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Carbonic anhydrase inhibitors: Novel sulfonamides
incorporating 1,3,5-triazine moieties as inhibitors of the cytosolic
and tumour-associated carbonic anhydrase isozymes I, II and IX
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aUniversità degli Studi di Firenze, Polo Scientifico, Laboratorio di Chimica Bioinorganica, Rm. 188, Via della Lastruccia 3,

50019 Sesto Fiorentino (Florence), Italy
bSan Lazzaro Hospital, Division of Urology, Alba, Cuneo, Italy
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Abstract—A new series of aromatic benzenesulfonamides incorporating 1,3,5-triazine moieties in their molecules is reported. This
series was obtained by reaction of cyanuric chloride with sulfanilamide, homosulfanilamide or 4-aminoethylbenzenesulfonamide.
The prepared dichlorotriazinyl-benzenesulfonamides were subsequently derivatized by reacting them with various nucleophiles, such
as ammonia, hydrazine, primary and secondary amines, amino acid derivatives or phenol. The library of sulfonamides incorporating
triazinyl moieties was tested for the inhibition of three physiologically relevant carbonic anhydrase (CA, EC 4.2.1.1) isozymes, the
cytosolic hCA I and II, and the transmembrane, tumour-associated hCA IX. The new compounds inhibited hCA I with inhibition
constants in the range of 31–8500 nM, hCA II with inhibition constants in the range of 14–765 nM and hCA IX with inhibition
constants in the range of 1.0–640 nM. Structure–activity relationship was straightforward and rather simple in this class of CA
inhibitors, with the compounds incorporating compact moieties at the triazine ring (such as amino, hydrazino, ethylamino, dimeth-
ylamino or amino acyl) being the most active ones, and the derivatives incorporating such bulky moieties (n-propyl, n-butyl, dieth-
ylaminoethyl, piperazinylethyl, pyridoxal amine or phenoxy) being less effective hCA I, II and IX inhibitors. Some of the new
derivatives also showed selectivity for inhibition of hCA IX over hCA II (selectivity ratios of 23.33–32.00), thus constituting excel-
lent leads for the development of novel approaches for the management of hypoxic tumours.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

In a previous contribution from this laboratory1 it
was reported that triazinyl-containing sulfonamides
obtained from cyanuric chloride (2,4,6-trichloro-1,3,5-
triazine) and amino-benzenesulfonamides, also incorpo-
rating hydroxy, alkoxy or amino moieties, act as highly
effective inhibitors of the zinc enzyme carbonic anhy-
drase (CA, EC 4.2.1.1).2–5 The designed inhibitors1 have
been tested for the inhibition of three physiologically rel-
evant CA isozymes (of the 15 currently known in higher
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vertebrates),2–5 that is, the cytosolic CA I and II (of hu-
man origin, hCA I and hCA II) and the tumour-associ-
ated transmembrane isozyme hCA IX.2–5 Indeed, the
levels of hCA IX—the best studied tumour-associated
CA at this moment—dramatically increase in response
to hypoxia, a characteristic of many tumours, via a di-
rect transcriptional activation of the CA9 gene by the
hypoxia inducible factor HIF-1,4 being also proven that
the expression of this protein in tumours is generally a
sign of poor prognosis.4 Recently, we and Pastorekova
and co-workers6 showed that hCA IX is involved in
the tumour acidification processes, providing H+ ions
to the extracellular milieu by means of the CO2 hydra-
tion reaction to bicarbonate and protons. The pH of tu-
mours is in fact more acidic by 0.5–1.0 pH unit than that
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of the surrounding normal tissue,4 and this acidic envi-
ronment seems to play a very important role both in
the growth, dissemination and propagation of tumour
cells and in their nonresponsiveness to chemo- and
radiotherapy.4,6,7 We have also proved6 that inhibition
of hCA IX in transfected cells or in cultured tumour
cells by means of potent CA IX inhibitors developed
in our laboratory leads to a diminution of the acidifying
effects in these cells, with restoration of a more physio-
logic pH. This constitutes the proof-of-concept that
inhibition of the tumour-associated CAs (two such iso-
zymes are known at this moment, hCA IX and hCA
XII)4 may lead to novel therapeutic approaches in the
fight against hypoxic tumours, which are generally less
responsive or nonresponsive to all the classical chemo-
therapeutic drugs or to radiotherapy.6

