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Abstract: Building on the conclusions of previous inhibition studies with pyridinium-

benzenesulfonamides from our team and on the X-ray crystal structure of the lead compound 

identified, a series of 24 pyridinium derivatives of 3-aminobenzenesulfonamide was synthesized 

and investigated for carbonic anhydrase inhibition. The new pyridinium-sulfonamides were 

evaluated as inhibitors of four human carbonic anhydrase (CA, EC 4.2.1.1) isoforms, namely CA 

I, CA II (cytosolic), CA IX and XII (transmembrane, tumor-associated forms). Excellent inhibitory 

activity in the nanomolar range was observed against CA IX with most of these sulfonamides, and 

against CA XII (nanomolar/sub-nanomolar) with some of the new compounds. These 

sulfonamides were generally potent inhibitors of CA II and CA I too. Docking studies revealed a 

preference of these compounds to bind the P1 hydrophobic site of CAs, supporting the observed 

inhibition profile. The salt-like nature of these positively charged sulfonamides can further focus 

the inhibitory ability on membrane-bound CA IX and CA XII and could efficiently decrease the 

viability of three human carcinomas under hypoxic conditions where these isozymes are over-

expressed, thus recommending the new compounds as potential diagnostic tools or therapeutic 

agents. 
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Introduction 

The tremendous advances in medicine achieved in the last century increased human life 

expectancy significantly. As a consequence of increased lifespan, various genetic and epigenetic 

mutations in the human genome that result in the loss of function of tumor suppressor genes and/or 

gain of function or hyperactivation of oncogenes became more and more prevalent, yielding 

different forms of cancers. Cancer is currently the second most common cause of death and a major 

cause of mortality in the world.   Multiple mutations and epigenetic changes are believed to confer 

a selective advantage towards tumor cell proliferation and survival [1]. As the tumor tissue grows 

fast, subpopulations of tumor cells encounter different constrains such as lack of oxygen (hypoxia) 

and nutrients caused by abnormal tumor vasculature [2]. This deficient environment forces the 

tumor cells to initiate response mechanisms that favor cell survival and migration.  In this context, 

it must be emphasized that a general hallmark of over 70% of solid tumors is their hypoxic nature 

[2]. Malignant cells uncontrolled growth consumes nutrients and oxygen at a pace that cannot be 

sustained by the existent local vasculature. Hypoxia stabilizes the cytosolic HIF-1α, which 

accumulates in the cytoplasm under hypoxic conditions and subsequently translocates to the 

nucleus, where it forms a heterodimer with the constitutively stable HIF-1β subunit. Subsequently, 

the activated HIF complex promotes the expression of genes containing a hypoxia-responsive 

element (HRE) [2-4]. 

The hypoxic state has been strongly associated with malignant progression and resistance 

to chemo- and radiotherapy in many tumor types [5, 6]. An examination of tumor biochemistry 

reveals that hypoxic tumors rely on glycolysis as main energy source. The inefficiency of 

glycolysis towards ATP production determines a dramatic increase in the glucose consumption in 

hypoxic tumors. Thus, among the genes upregulated by HIF-1 are genes encoding key proteins 
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involved in angiogenesis (e.g. vascular endothelial growth factor, VEGF), glucose transport 

(GLUT), glycolysis (e.g. phosphofructokinase 1, PFK-1), export of monocarboxylic acids (e.g. 

monocarboxylate transporter, MCT), and the gene encoding a membrane-bound isozymes of 

carbonic anhydrase, namely CA IX and CA XII (Figure 1) [7-10], which are strongly expressed 

under hypoxic conditions [11]. Thus, carbonic anhydrase IX (CA IX) was recognized as an 

endogenous marker of tumor hypoxia and its elevated expression has been independently 

associated with poor prognosis in a large number of tumor types [12-17]. Interestingly, CA IX is 

the most strongly overexpressed gene in response to hypoxia in human cancer cells [18-20]. 

Normal tissue expression of CA IX is restricted to epithelia of the stomach, small intestine and 

gall bladder [9, 17, 21]. A similar over-expression profile in tumor cells was shown to be valid for 

CA XII, another plasma membrane-associated isozyme [7, 20, 22-25]. It was shown that both CA 

IX and CA XII have a critical role in maintaining intracellular pH within normal levels in the 

highly metabolically active cancer cells and were also proved to be critical for tumor cell growth 

and survival (Figure 1) [7, 20, 26-31]. 
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Figure 1. Schematic depiction of acidosis in hypoxic tumors as a result hypoxia, emphasizing the 

upregulation of glycolysis and the central role played by carbonic anhydrases in maintaining the 

intracellular pH and acidification of external tumor milieu.  

