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Reaction of three aromatic sulfonamides possessing a primary amino group, i.e., sulfanilamide,
homosulfanilamide and p-aminoethyl-benzenesulfonamide with heterocyclic and aromatic alde-
hydes afforded a series of Schiff bases. Metal complexes of some of these Schiff bases with diva-
lent transition ions such as Zn(II), Cu(Il), Co(II) and Ni(Il) have also been obtained. The new
compounds were assayed as inhibitors of three isozymes of carbonic anhydrase (CA). Several of
the new compounds showed a modest selectivity for the membrane-bound (bovine) isozyme CA
IV (bCA 1V) as compared to the cytosolic human isozymes hCA I and 11, in contrast to classical
inhibitors which generally possess a 17-33 times lower affinity for bCA IV. This greater selec-
tivity toward bCA 1V is due mainly to a slightly decreased potency against hCA II relative to
classical inhibitors. However, metal complexes of these Schiff bases possessed an increased affi-
nity for hCA II, being less inhibitory against bCA IV. The first type of compounds reported
here (i.e., the Schiff bases of aromatic sulfonamides with heterocyclic aldehydes) might thus
lead to the development of low molecular weight isozyme specific CA IV inhibitors. The differ-
ence in affinity for the three isozymes of the inhibitors reported by us here is tentatively
explained on the basis of recent X-ray crystallographic studies of these isozymes and their
adducts with substrates/inhibitors.

*See Ref. [1].
t Corresponding author. Fax: +39-055-2757555. E-mail: cts@as.lrm.fi.cnr.it.
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INTRODUCTION

Unsubstituted sulfonamides with the general formula RSO,NH, (R =aryl,
heteroaryl or perhaloalkyl) are among the strongest inhibitors of the widely-
spread zinc enzyme carbonic anhydrase (CA, EC 4.2.1.1).> ™ These inhibi-
tors bind as sulfonamidate anions to the metal ion within the enzyme active
site, sometimes with affinities in the nanomolar range.>”® Since CAs are
involved in many physiologically important processes,> * their inhibition
has been exploited clinically for the management or prevention of a variety
of diseases, such as: hypertension,7’8 glaucoma,” ™! gastric and duodenal
ulcers,'? mountain sickness,!? etc. The main draw-back of the classical, clini-
cally used inhibitors’ such as acetazolamide 1, methazolamide 2, ethoxzol-
amide 3 or dichlorophenamide 4, is related to their total lack of specificity
for the different CA isozymes (at least eight different isozymes have been
isolated up to now in humans and higher vertebrates)** present in high
amounts in a variety of tissues or cell compartments.'* Although small dif-
ferences of affinity for sulfonamides between the different isozymes are pre-
sently known.*®”? little progress has been achieved up to now for the
design of isozyme-specific CA inhibitors. This problem is even more compli-
cated considering the fact that just the two isozymes which seem to play the
major physiological function among the CAs, i.e., CA Il and CA IV, possess
very similar affintties for many types of sulfonamide inhibitors (although,
generally the cytosolic CA 1II is slightly more “sulfonamide-avid” as
compared to the membrane-bound form, CA IV).'*'> Even the topical
antiglaucoma sulfonamides, recently introduced into clinical medicine,
dorzolamide 5° and brinzolamide 6,'®!® do not posses different selectivities,
except that dorzolamide seems to have a very low affinity for isozyme 1.°
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Taking into account the fact that an isozyme-specific CA inhibitor would
probably act as a better drug, devoid of the side effects observed with sulfon-
amides of types 1-6,>""'% and might also lead to novel applications of
this class of pharmacological agents (i.e. in NMR imaging or PET (positron
emission tomography)'’), a large program for designing novel classes of
sulfonamides has been initiated in our laboratory.'® *® Another interest-
ing novel class of CA inhibitors is represented by the metal complexes of
heterocyclic/aromatic sulfonamides reported by this group for the first
time.?' %4

R
R N—RJ
>=N(CH2),‘4©~SOZNHZ / N ﬁ/ﬁs)\sozNHz
H R —

7: R = aryl; heteroaryl R A

8: Raalkyl; aryl
R
R —+/—@802NH2 R*{:\zﬁ
= SO,NH
\ /R ~ R_\—@ 2
R A
9: R = alkyl; aryl A=ClO, 10: R = alkyl; aryl