Since the sulfonamides incorporating triazinyl moieties
previously reported1 were among the most potent and
selective hCA IX inhibitors obtained up to now, in this
Scheme 1.
paper we continue the investigation of this class of deriv-
atives, reporting the synthesis and hCA I, II and IX
inhibitory properties of a large series of such novel
derivatives.
2. Chemistry

Considering the versatile chemistry of cyanuric chloride
1 (2,4,6-trichloro-1,3,5-triazine),1,8 and its reactions with
various nucleophiles such as amines, amino-sulfon
amides, alcohols, phenols, etc., we extend here our pre-
vious investigations1 in the design of novel CA inhibi-
tors9 containing triazinyl moieties (Scheme 1).

Reaction of cyanuric chloride 1 with sulfanilamide 2,
homosulfanilamide 3 or 4-aminoethyl-benzenesulfon
amide 4, in a 1:1 molar ratio, afforded the dichlorotri-
azine-substituted key intermediates 5–7 reported previ-
ously (Scheme 1).1 Reaction of 5–7 with primary
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amines in molar ratios of 1:2 afforded the bis-amino-tri-
azinyl derivatives 8. A large series of such compounds
have been obtained, since in the previous report only
three amino-derivatives were synthesized—the methyl-
amino ones—which were among the best hCA IX inhib-
itors in the series of investigated triazinyl-sulfonamides.
Diverse alkyl amines possessing both normal- and
branched C2–C4 chains (ethyl, n-propyl, iso-propyl, n-
butyl) have been employed in the reaction, in order to
prepare a large library of such derivatives and detect
the best substitution pattern for the CA inhibitory prop-
erties of these derivatives. Some heterocyclic amines
have also been included in our study, such as pyrid
oxal-amine or N-aminoethyl-piperazine among others
(leading to derivatives 8s–x); but a limited number of
such compounds have been prepared, since due to steric
impairment of these rather bulky derivatives it is proba-
ble that they should not fit easily within the enzyme ac-
tive site (see discussion later in the text). However, it is
interesting to note that although these two compounds
possess different nucleophilic moieties in their molecules
in addition to the NH2 one, unexpectedly only the pri-
mary amine reacted with 5–7, leading to only one reac-
tion product in each case (8s–x) that could be separated
and purified without problems. Similarly, reaction of 5–
7 with secondary amines containing 2–4 carbon atoms in
their molecules led to a smaller series of tertiary bis-
amines of type 9, incorporating derivatives with both
identical substituents (R = R 0 in structure 9) as well as
compounds with such different moieties (Scheme 1 and
Table 1). The key intermediates 5–7 have also been re-
acted with sodium phenoxide, leading to the bis-ethers
10–12 (in the previous report only the reaction with alk-
oxides has been investigated).1 Finally, the reaction of
the intermediates 5–7 with amino acids and some of
their derivatives has also been investigated. However,
only four mono-substituted derivatives 13–16 could be
obtained at this moment, when working at 1:1 or 1:2
molar ratios between the halogeno-substituted interme-
diates 5–7 and the amino acid derivative. Thus, the sec-
ond chlorine atom from 5–7 is probably deactivated to
the nucleophilic substitution with amino acid deriva-
tives; however, this reaction deserves further investiga-
tion, as only a limited number of amino acid
derivatives was obtained in this study (Scheme 1).10
3. CA inhibition