 

Thus, carbonic anhydrases (CAs, E. C. 4.2.1.1) are a class of ubiquitous metalloenzymes 

evolved to efficiently catalyze the reversible hydration of carbon dioxide CO2 + H2O  HCO3
- 

+ H+. They are found in virtually all living organisms, from the unicellular ones to higher 

vertebrates. Their structure is encoded by eight evolutionary unrelated gene families, namely, a-, 

b-, g-, d-, z-, η-, θ-, and i-CAs. [7, 32-35]  Fourteen CA isozymes (hCAs), all belonging to the a-

class, are currently known in humans, with different tissue and organ distribution, subcellular 

localization and catalytic properties. One can distinguish cytosolic isozymes (CA I, CA II, CA III, 
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CA VII, and CA XIII), membrane-bound isoforms (CA IV, CA IX, CA XII, and CA XIV), 

mitochondrial isozymes (CA VA and CA VB) and even secreted isozymes (CA VI). [7, 32, 33, 

36]. 

The above-mentioned carbonic anhydrase isoforms are involved in critical physiologic and 

pathologic processes in the human body, which include respiration and transport of CO2 from 

tissues to lungs, acid-base regulation and pH homeostasis, electrolyte secretion in various tissues 

and organs, bone resorption/calcification, biosynthetic reactions such gluconeogenesis, 

lipogenesis and ureagenesis, tumorigenicity, etc. Some of these isoforms are over-expressed in 

pathological conditions such as edemas, glaucoma, obesity and cancer, making them important 

targets for pharmaceutical research [40, 51, 52, 54, 62, 63]. As mentioned above, CA IX and CA 

XII are over-expressed in many tumors where they are involved in pH regulation, cell adhesion 

and tumor progression. Therefore, targeting of CA IX and CA XII isozymes with selective 

inhibitors, antibodies and (radio)immunoconjugates constitutes a promising approach to anticancer 

therapy in general [7, 20, 32, 37-49]. 

Among these various classes of CA inhibitors (CAIs)., aromatic and heterocyclic primary 

sulfonamides are the most investigated and used CAIs in physiological and pharmacological 

studies, as well as in clinical use.  Rigorous selection of the most efficient aromatic and 

heterocyclic systems and further optimizations of the pendant moieties yielded the clinically used 

inhibitors acetazolamide 1, methazolamide 2, ethoxzolamide 3, benzolamide 4, dichlorphenamide 

5 (Chart 1) [7, 32, 38, 41-46, 48, 50] 
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Chart 1. CA inhibitors in clinical use, designed either for systemic use (1-5) or for topical 

administration into the eye (6 and 7). 

 

However, it was established that clinically used CA inhibitors (CAIs) 1-5, initially 

designed for efficient inhibition of CA II, are quite potent against the other CA isozymes [7, 32, 

34, 38, 41-46, 48]. The low isozyme selectivity of these sulfonamides can be explained by the 

relatively high sequence homology of CA isoforms. Since these drugs have a good tissue 

penetrability, their systemic use is associated with serious side effects such as fatigue, metallic 

taste, decreased libido, paresthesia, etc. due to inhibition of all CA isozymes in the human body 

[7, 32, 38, 41-46, 48].  One way to reduce the extent of the side-effects associated with their use 

is though topical administration of the CAI. Dorzolamide 6 and brinzolamide 7 were developed 

for the treatment of glaucoma via topical administration into the eye [7, 32-34, 41, 43, 51]. Another 

way to increase isozyme selectivity is to exploit the structural differences that exist between the 

active site of various CA isozymes by conjugating the classical aromatic/heterocyclic warheads 

with moieties of different sizes and lipophilicities (the “tail approach”) [7, 32-34, 41, 43, 51, 52] 

This strategy was used to find potent and selective inhibitors for CA IX in the first inhibition study 

of this isozyme with sulfonamides [40].  In this study, two CAI scaffolds sulfanilamide and 

aminobenzolamide were derivatized with different halogens of increased steric bulk (F, Cl, Br, I) 
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at selected positions of their phenyl rings for efficient sampling the active site of different CA 

isozymes. The most potent and selective CA IX inhibitor was 3-fluoro-5-chloro-4-

aminobenzenesulfonamide 8 (KI hCA I = 3800 nM, KI hCA II = 32 nM, KI hCA IX = 12 nM). 