Among the many sulfonamides synthesized up to now by this and other
groups, the only derivatives which showed some specificity for the mem-
brane-bound isozyme CA IV were some Schiff bases of type 7'® and the
cationic sulfonamides of type 8—~10,% which being membrane-impermeant,
showed a very good specificity for CA TV in vivo (although they appreciably
inhibited the cytosolic isozymes CA I and II).%° Practically the only deriva-
tives possessing intrinsically an enhanced affinity for CA IV were the Schiff
bases 7, derived from aromatic sulfonamides and aromatic/heterocyclic
aldehydes.'® Thus, in this paper we extend our previous studies’® in the syn-
thesis and evaluation as CA inhibitors of novel Schiff bases obtained from
sulfanilamide, homosulfanilamide and p-aminoethyl-benzenesulfonamide
and aromatic/heterocyclic aldehydes. Since metal complexes of such deriva-
tives have not been obtained previously, we also prepared a series of such
derivatives containing ligands obtained from N-methylimidazole-2-carbox-
aldehyde and the previously mentioned sulfonamides, and metal ions such
as Zn(II), Cu(II), Co(II) and Ni(II). The new compounds reported here were
characterized by standard procedures and assayed as inhibitor of three CA
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isozymes: hCA I, hCA I and bCA IV. As with the previously mentioned
Schiff bases,'® good affinities for bCA 1V were evidenced for the new sulfon-
amides but not for their metal complexes (which act as better CA II inhibit-
ors, as compared to the parent ligands from which they were obtained).

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 & values relative to Me,Si as standard. Electronic spectra of the metal
complexes were obtained by the diffuse reflectance technique in MgQO as
reference, with a Perkin-Elmer Lambda 15 apparatus, in the range 200-
900 cm ™. Elemental analyses were done by combustion for C, H, N, with
an automated Carlo Erba analyzer, or gravimetrically for the metal ions,
and were +0.4% of the theoretical values. Thermogravimetric (TG) mea-
surements were done in air, at a heating rate of 10°C/min, with a Perkin-
Elmer 3600 thermobalance.

Sulfonamides (sulfanilamide, homosulfanilamide and p-(2-aminoethyl)-
benzene-sulfonamide) and aromatic/heterocyclic aldehydes used in synthesis
were commercially available from Sigma, Acros or Aldrich. Solvents used in
the synthesis were doubly distilled and kept on molecular sieves in order to
maintain them in anhydrous conditions. Metal salts used for the prepara-
tion of the coordination compounds were analytical grade from E. Merck.

Human CA T and CA 11 cDNAs were expressed in Escherichia coli strain
BL21 (DE3) from the plasmids pACA/HCA I and pACA/HCA 1I described
by Forsman et 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 er a/.*®* Enzyme concentrations were
determined spectrophotometrically at 280 nm, utilizing a molar absorptivity
of 9mM™"-cm™ for CAl and 54mM ™' -cm™' for CA 11, based on M, =
28.85kDa for CA I and 29.30kDa for CA I1.72° CA IV was isolated from
bovine lung microsomes as described by Maren et al., and its concentration
was determined by titration with ethoxzolamide.'*

Initial rates of 4-nitrophenyl acetate hydrolysis catalyzed by different CA
isozymes were monitored spectrophotometrically, at 400 nm, with a Cary 3
instrument interfaced with an IBM compatible PC.*' Solutions of substrate
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were prepared in anhydrous acetonitrile; the substrate concentrations varied
between 2- 1072 and 1-107°M, working at 25°C. A molar absorption coef-
ficient ¢ of 18,400 M ™' .cm™" was used for the 4-nitrophenolate formed by
hydrolysis under the conditions of the experiments (pH 7.40), as reported in
the literature.>! Non-enzymic hydrolysis rates were always subtracted from
the observed rates. Duplicate experiments were done for each inhibitor con-
centration, and the values reported throughout the paper are the mean of
such results. Stock solutions of inhibitor (1 mM) were prepared in distilled—
deionized water with 10-20% (v/v) DMSO (which is not inhibitory at these
concentrations) and dilutions up to 0.01 nM were done thereafter with dis-
tilled—deionized water. Inhibitor and enzyme solutions were preincubated
together for 10 min at room temperature prior to assay in order to allow for
the formation of the E—I complex. The inhibition constant K; was deter-
mined as described by Pocker and Stone.>' Enzyme concentrations were
3nM for CA 11, 12nM for (CA I and 39 nM for CA IV (this isozyme has a
decreased esterase activity and higher concentrations had to be used for the
measurements).>?

General Procedure for the Preparation of Schiff Bases 11-28

An amount of 10 mmol of sulfonamide (sulfanilamide, homosulfanilamide
or p-(2-aminoethyl)-benzenesulfonamide) was dissolved'in 40 mL of boiling
methanol and the required amount (10 mmol) of aldehyde was added to the
reaction mixture. Boiling was continued for 3—8h, then a portion of the
solvent was evaporated in vacuum, and on cooling crystals of Schiff bases
11-28 were obtained which were recrystallized from 96% ethanol or sol-
vents specified in other cases. Yields were generally high (see later in the text).