Among the physiologically most relevant CA isozymes
in humans are the cytosolic ubiquitous hCA I and
II,2,3 as well as the tumour-associated transmembrane
isozyme IX, which plays a relevant role in tumourigene-
sis, as mainly investigated by Pastorek and co-work-
ers.4,6 Data of Table 1 show hCA I, II and IX
inhibition with the new compounds reported here of
types 8–16, as well as clinically used CA inhibitors, such
as acetazolamide AAZ, methazolamide MZA, ethoxzol-
amide EZA, dichlorophenamide DCP, dorzolamide
DZA and brinzolamide BRZ.9 Indisulam (E7070)
IND, an antitumour sulfonamide in phase II clinical tri-
als for which we recently demonstrated potent CA
inhibitory properties, has also been included for com-
parison in this study.11,12 Furthermore, the X-ray crystal
structure of IND in adduct with isozyme hCA II has
recently been reported by our group.11
The following SAR should be noted from data of Table
1:13 (i) against the cytosolic, slow isozyme hCA I, the
new derivatives incorporating triazine moieties of types
8–16 showed all types of inhibitory properties, with
KIs in the range of 31–8500 nM. Thus, a first group of
derivatives, such as 8s–x, behaved as quite weak hCA
I inhibitors, with KIs in the range of 1560–8500 nM. It
may be observed that all these compounds incorporate
two bulky piperazinyl-ethyl- or pyridoxal amine moie-
ties in their molecules, which are obviously too bulky



Table 1. Inhibition data for derivatives 8–16 investigated in the present paper and standard sulfonamide CA inhibitors, against isozymes hCA I, II

and IX, and their selectivity ratios for isozyme IX over isozyme II13

Compound R,R0 n KI
* (nM) Selectivity ratio

hCA Ia hCA IIa hCA IXb KI (hCA II)/KI (hCA IX)

AAZ 250 12 25 0.48

MZA 50 14 27 0.52

EZA 25 8 34 0.23

DCP 1200 38 50 0.76

DZA 50,000 9 52 0.17

BRZ NT 3 37 0.08

IND 31 15 24 0.62

8a H 1 87 16 1.2 13.33

8b H 2 95 21 1.0 21.00

8c NH2 0 93 18 1.5 12.00

8d NH2 1 104 27 1.4 19.28

8e NH2 2 113 31 1.3 23.84

8f Et 1 105 14 2.5 5.60

8g Et 2 112 23 2.9 7.93

8h i-Pr 0 235 38 13 2.92

8i i-Pr 1 247 46 16 2.87

8j i-Pr 2 241 50 18 2.77

8k n-Pr 0 368 49 56 0.87

8m n-Pr 1 425 63 78 0.80

8n n-Pr 2 540 83 125 0.66

8o n-Bu 0 561 146 185 0.79

8p n-Bu 1 622 175 210 0.83

8q n-Bu 2 613 163 204 0.80

8r Et2NCH2CH2 0 558 216 174 1.24

8s [HN(CH2CH2)2N]CH2CH2 0 1560 326 287 1.13

8t [HN(CH2CH2)2N]CH2CH2 1 1635 338 274 1.23

8u 0 3500 450 386 1.16

8v 1 4200 596 423 1.40

8x 2 8500 765 640 1.19

9a Me, Me 0 63 39 1.5 26.00

9b Me, Me 1 75 33 1.3 25.38

9c Me, Me 2 76 35 1.5 23.33

9d Et, Et 0 128 65 5.9 11.01

9e Et, Et 1 130 62 7.5 8.26

9f Et, Et 2 156 77 6.3 12.22

9g Me, n-Pr 0 176 39 10.5 3.71

9h Me, n-Pr 1 180 33 12.6 2.61

9i Me, n-Pr 2 198 36 13.7 2.62

10 — — 875 138 254 0.54

11 — — 631 124 197 0.63

12 — — 549 83 113 0.73

13 — — 35 29 1.7 17.05

14 — — 33 32 1.0 32.00

15 — — 39 33 1.4 23.57

16 — — 31 28 1.2 23.33

NT = not tested.
* Errors in the range of 5–10% of the reported value (from three different assays).
a Human cloned isozyme, by the CO2 hydration method.
bCatalytic domain of human, cloned isozyme, by the CO2 hydration method.