Dihalogenophenyl derivatives such as 9 (KI hCA I = 1.4 nM, KI hCA II = 0.3 nM, KI hCA IX = 38 nM) 

and congeners displayed a rather strong and uniform potency against all four isozymes, revealing 

the importance of the scaffold used and of the placement of the pendant groups on the main 

scaffold for inducing potency and selectivity against different CA isozymes, including CA IX and 

XII [40]. These ability to generate potent CA IX and CA XII inhibitors via tail approach was 

confirmed in following studies using bulky and lipophilic adamantane groups, such as 10 (KI hCA I 

= 883 nM, KI hCA II = 11 nM, KI hCA IX = 6.4 nM, KI hCA XII = 2.8 nM), superior homolog 11 (KI hCA 

I = 362 nM, KI hCA II = 8.9 nM, KI hCA IX = 49.5 nM, KI hCA XII = 4.7 nM) [53, 54] (Chart 2) and 

related lipophilic compounds [7, 32-34, 41, 43, 51, 55] 
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Chart 2. Lead CA inhibitors potent against CA IX and CA XII identified in previous studies 

 The explanation for this particular inhibition profile was provided by via X-ray 

crystallography of the adduct of 9 with CA II [56], and of 10 with CA II [54], which revealed that 

the lipophilic “tail” of the inhibitor can be accommodated either in a hydrophobic pocket delimited 

by amino acids Phe131, Val135, Leu198 and Pro202 (denominated P1) or in an amphiphilic pocket 

delimited by amino acids Phe131, Ile91 and Gln92 (denominated P2) [54, 56, 57]. 
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a) b)  

 

Figure 2. Ribbon diagram (a) and active site detail (b) of the hCA II in complex with inhibitors 9 

(magenta, PDB code 2hoc [56]), 10 (light blue, pdb code 3mhc [54] and 15 (yellow, PDB code 

1ze8 [58], revealing the interaction of the tail of the inhibitor with two hydrophobic/amphiphilic 

pockets P1 (Phe131, Val135, Leu198, Pro202) and P2 (Phe131, Ile91, Val121). Pyridinium ring 

of CAI 15, located in amphiphilic pocket P2, π-π stacks with Phe131. Figure made using PyMol 

(DeLano Scientific). 

 

Another frequently used strategy to achieve isozyme selectivity is through membrane-

impermeant inhibitors that inhibit only the membrane-bound isozymes, leaving the cytosolic 

isozymes unaffected. [7, 32, 34, 38, 41-46, 48] One strategy to obtain membrane-impermeant 

inhibitors was through conjugation of CAI warheads with very hydrophilic moieties, either 

polymers such as dextran, aminoethyldextran, polyethylene glycol [45, 59, 60], such as 12 (KI hCA 

I = 225 nM, KI hCA II = 66 nM, KI hCA IX = 2.5 nM, KI hCA XII = 5.4 nM), [45] or with sugar moieties 

[61-66],  such as 13 (KI hCA I = 2.4 nM, KI hCA II = 378 nM, KI hCA IX = 23 nM) [62] and 14 (KI hCA I 

= 4260 nM, KI hCA II = 271 nM, KI hCA IX = 2.1 nM, KI hCA XII = 9.8 nM) [65] (Chart 2). Another 

strategy for the generation of membrane-impermeant sulfonamide inhibitors is through 
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conjugation of aromatic and heterocyclic sulfonamide warheads with permanently charged groups. 

Our team proposed the conjugation of aromatic and heterocyclic amino-sulfonamides with 

pyridinium positively charged moieties, generated via reaction of pyrylium salts with primary 

amino groups [67-71]. Efficient sampling of the active site of CA isozymes was achieved through 

the use of substituents with different shapes and steric demands on pyridinium ring, generating 

nanomolar potent positively charged sulfonamides such as 15 (KI hCA I = 4 µM, KI hCA II =  21 nM, 

KI hCA IX = 14 nM, KI hCA XII =  7 nM), [7, 69, 72] or  16 (KI hCA I = 18 nM, KI hCA II =  4 nM, : KI hCA 

IX = 5.8 nM, KI hCA XII =  48 nM) [68, 73] (Chart 2). The salt-like nature of these pyridinium 

sulfonamides does not allow them to cross biological membranes, inhibiting the membrane-bound 

isozymes while leaving unaffected the cytosolic CA I and CA II, as proved by in vitro and in vivo 

studies [7, 69, 74].  