Preparation of Coordination Compounds 29-36

An amount of 2mmol of sulfonamide ligand 19 or 28 was suspended,/dis-
solved in 15ml of anhydrous acetonitrile under gentle reflux. When all the
sulfonamide was in solution, 5 mL of an acetonitrile solution of MCl, - nH,0
(M = Zn(11), Cu(Il), Co(II) or Ni(II)) was added and heating continued for
an other 2 h. The precipitated complexes were filtered and air dried, whereas
the acetonitrile solutions were kept in order to allow for the formation of
monocrystals suitable for X-ray diffraction experiments. Unfortunately only
microcrystalline powders could be obtained, which could not be used for
structural determination. In fact this is the usual technical problem related to
the thorough characterization of this type of metal complexes.?! =
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N?-(2-Pyrrolylidene) Sulfanilamide 11

As pale yellow crystals (yield 75%), m.p. 160°C. IR (KBr), em™': 1120
(SOF™). 1300 (SO%), 1540, 1590 (C=N); '"H-NMR (DMSO-d), 6, ppm:
6.20 (m. 2H, H3 and H4 of pyrrol); 6.80 (m, 1H, HS5 of pyrrol); 7.60 (s, 2H,
SO,NH,); 7.00-7.70 (d, 2H, H2 and H6 from phenylene); 8.00 (d, 2H, H3
and HS5 from phenylene); 8.40 (s, 1H, CH=N); 8.90 (s, 1H, NH from pyr-
rol); *C-NMR: 109.20 (CH from pyrrolyl); 118.70 (CH); 121.39 (CH from
pyrrolyl); 127.54 (CH from phenylene); 129.94 (Cg); 130.51 (CH); 140.16
(Cgy); 152.71 (CH from the Schiff base moiety); 155.50 (Cy). Found: C,
53.34; H,4.19; N, 16.77. C;{H{;N;0,S requires; C, 53.0; H, 4.45; N, 16.86%.

N?*-(2-Thienylidene) Sulfanilamide 12

As yellow crystals (yield 68%), m.p. 196-198°C. IR (KBr), cm ' 1130
(SOT™), 1310 (SO%°), 1560, 1600 (C=N); 'H-NMR (DMSO-dg), 6, ppm:
7.10-7.60 (m, SH, ArH from thiophene + SO,NH,); 7.00-7.70 (d, 2H, H2
and H6 from phenylene); 8.10 (d, 2H, H3 and HS5 from phenylene); 8.90 (s,
IH, CH=N); *C-NMR: 113.50 (CH from thienyl); 119.90 (CH); 125.30
(CH from thienyl); 127.58 (CH from phenylene); 129.94 (C,); 130.50 (CH);
140.16 (Cy): 156.24 (CH from the Schiff base moiety); 155.80 (C,). Found:
C, 49.55; H, 4.02: N, 10.24. C,;H(N30,S, requires; C, 49.61; H, 3.78; N,
10.52%.

N*-(5-Methyl-2-thienylidene) Sulfanilamide 13

As yellow crystals (yield 63%), m.p. 225-227°C. IR (KBr), cm™': 1140
(SOF™). 1310 (SO%), 1570, 1600 (C=N); '"H-NMR (DMSO-dg), é, ppm:
2.50 (s, 3H, Me); 7.00 (d, 2H, ArH from thiophene); 7.25-8.05 (m, 6H, arH
from phenylene + SO,N-); 8.90 (s, 1H, CH=N); *C-NMR: 24.79 (Me);
113.40 (CH from thienyl); 125.30 (CH from thienyl); 127.58 (CH from phe-
nylene); 129.94 (C,): 130.50 (CH); 135.57 (Cy); 140.16 (C); 157.81 (CH
from the Schiff base moiety); 155.37 (C,). Found: C, 51.60; H, 4.40; N,
10.00. C{,H5N30,S; requires; C, 51.41; H, 4.31; N, 9.99%.

N*-(Imidazol-2-ylidene) Sulfanilamide 14

As white crystals (yield 43%), m.p. 220°C. IR (KBr), cm™': 1150 (SO5™),
1300 (SO5), 1590, 1600 (C=N); 'H-NMR (DMSO-dy), é, ppm: 6.80—8.00
(m. 8H, ArH from the phenylene +imidazole + SO,NH,); 8.50 (s, 1H,
CH=N); 9.10 (s, 1H, NH from imidazole). Found: C, 48.15; H, 3.90; N,
22.18. C;oH oN4O,S requires; C, 47.99: H, 4.03; N, 22.39%.
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N*-(2,4,6-T richloropyrimidine-5-ylidene) Sulfanilamide 15

As orange crystals (yield 30%), m.p. 250°C. IR (KBr), cm™': 1150 (SOJ™),
1310 (SO%%), 1550, 1600 (C=N); 'H-NMR (DMSO-dg), 6, ppm: 7.60 (br s,
2H, SO,NH,;); 7.70 (d, 2H, H2 and H6 from phenylene); 8.10 (d, 2H, H3
and HS5 from phenylene); 8.90 (s, 1H, CH=N). Found: C, 35.97; H, 2.14; N,
15.13. C;;H,CI3N40,S requires; C, 36.14; H, 1.93; N, 15.32%.