V. Garaj et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3102–3108 3105



3106 V. Garaj et al. / Bioorg. Med. Chem. Lett. 15 (2005) 3102–3108
for their favourable binding within the active site of the
enzyme. Several other compounds, such as the bis-
amines 8k–r and the bis-ethers 10–12, were more effec-
tive hCA I inhibitors, showing KIs in the range of
368–875 nM. Again the bulky moieties (phenoxy in
10–12 or n-propyl/n-butyl in 8k–r) are detrimental to
the good inhibitory activity of these compounds, which
is again probably due to steric hindrance effects. Good
hCA I inhibitory activity, with KIs in the range of
104–247 nM, has been detected for derivatives 8d–j
and 9d–i. These compounds incorporate less bulky moi-
eties than the previously discussed ones, such as hydra-
zino, ethylamino, isopropylamino, N,N-diethylamino-
or N-methyl-N-propylamino. Finally, the best hCA I
inhibitors in this series were 8a–c, 9a–c and 13–16, which
showed KIs in the range of 31–95 nM, in the same range
as the potent, clinically used inhibitors ethoxzolamide,
methazolamide and indisulam (Table 1). It is easy to ob-
serve that the best inhibitors in the series incorporate the
most compact substituents at the triazine ring, such as
amino, hydrazine (in 8a–c), dimethylamino (in 9a–c) as
well as the monosubstituted amino acid derivatives
(13–16), which contain a chlorine atom and an amino
acyl moiety, being thus among the less bulky ones in
the entire series. Generally (although there are many
exceptions) the sulfanilamide derivatives (n = 0 in struc-
tures 8–16) were more effective hCA I inhibitors than the
corresponding homosulfanilamides (n = 2), which in
turn were more active inhibitors than the corresponding
derivatives of 4-aminoethylbenzenesulfonamide (n = 2);
(ii) against isozyme hCA II, one of the physiologically
most relevant CAs, the new derivatives 8–16 also
showed interesting inhibitory power, with KIs in the
range of 14–765 nM. SAR is also in this case similar
to what was discussed for hCA I above, rather straight-
forward and simple, with the derivatives incorporating
the compact moieties at the triazine ring being the most
active ones, and the derivatives incorporating bulky
moieties the most ineffective inhibitors. As for hCA I,
generally activity diminished with increasing n from 0
(sulfanilamide derivatives) to 2 (4-aminoethylbenzene-
sulfonamide derivatives) for all compounds 8–16 investi-
gated here (but more exception as for hCA I can be
easily observed from data of Table 1). Thus, the most
ineffective hCA II inhibitors were the bulky derivatives
8n–x and 10–12 (KIs in the range of 83–765 nM), fol-
lowed by the less bulky derivatives 8h–m, 9 and 13–16,
which are medium potency—effective hCA II inhibitors
(KIs in the range of 28–77 nM). The most effective hCA
II inhibitors (with potencies comparable to those of the
clinically used sulfonamides shown in Table 1) were 8a–
g, with KIs in the range of 14–27 nM; (iii) against the tu-
mour-associated isozyme hCA IX, the derivatives 8–16
investigated here showed inhibition constants in the
range of 1.0–640 nM. Considering the triazine ring sub-
stituents, SAR is similar to what disclosed above for the
inhibition of hCA I and II, with the bulky compounds
being the most ineffective inhibitors, and those incorpo-
rating compact, smaller moieties being the most effective
hCA IX inhibitors. This is clearly due to the fact that the
bulky derivatives difficultly may bind within the enzyme
active site. On the other hand, unlike as with hCA I and
II, generally the sulfanilamide derivatives were less effec-
tive hCA IX inhibitors than the corresponding homo-
sulfanilamides, which in turn were less inhibitory than
the corresponding derivatives with n = 2 (of course, also
in this case several exceptions may be observed from
data of Table 1, but the general trend was different for
the transmembrane isozyme than for the cytosolic ones
discussed above). The less effective hCA IX inhibitors
were again the amines/ethers incorporating the bulky
n-propyl, n-butyl, diethylaminoethyl, piperazinyl-ethyl,
pyridoxalamine or phenoxy moieties (8n–x and 10–12),
which showed KIs in the range of 113–640 nM. Medium
potency hCA IX inhibitors were two n-propyl deriva-
tives (8k and 8m) with inhibition constants of 56–
78 nM, whereas the remaining compounds (incorporat-
ing compact substituents at the triazine ring) showed
very effective hCA IX inhibitory properties, with KIs
in the range of 1.0–18 nM, similar to the previously re-
ported derivatives belonging to this class.1 Thus, the
drug design of triazinyl sulfonamides may indeed lead
to very effective hCA IX inhibitors, both belonging to
the amine, amino acid or alkoxy1 derivatives. The best
hCA IX inhibitors were the amino, hydrazine, ethyl
amino, dimethylamino and amino acid derivatives,
which showed inhibition constants in the range of 1–
3 nM, being among the most potent hCA IX inhibitors
reported up to now;1,16,17 (iv) since hCA II is a ubiqui-
tous enzyme showing high affinity for sulfonamide
inhibitors, a critical issue in the design of inhibitors of
other CA isozymes which show potential as medicinal
chemistry targets regards the selectivity of an inhibitor
for the target isozyme over hCA II. In this case, the
selectivity ratios for hCA IX over hCA II of the new
inhibitors are shown in Table 1. It may be observed that
all the clinically used sulfonamides and a small number
of the new inhibitors reported here (e.g., 8k–q and 10–
12) behave better as hCA II than hCA IX inhibitors, with
selectivity ratios <1. Another group of new derivatives,
such as 8h–j, 8r–x and 9g–i, were better hCA IX than
hCA II inhibitors, but with a modest selectivity, in the
range of 1.13–3.71. Finally, the remaining newderivatives
showed good or excellent selectivity ratios, being 5.60–
32.00 timesmore effective hCA IX than hCA II inhibitors.
Among themost selective hCA IX inhibitors were some of
the amino acid derivatives (14–16) or the secondary
amines 9a–c (selectivity ratios in the range of 23.33–
32.00). As some of these compounds are also very effective
hCA IX inhibitors (in the low nanomolar range), it is
obvious that this class of derivatives affords potent and
quite selective hCA IX inhibitors, with potential to be
developed for the management of hypoxic tumours.
4. Conclusions

