and
Whitesides, G.M. (1995) J. Med. Chem., 38, 2286-2291.

[15] (a) Ljungstrom, M., Vega, F.V. and Mardh, S. (1984) Biochim. Biophys. Acta, 769, 220—
230. (b) Read, M.A., Read, D.M., Kapuscinski, M. and Shulkes, A. (1992) Regul. Pept.,
40, 13-27. (c) Fleming, R.E., Parkkila, S., Parkkila, A.K., Rajaniemi, H., Waheed, A.
and Sly, W.S. (1995) J. Clin. Invest., 96, 2907-2913.

[16] (a) Kapuscinski, M. and Shulkes, A. (1995) J. Gastroenterol. Hepatol., 10, 405-412. (b)
Campbell, V.W. and Yamada, T. (1991) Am. J. Physiol., 260, G434-439. (c) Campbell,
V.W. and Yamada, T. (1989) J. Biol. Chem., 264, 11381-11386.

[17] Puscas, 1. (1984) Ann. N. Y. Acad. Sci., 429, 587-591.

[18] (a) Wallmark, B., Brandstrom, A. and Larsson, H. (1984) Biochim. Biophys. Acta, 778,
549-558. (b) Im, W.B., Sih, J.C., Blakeman, D.P. and McGrath, J.P. (1985) J. Biol.
Chem., 260, 4591-4597. (c) Lorentzon, B., Eklundh, B., Brandstrom, A. and Wallmark,
B. (1985) Biochim. Biophys. Acta, 817, 25-32. (d) Lindberg, P., Nordberg, P., Alminger,
T., Brandstrom, A. and Wallmark, B. (1986) J. Med. Chem., 29, 1327-1336.

[19] (a) Sachs, G., Prinz, C., Loo, D., Bamberg, K., Besancon, M. and Shin, J.M. (1994) Yale
J. Biol. Med., 67, 81-95. (b) Sachs, G., Shin, J. M., Briving, C., Wallmark, B. and
Hersey, S. (1995) Annu. Rev. Pharmacol. Toxicol., 35, 277-305. (c¢) Hirschowitz, B.1.,

RIGHTS

i,



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by HINARI on 12/17/11
For personal use only.

190 C. T. SUPURAN et al.

Keeling, D., Lewin, M., Okabe, S., Parsons, M., Sewing, K., Wallmark, B. and Sachs, G.
(1995) Dig. Dis. Sci., 40, 38-238S.

[20]) (a) Sachs, G., Shin, J.M., Besancon, M., Munson, K. and Hersey, S. (1992) Ann. N. Y.
Acad. Sci., 671, 204-216. (b) Besncon, M., Shin, J. M., Mercier, F., Munson, K., Miller, M.,
Hersey, S. and Sachs, G. (1993) Biochemistry, 32, 2345-2355. (c) Shin, J.M., Besancon, M.,
Simon, A. and Sachs, G. (1993) Biochim. Biophys. Acta, 1148, 223-233.

[21] Jitianu, A., llies, M.A., Scozzafava, A. and Supuran, C.T. (1997) Main Group Met.
Chem., 20, 147-153.

[22] Forsman, C., Behravan, G., Osterman, A. and Jonsson, B.H. (1988) Acta Chem. Scand.,
B42, 314-318.

[23] Behravan, G., Jonasson, P., Jonsson, B.H. and Lindskog, S. (1991) Eur. J. Biochem.,
198, 589-592.

[24] Khalifah, R.G., Strader, D.J., Bryant, S.H. and Gibson, S.M. (1977) Biochemistry, 16,
2241-2247.

[25] Nyman, P.O. and Lindskog, S. (1964) Biochim. Biophys. Acta, 85, 141-151.

[26] Henderson, L.E., Henriksson, D. and Nyman, P.O. (1976) J. Biol. Chem., 251, 5457—5463.

[27] (a) Maren, T.H., Wynns, G.C. and Wistrand, P.J. (1993) Mol. Pharmacol., 44, 901-906.
(b) Maren, T.H. (1960) J. Pharmacol. Exp. Ther., 130, 24-29.

[28] (a) Goerdeler, J. and Holst, A. (1959) Angew. Chem., T1, 775-788. (b) Gordon, EM,,
Ondetti, M.A., Pluscek, J., Cimarusti, C.M., Bonner, D.P. and Sykes, R.B. (1982) J. Am.
Chem. Soc., 104, 6053-6059.

[29] Capozzi, G., Modena, G. and Pasquato, L. (1990) In The Chemistry of Sulphenic Acids
and Their Derivatives (Patai, S., Ed.) pp. 403-516. Wiley, Chichester.

[30] Craine, L. and Raban, M. (1989) Chem. Rev., 89, 689-712.

[31] Vidgren, J., Svensson, A. and Liljas, A. (1993) Int. J. Biol. Macromol., 18, 97-100.

[32] Supuran, C.T., Ilies, M.A., Tewson, T.B. and Swenson, E.R. (1997) J. Med. Chem., in
press.

[33] Sanyal, G., Swenson, E.R., Pessah, N.I. and Maren, T.H. (1982) Mol. Pharmacol., 22,
211-221.

[34] Perutz, M.F., Fermi, G., Abraham, D.J., Poyart, C. and Bursaux, E. (1986) J. Am.
Chem. Soc., 108, 1064—-1069.

[35] Serrano, L., Bycroft, M. and Fersht, A.R. (1991) J. Mol. Biol., 218, 464—472.

{36] (a) Vaughan, J.R., Eichler, J.A. and Anderson, G.W. (1956) J. Org. Chem., 21, 700-701.
(b) Young, R.W., Wood, K.H., Vaughan, J.R. and Anderson, G.W. (1956) J. Am. Chem.
Soc., 78, 4649-4654.

RIGHTS

i,