4-(2-Pyrrolylidene) Homosulfanilamide 16

As tan crystals (yield 60%), m.p. 167°C. IR (KBr), em™": 1140 (SO3™),
1320 (SO%), 1630 (C=N); '"H-NMR (DMSO-d,), 6, ppm: 4.70 (s, 2H, CH,);
6.15 (m, 2H, H3 and H4 of pyrrol); 6.50 (m, 1H, HS5 of pyrrol); 6.90 (s, 2H,
SO,NH,); 7.50 (d, 2H, H2 and H6 from phenylene); 7.85 (d, 2H, H3 and H5
from phenylene); 8.30 (s, 1H, CH=N); 8.90 (s, |H, NH from pyrrol).
Found: C, 55.03; H, 5.10; N, 15.79. C;2H3N;0,S requires; C, 54.74; H,
498; N, 15.96%.

4-( N-Methyl-2-pyrrolylidene) Homosulfanilamide 17

As white crystals (yield 81%), m.p. 122°C. IR (KBr), em™": 1150 (SOJ™),
1315 (SOY%), 1620 (C=N); 'H-NMR (DMSO-dy), 6, ppm: 3.90 (s, 3H, Me);
4.75 (s, 2H, CHy); 6.10 (m, 2H, H3 and H4 of pyrrol); 6.50 (m, 1H, H5 of
pyrrol); 6.90 (s, 2H, SO,NH,); 7.40 (d, 2H, H2 and H6 from phenylene);
7.80 (d, 2H, H3 and HS5 from phenylene); 8.35 (s, 1H, CH=N). Found: C,
56.21; H, 5.57; N, 14.90. C;3H;sN50,S requires; C, 56.30; H, 5.45: N,
15.15%.

4-(5-Methyl-2-thienylidene) Homosulfanilamide 18

As yellow crystals (yield 54%), m.p. 156°C. IR (KBr), cm™': 1150 (SO$'™),
1340 (SO%), 1580 (C=N); 'H-NMR (DMSO0-dg), 6, ppm: 2.35 (s, 3H, Me);
4.70 (s, 2H, CH,); 6.86-7.20 (m, 4H, ArH from thiophene + SO,NH,); 7.35
(d, 2H, H2 and H6 from phenylene); 8.00 (d, 2H, H3 and H5 from pheny-
lene); 8.50 (s, 1H, CH=N). Found: C, 51.78; H, 4.12; N, 9.85. C,,H,N,0,S,
requires; C, 51.41; H, 4.31; N, 9.99%.

4-(2-Pyrrolylidene) Aminoethylbenzenesulfonamide 20

As white crystals (yield 88%), m.p. 162°C. IR (KBr), cm™": 1155 (SO3™),
1310 (SO¥), 1630 (C=N); 'H-NMR (DMSO-dg), 6, ppm: 3.00 (t, 2H,
aCH,); 3.80 (t, 2H, SCH,); 6.20 (m, 2H, H3, H4 of pyrrol); 6.40 (m, 1H, H5
of pyrrol); 6.90 (br s, 2H, SO,NH,); 7.30 (d, 2H, H3 and H5 from pheny-
lene); 7.90 (d, 2H, ArH, H2 and H6 from phenylene); 8.10 (s, IH, CH=N).
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Found: C. 56.25; H, 5.50;: N, 15.00. C;3H5sN;O,S requires; C, 56.30; H,
5.45: N, 15.25%.

4-( N-Methyl-2-pyrrolylidene) Aminoethylbenzenesulfonamide 21

As white crystals (yield 83%), m.p. 172°C. IR (KBr), cm™": 1130 (SO3™),
1300 (SO3"). 1610 (C=N); 'H-NMR (DMSO-d,), 6, ppm: 2.50 (s, 3H, Me);
3.00 (t, 2H, oCH.): 3.70 (t. 2H, 3CH,); 6.05 (m, 2H, H3, H4 of pyrrol); 6.50
{m, 1H, HS5 of pyrrol); 6.95 (br s, 2H, SO-NH,); 7.60 (d, 2H, H3 and H5
from phenylene); 7.80 (d, 2H, ArH, H2 and H6 from phenylene); 8.15
(s, TH, CH=N). Found: C, 57.90; H, 5.90; N, 14.35. C4H7N30,S requires;
C.57.71: H, 5.88: N, 14 42%.

4-(2-Thienylidene) Aminoethylbenzenesulfonamide 22

As yellow crystals (yield 91%), m.p. 205-207°C. IR (KBr), cm™': 1160
(SOT™). 1325 (SOY). 1630 (C=N); '"H-NMR (DMSO-dg), 6, ppm: 3.00 (t,
2H. oCH,); 3.80 (t, 2H, 3CH,); 7.00-7.30 (m. SH, ArH from thiophene +
SO,-NH;); 7.40 (d, 2H, H3 and HS5 from phenylene); 7.70 (d, 2H, ArH, H2
and H6 from phenylene): 8.46 (s, 1H, CH=N). Found: C, 52.86; H, 4.98; N,
9.40. C{3H4N,0-S- requires; C, 53.04;: H, 4.79: N, 9.52%.