An examination of the binding mode of pyridinium sulfonamide 15 in the active site of CA 

II reveled that the pyridinium ring extends in the P2 site of the enzyme, delimited (in CA II) by 

residues Phe131, Ile91 and Val121 and π-π stacks with Phe-131 residue of the CA II active site 

(Figure 2) [58].  The sampling of this pocket is possible because the pyridinium moiety is attached 

to the phenyl ring in the para position related to sulfonamide group via a flexible ethyl linker as in 

compound 15. One can hypothesize that if the pyridinium ring would be attached directly to the 

phenyl moiety of the inhibitor in the meta position it could access directly both P1 and P2 pockets. 

Importantly, CA IX and CA XII have a much larger P1 and P2 sites than CA II (Phe131 is replaced 

by a Val in CA IX and by an Ala in CA XII) and other amino acids flanking these two pockets are 

different in these CA isozymes (e.g. residues 91, 135, 204). Since the size, shape and lipophilicity 

of these two pockets depend directly on these key amino acid residues, it can be expected that 

substitution of pyridinium ring with lipophilic substituents of different sizes will modulate potency 
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and selectivity of the CAI, similarly to other studies involving CA activators [75-77].  We have 

decided to evaluate this hypothesis in this study, through the synthesis of novel pyridinium salts 

derived from 3-aminobenzenesulfonamide and through of their inhibition potency and selectivity 

against tumor over-expressed isozymes CA IX and CA XII and against their cytosolic counterparts 

CA I and CA II. 

 

Materials and methods  

Materials: 3-Aminobenzenesulfonamide, acetazolamide, triethylamine, acetic acid, acetic 

anhydride were from Sigma Aldrich (St Louis, MO), Alfa Aesar/VWR International (West 

Chester, PA), Across/Fisher Scientific (Pittsburg, PA) or TCI America (Portland, OR) and were 

used without further purification. Solvents (methanol, ethanol, dichloromethane, acetone, 

acetonitrile, all HPLC quality), 25% aqueous NH4OH, 37% aqueous HCl, NaHCO3, NaOH were 

purchased from EMD (Gibbstown, NJ), Fisher Scientific or VWR International and were used as 

received. Deionized water produced form a Millipore MilliQ system was used in all experiments 

that required it. Pyrylium salts were prepared as described elsewhere by monoacylation of mesityl 

oxide or diacylation of olefins [78]. 

Techniques: Reactions were monitored using thin-layer chromatography (TLC) on Sigma-

Aldrich SiO2-precoated aluminum TLC plates (silica gel with F254 indicator, pore size 60 Å, layer 

thickness 0.20 mm), eluted with MeOH:DCM, 20:80 or 10:90 (v/v). 

 Normal phase preparative chromatography was carried out using prepacked RediSep silica 

gel columns on a Combiflash Rf LC system (Teledyne Isco, Lincoln, NE). The purity of 

compounds was assessed via LC-MS using Agilent 1200 HPLC-DAD-MS system equipped with 
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a G131A DAD and a 6130 Quadrupole MS via a ZORBAX SB-C18 column, eluted with H2O (0.1 

% HCOOH)/ MeCN (0.1 % HCOOH) 95/5 to 0/100 linear gradient.  

The melting points were determined via Thermolyne heating stage microscope (Dubuque, 

IA), equipped with an Olympus 5X objective, at heating/cooling rate of ~ 4 0C/min and were 

uncorrected.  

The NMR spectra were recorded at 300 K, in deuterated dimethyl sulfoxide (DMSO-d6), 

on a Bruker Avance III 400 Plus spectrometer equipped with a 5 mm indirect detection probe, 

operating at 400 MHz for 1H-NMR, at 100 MHz for 13C-NMR, and at 376 MHz for 19F-NMR. 

Chemical shifts are reported as d values, using TMS as internal standard for proton spectra and the 

solvent resonance for carbon spectra, in parts per million (ppm), and the coupling constants (J) are 

expressed in hertz (Hz). Peak shapes were denoted as follows: s, singlet; d, double; t, triplet; q, 

quadruplet; m, multiplet; bs, broad singlet. Assignments were done by means of chemical shifts, 

peak integration, COSY, HMQC, HMBC experiments, and model spectra.  

Elemental analyses were performed by combustion, using a Perkin Elmer 2400 Series II 

CHNS analyzer.  