We report here a series of aromatic benzenesulfonamide
derivatives incorporating triazine moieties in their mole-
cules. They were obtained by reaction of cyanuric
chloride with sulfanilamide, homosulfanilamide or 4-
aminoethylbenzenesulfonamide. The dichlorotriazinyl-
benzenesulfonamides obtained in this way were sub
sequently derivatized by reacting them with various
nucleophiles, such as ammonia, hydrazine, primary
and secondary amines, amino acid derivatives or phenol.
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The library of sulfonamides incorporating triazinyl moi-
eties was tested for the inhibition of three physiologi-
cally relevant CA isozymes, the cytosolic hCA I and
II, and the transmembrane, tumour-associated hCA
IX. The new compounds reported here inhibited hCA
I with KIs in the range of 31–8500 nM, hCA II with
KIs in the range of 14–765 nM and hCA IX with inhibi-
tion constants in the range of 1.0–640 nM. SAR was
straightforward and rather simple in this class of CA
inhibitors, with the derivatives incorporating compact
moieties at the triazine ring (such as amino, hydrazino,
ethylamino, dimethylamino or amino acyl) being the
most active ones, and the derivatives incorporating such
bulky moieties (n-propyl, n-butyl, diethylaminoethyl,
piperazinylethyl, pyridoxal amine or phenoxy) being
the most ineffective hCA I, II and IX inhibitors. Some
of the new derivatives also showed selectivity for inhibi-
tion of hCA IX over hCA II, thus constituting excellent
leads for the development of novel approaches in
the management of hypoxic tumours.
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