4-(5-Methyl-2-thienylidene ) Aminoethylbenzenesulfonamide 23

As vellow crystals (vield 66%). m.p. 118°C. IR (KBr), cm™: 1125 (SO3™),
1300 (SO5°). 1605 (C=N); 'H-NMR (DMSO-dy), 6, ppm: 2.50 (s, 3H, Me);
3.00 (t, 2H, aCH,); 3.90 (t, 2H, 3CH,); 6.90 (m. 2M, ArH from thiophene);
7.20 (br s, 2H, SO,NH-): 7.40 (d, 2H. H3 and H5 from phenylene); 7.80 (d,
2H, ArH. H2 and H6 from phenylene):; 8.30 (s, 1H, CH=N). Found: C,
54.68; H, 5.14; N. 8.90. C4HsN-O,S; requires; C. 54.52; H, 5.23; N, 9.08%.

4-(4-Pyridylidene) Aminoethylbenzenesulfonamide 24

As pale yellow crystals (yield 67%), m.p. 155-157°C. IR (KBr), cm™!: 1140
(SOF™), 1315 (SO%), 1590 (C=N): '"H-NMR (DMSO-d), 6, ppm: 3.05 (t,
2H, aCH»); 3.95 (t. 2H. 3CH-): 7.30 (br s, 2H, SO>NH,); 7.50-8.70 (m, 8H,
ArH from phenylene and pyridyl): 8.80 (s. |lH, CH=N). Found: C, 58.03; H,
5.60: N. 14.47. C4H 5N305S requires; C, 58.11; H, 5.23; N, 14.52%.

4-(Imidazol-2-ylidene ) Aminoethylbenzenesulfonamide 25

As white crystals (yield 81%). m.p. 223°C. IR (KBr), em™": 1160 (SO™),
1300 (SO%), 1640 (C=N): "H-NMR {(DMSO-d¢), 6, ppm: 3.05 (1, 2H,
aCH,); 395 (1. 2H, 3CH,); 6.80 (m. 2H, imidazole); 7.10 (br s, 2H,
SO-NH>): 7.30 (d, 2H. H3 and H5 from phenylene); 7.80 (d, 2H, ArH, H2
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and H6 from phenylene); 8.50 (s, IH, CH=N); 9.10 (s, 1H, NH from imida-
zole). Found: C, 51.55; H, 4.89; N, 20.10. C;H4N4O,S requires; C, 51.78;
H, 5.07; N, 20.13%.

4-(3,4,5-Trimethoxybenzylidene) Aminoethylbenzenesulfonamide 26

As white crystals (yield 69%), m.p. 188—189°C. IR (KBr), cm™": 1120 (C—
OMe), 1150 (SO™), 1320 (SO%’), 1630 (C=N); '"H-NMR (DMSO-dg), 8,
ppm: 3.05 (t, 2H, aCH,); 3.70 (s, 3H, 4-McO); 3.80 (s, 6H, 3,5-McO); 3.95 (t,
2H, SCH,); 7.10 (br s, 2H, SO,NH,); 7.30 (d, 2H, H3 and HS from phenyl-
ene); 7.80 (d, 2H, ArH, H2 and H6 from phenylene); 7.49-8.20 (s, 2H, ArH
from CgH,); 8.50 (s, 1H, CH=N). Found: C, 57.36; H, 6.02; N, 7.13.
C,gH2:N>05S requires; C, 57.13; H, 5.86; N, 7.40%

4-(2-Hydroxybenzylidene) Aminoethylbenzenesulfonamide 27

As yellow crystals (yield 82%), m.p. 201-203°C IR (KBr), cm™': 1140
(SOJ™), 1350 (SO%%), 1620 (C=N), 3300 (NH + OH); "H-NMR (DMSO-dg),
8, ppm: 3.05 (t, 2H, 6CH,); 3.95 (t, 2H, SCH,); 7.00 (br s, 2H, SO,NH,);
7.30 (d, 2H, H3 and HS from phenylene); 7.80 (d, 2H, ArH, H2 and H6
from phenylene); 7.45-7.98 (m, 4H, ArH from 0-HO-C¢H,); 8.45 (s, 1H,
CH=N). Found C, 59.40; H, 5.56; N, 9.01. C,5H,¢N,03S requires; C, 59.19;
H, 5.30; N, 9.20%.

RESULTS AND DISCUSSION

The Schiff bases 11-28 prepared from sulfanilamide, homosulfanilamide or
p-(2-aminoethyl)-benzenesulfonamide and aromatic/heterocyclic aldehydes
reported in the present study and their CA inhibitory properties against iso-
zymes I, IT and IV are shown in Table I. Two compounds (19 and 28) have
previously been reported by us,'® but were included in the present study for
two reasons: (i) they were among the best CA IV inhibitors, possessing a
stronger affinity for this isozyme as compared to the sulfonamide-avid CA
IT and, (ii) they possess a donor system (the Schiff base moiety nitrogen
atom and the imidazolic N-3 atom) which make them very interesting candi-
dates for the preparation of metal complexes.

Aldehydes used for the preparation. of the new derivatives 11-28 were
generally substituted benzaldehydes or heterocyclic derivatives, as in the
previous work.'® The main difference was that heterocyclic aldehydes were
predominant in this study, since it had previously been observed that the
Schiff bases obtained from them had the highest CA IV affinity.'®
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TABLE 1 Schiff bases 11-28 and some of their metal complexes 29-36 prepared in the
present study and their biological activity against isozymes hCA T, hCA II and bCA TV (K| is
the mean of two different assays using the esterase method)*!

R
J==N(CH,J; SONH,
H
11-28
Comp. n R K (nM)
hCAI®  hCAIF*  bCAIV®

Sulfanilamide — 28000 300 3000
Homosulfanilamide — 25000 170 2800
p-aminoethylbenzene
sulfonamide — 21000 160 2450
1 0 Pyrroi-2-yl 1400 103 115
12 0 Thien-2-yl 890 54 55
13 0 5-Me-thien-2-yl 900 49 40
14 0 Imidazol-2-yi 660 22 12
16 0 2.4.6-Trichloropyrimidine-5-yl 800 30 40
16 1 Pyrrol-2-yl 1200 65 74
17 i N-Me-pyrrol-2-yl 1100 60 67
18 1 5-Me-thien-2-yl 860 45 41
19 1 1-N-Me-imidazol-2-yl° 25 5 4
20 2 Pyrrol-2-yl 920 56 54
21 2 N-Me-pyrrol-2-yl 900 43 40
22 2 Thien-2-y! 840 40 38
23 2 5-Me-thien-2-yl 780 39 34
24 2 4-Pyridyl 180 15 12
25 2 Imidazol-2-yl 620 12 10
26 2 3.4.5-trimethoxyphenyl 550 9 9
27 2 2-Hydroxyphenyl 420 14 13
28 2 1-N-Me-imidazol-2-yl° 21 4 3
29 — — 20 1 2
30 e - 7 0.5 1
31 — — 12 2 3
32 — e 13 3 3
33 — - 15 0.8 2
34 — — S 0.4 1.5
35 — — 9 1.5 2
36 — — 10 0.7 1.8

*Human (cloned) isozyme. Plsolated from bovine lung microsomes. “Prepared as described in Ref. {18c].

Since metal complexes of heterocyclic sulfonamides have recently been
shown?'2* to possess strong CA inhibitory properties, and in some cases
topical intraocular pressure lowering effects in animal models of glau-
coma,' "' it appeared of interest to synthesize some metal complexes of
the Schiff bases reported here. Several derivatives prepared in the present or
previous studies'® possess donor systems (such as imidazole, N-methyl-

imidazole or pyrrole moieties) which make them very attractive candidates
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TABLE II Metal complexes containing sulfonamides 19 (L) and 28 (L') as ligands and their
elemental analysis data

No. Complex Yield (%) Analysis (caleulated|found)
Y% M*? %C® %H" %N®

29 [ZnL,Cl] 78 9.38/9.50 41.57/41.31 4.04/4.30 16.17/16.12
30 [CuL,Cl,] 69 9.18/9.10 41.66/41.34 4.05/4.33 16.20/16.05
31 [CoL,Cly] 84 8.58/8.29  41.94/41.80  4.07/4.19  16.31/16.15
32 [NiL,Cl,] 91 8.55/8.21 41.96/41.75 4.07/4.25 16.31/16.30
33 [ZnL5Cly] 75 9.01/9.27 43.29/43.10 4.44/4.67 15.54/15.30
34 [CuL5ClLy] 87 8.82/8.70 43.38/43.15 4.44/4.30 15.57/15.45
35 [CoL5Cly) 76 8.24/8.10 43.66/43.81 4.47/4.58 15.67/15.49
36 [NiL'ZCIZ] 79 8.21/8.36 43.67/43.49 4.47/4.35 15.67/15.55

By gravimetry. "By combustion.

for the binding of metal ions. In addition to the heteroatom from the alde-
hyde moiety of the Schiff base, it is expected that the nitrogen atom of the
CH=N moiety would also participate in binding such metal ions. In order
to test this hypothesis, the strong and relatively specific CA IV inhibitors 19
and 28 were chosen as ligands for the preparation of Zn(IT), Cu(II), Co(II)
and Ni(II) complexes (Table II). It should be noted that unlike other ligands
investigated in previous studies as metal complexing sulfonamides with CA
inhibitory properties,'?!?* the two compounds investigated here act as
neutral ligands, not in the deprotonated state (see later in the text). Practi-
cally the new derivatives reported here (29-36) are the first non-chelate
metal complexes of sulfonamide CA inhibitors. In fact these complexes have
been prepared in the absence of deprotonating agents (NaOH, NHj or
organic amines) in order to favor the formation of the Schiff bases as neu-
tral ligands. Working in the presence of bases leads to the deprotonation of
the sulfonamido moiety of the ligand, which thereafter generally interacts
with the metal ion(s) present in the coordination compound.!!-?1-24

The new complexes 29—36 were characterized by elemental and thermogra-
vimetric (TG) analyses (Table II) and spectral data that allowed us to assign
the coordination mode of ligands L and L’ (Table III) in these complexes.

The electronic spectroscopic data for the Cu(II), Co(II) and Ni(II) deriva-
tives (Table III), provided evidence for the presence of octahedral metal ions
in the prepared complexes.>* 3¢ IR data (Table III) on the other hand
proved that the donor system of the two ligands is indeed the expected one
i.e., the N-3 imidazole atom and the Schiff base moiety nitrogen. In this
way, five-membered, strainless rings are formed by binding of the metal
ions. Practically, the CH=N vibration is shifted by 45-70cm™" towards
lower wavenumbers in the IR spectra of the complexes as compared to the
same band in the spectra of the parent ligands (Table I1I), whereas other IR
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TABLE 11 1R and electronic spectroscopic data for ligands 19 (L) and 28 (L’) and their
metal complexes 29-36

Compound IR spectrg® cm ™! Electronic spectra®
(SO,)° USO,)* y(C=N) Wavenumber (v, cm™ ')

19 1150 1325 1645 —

29 1150 1325 1600 —

30 1150 1325 1600 16,500-16,850°

31 1150 1325 1600 8,200; 15,350; 20,800; 25,740

32 1150 1325 1595 9,100; 12,300; 16,000; 26,400

28 1145 1320 1645 —

33 1145 1320 1585 —

M 1145 1320 1575 16,500-16,850°

35 1145 1320 1575 8,250; 15,390; 20,900; 25,750

36 1145 1320 1585 9,000; 12,400, 16,000; 26,450

*In KBr. ®In MgO as standard. by the diffuse reflectance technique. “Large, structureless band.

bands (e.g. the very intense sulfonamide vibrations) are unchanged in the
spectra of the ligands and their metal derivatives (Table I1I). For the two
Zn(I1) complexes 29 and 33, we also propose an octahedral geometry of
Zn(1I), similarly to that of the other metal ions present in these new com-
plexes. It should be noted that the IR spectra of the Zn(II) complexes are
quite similar to those of the other prepared derivatives. TG analysis data
showed no weight loss under 250°C, proving that water was not present in
the coordination sphere of the prepared complexes (data not shown). A
schematic structure for the obtained compounds is shown below for deriva-
tives 29-32, but the same type of structure would be also valid for the metal
complexes of ligand L’ (33-36).

0=5=0
NH,
29-32 (M = Za(11); Cu(il); Co(i}). Ni(I1))
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The following observations can be made about inhibition of isozymes CA
I, IT and IV with the obtained Schiff bases 11-28 (Table I): (i) potency in
inhibiting all three isozymes generally increased with », with the p-amino-
ethylbenzenesulfonamide derivatives being more inhibitory than the homo-
sulfanilamide derivatives, which in turn were better inhibitors than the
sulfanilamides bearing the same substitution pattern (compare also with
data from Ref. [18] where a larger series of sulfanilamide Schiff bases were
assayed for the inhibition of these isozymes). This result is in agreement with
data inferred from X-ray crystallographic and QSAR studies of this
group,>? (ii) as shown in the previous studies,'® the nature of group R (from
the aromatic/heterocyclic aldehyde used to prepare the Schiff bases) greatly
influenced CA inhibitory properties. Again derivatives of heterocyclic alde-
hydes were generally slightly more active than the aromatic ones.'® For the
two benzaldehyde derivatives reported here, an effective inhibitor was the
one containing the 3,4,5-trimethoxyphenyl moiety (in the previous studies'®
a much larger series of aromatic aldehyde derivatives was obtained, and the
structure—activity relationship is discussed there), (iii) all the Schiff bases
were at least one order of magnitude more active CA IV inhibitors as when
compared to the parent sulfonamides from which they were derived, (iv) the
most interesting feature of the new inhibitors is in some cases their slight
discrimination in selectivity towards CA IV as compared to CA I, a fact
first seen for the previously reported Schiff bases.!® Thus, several com-
pounds reported here, such as 13, 14, 18-25, 27 and 28, possess higher affi-
nities for CA IV as compared to CA II. This constitutes an encouraging
result for the prospect of obtaining more selective, isozyme-specific CA IV
inhibitors. It should also be mentioned that some of these compounds (19,
25, 26 or 28) are very strong inhibitors, with potencies comparable to those
of acetazolamide for CA II, making them attractive candidates for further
pharmacological evaluation.

Metal complexes 29-36 on the other hand act as very potent inhibitors
against all three investigated isozymes. Their potency is enhanced as com-
pared to the parent sulfonamides from which they are derived, a feature
shared with all the metal complexes of sulfonamide CA inhibitors reported
up to now.?!"2* Still, the unexpected and relatively undesired feature of the
obtained metal complexes was that they possess an enhanced affinity towards
hCA 1II and not bCA IV, in contrast to the ligands 19 and 28 which showed
some preference for binding to the latter isozyme. The most effective inhibit-
ors were those containing Cu(Il) and Zn(II) ions, but the differences in
activity between these compounds and the Co(II) and Ni(Il)-containing
derivatives are not so important (Table I).
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The above differences in affinity for the different isozymes by the new
inhibitors reported in this paper, and the fact that the X-ray crystal-
lographic structure of the adduct of murine (m) mCA IV with sulfonamide 6
(brinzolamide) has been recently reported,'® prompted us to compare the
tridimensional structure and active site architecture for the three CA iso-
zymes (CA I, IT and IV) used in the present work (bovine and murine CA IV
possess similar kinetic and inhibition susceptibility properties)*” in order to
explain their affinity for the sulfonamide inhibitors reported by us here.

It has previously been shown by us®’ that the high catalytic efficiency of
the most active isozyme, hCA 11, is due to unique feature of its active site:
the presence of a histidine cluster, consisting of the residues: His 64 — two
conformations; His 4 — two conformations, His 3, His 10, His 15, His 17.
This cluster extends from the interior of the active site (His 64) to its
entrance (His 4 and His 3) upto the surface of the protein (in the proximity
of the active site entrance) and it probably constitutes a very appropriate
“channel” for efficiently transferring protons from the active site to the reac-
tion medium, as well as the binding of amphipatic compounds, such as the
sulfonamide inhibitors, since such compounds generally possess at least a
charged atom in their molecule, i.e., the SO,NH™ anion. In the low activity
isozyme hCA 1, on the other hand, which also binds sulfonamide inhibitors
but with a 10—100 times lower affinity, such a cluster does not exit.>’ More-
over, the pathways for the proton transfer are somehow bifurcated and
divergent as the four histidines present within the active site, i.e., His 64, 67,
200 and 243 (excepting, of course, for the three Zn(I1) ligands, which in all
isozymes are His 94, 96 and 119) are placed at bifurcating positions. These
four histidines in hCA I (His 64, His 67, His 200 and His 243) are rather
buried in the active site so that, probably, the proton transfer cannot be as
efficient as the one assisted by the histidine cluster present in hCA 1I and
inhibitors are probably unable to interact with them, as documented by
crystallographic studies of adducts of hCA I with sulfonamides and anion
inhibitors.*® In this context, we suggest a new hypothesis for explaining the
differences of affinity of the discussed CA isozymes for the sulfonamide
inhibitors, based on the interaction of inhibitors with the structural elements
of the active site mentioned above. Indeed, for example in hCA 11 the amino
acid residue in position 4 is His, whereas in hCA I it is an Asp. This residue,
situated just at the entrance within the active site, is a constituent of the his-
tidine cluster of isozyme II. The negative charge of the carboxylate group of
the Asp residue in hCA I probably influences its interaction with sulfon-
amide or complex inhibitors of the type described by us here. In the case of
mCA IV only one histidine residue is present within the active site, His 64,
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which as in hCA II, plays a critical role in catalysis as proton shuttle residue
between the active site and the environment. But the most characteristic fea-
ture of the active site of this isozyme is related to the presence of four
cysteine residues, which form two disulfide bonds, situated at the entrance
within the active site cavity (Cys 6—Cys 11G, and Cys 23—Cys 203, respec-
tively). These residues occupy practically the same region of the active site as
the histidine cluster in hCA II, and we consider this as the most relevant
aspect explaining the difference in affinity for sulfonamide inhibitors of
the two isozymes. It is thus highly probable that Schiff bases of the type
reported here or in previous papers'® possess certain structural features that
favor their binding to this membrane-bound isozyme, whereas slightly
decreasing their affinity for the cytosolic rapid isozyme, hCA II. Only in this
way can we explain the relatively enhanced affinity of many Schiff bases for
bCA IV as compared to hCA II. In the case of the metal complexes this
feature seems to be lost, as they are stronger inhibitors of hCA II, but our
hypothesis also explains this behavior. Thus, it is well known that histidine
residues in proteins possess a high affinity for binding metal ions. In fact
Liljas’ group® reported the X-ray crystal structure of Hg?* bound to His
64 in hCA II. Since this isozyme is the only one possessing a large histidine
cluster of the three investigated by us here, it is quite probable that the moi-
eties of the six residues forming the cluster contribute in an important
manner to the binding of metal complexes of aromatic sulfonamides of the
type reported by us here. One can thus explain why these complex inhibitors
bind stronger to CA II and not to CA IV, in contrast to the sulfonamide
ligands from which they were obtained.

In conclusion, in the present paper we report novel Schiff bases obtained
from aromatic sulfonamides and heterocyclic/aromatic aldehydes, some of
which possess a slightly increased affinity in binding to the membrane-
bound isozyme bCA IV, as compared to the cytosolic one hCA II. Some
metal complexes of these Schiff bases on the other hand do not show this
desired feature, but bind stronger to the sulfonamide avid isozyme hCA II.
A hypothesis is made in order to explain this binding.
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