 

General procedure for the synthesis of pyridinium 3-aminobenzene sulfonamide series 29 

In a typical experiment, 3-aminobenzene sulfonamide (0.34 g, 2 mmol, 1 equiv) was 

dissolved in a minimum amount of EtOH (~ 5 mL) and 0.7 mL (5 mmol) of NEt3 was added 

dropwise, under stirring. The reaction became homogenous in about 5 min. Separately, the 

pyrylium salt (1.1 equiv) was dissolved in a minimum amount of DCM or DCM/EtOH 2/1, v/v 
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(~5 mL), 0.25 mL (5 mmol) of Ac2O was added and the homogenous mixture was added quickly 

to the 3-aminobenzene sulfonamide solution. The colored solution obtained was refluxed for 15 

min, treated with 0.3 mL (5 mmol) AcOH and refluxed overnight. The next day, the reaction 

mixture was cooled, 0.5 mL of 25 % aqueous NH4OH was added and the mixture was refluxed for 

5 min in order to convert unreacted pyrylium salt into the corresponding pyridine. The solution 

was evaporated to dryness and the residue was washed with 3 x 25 mL ethyl ether. After drying 

under vacuum, the crude product was treated with 5 mL of 5 % aqueous HPF6, filtered, and 

subsequently adsorbed on 3 g of SiO2 using MeOH. Flash chromatography on SiO2 using 

MeOH/DCM gradients afforded the pure compound, which was crystallized from EtOH/ethyl 

ether. 

 

2,4,6-Trimethyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19a): mp 196-198 

oC ; Yield 30.6 %; 1H-NMR (DMSO-d6), δ, ppm: 7.85-8.15 (m, 4H, H-2,4,5,6 1-Ph), 7.97 (s, 2H, 

H-3,5 Py+), 7.54 (br. s, 2H, SO2NH2), 2.62 (s, 3H, H 4-CH3), 2.32 (s, 6H, H- 2,6-CH3); 13C-NMR 

(DMSO-d6), δ, ppm: 159.4 (C4 Py+), 154.6 (C2,6 Py+), 146.3 (C1 1-Ph), 138.3 (C3 1-Ph), 131.9 (C6 

1-Ph), 129.6 (C3,5 Py+), 128.2 (C4 1-Ph), 127.2 (C5 1-Ph),  123.5 (C2 1-Ph), 21.6 (C4 Me), 21.3 

(C2,6 Me); 19F-NMR (DMSO-d6), δ, ppm: -70.12   (d, J =  712 Hz, PF6
-); LC-MS: (C14H17N2O2S), 

exact mass: 277.1; Found: 277.0 (> 97%); Anal (C14H17N2O2S+ PF6
-) requires (%): C 39.82, H 

4.06, N 6.63; Found: C 40.01, H 4.19, N 6.70. 

 

2,6-Diethyl-4-methyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19b): mp 160-

162 oC; Yield 45.3  %; 1H-NMR (DMSO-d6), δ, ppm: 8.17 (s, 2H, H-3,5 Py+), 8.16 (t, H, H-5 1-
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Ph), 7.90-7.99 (m, 3H, H-2,4,6 1-Ph), 7.64 (br. s, 2H, SO2NH2), 2.53 (s, 3H, H 4-CH3), 2.50 (m, 

4H, H 2,6-CH2CH3), 1.60 (s, 6H, H 2,6-CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 159.9 (C4 Py+), 

158.8 (C2,6 Py+), 146.1 (C1 1-Ph), 137.3 (C3 1-Ph), 131.6 (C6 1-Ph), 130.0 (C3,5 Py+), 128.3 (C4 1-

Ph), 125.2 (C5 1-Ph),  123.9 (C2 1-Ph), 27.2 (C1 Et), 21.5 (C4 Me), 12.1 (C2 Et); 19F-NMR (DMSO-

d6), δ, ppm: -70.16 (d, J =  712 Hz, PF6
-); LC-MS: (C16H21N2O2S), exact mass: 305.1; Found: 

305.0 (> 97%); Anal (C16H21N2O2S+ PF6
-) requires (%): C 42.67, H 4.70, N 6.22; Found: C 42.76, 

H 4.78, N 6.31. 

 

4-Methyl-2,6-di-n-propyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19c): mp 

206-209 oC; Yield 20.6 %;1H-NMR (DMSO-d6), δ, ppm: 8.16 (s, 2H, H-3,5 Py+), 7.90-8.15(m, 

4H, H-2,4,5,6 1-Ph), 7.67 (br. s, 2H, SO2NH2), 2.65 (s, 3H, H 4-CH3), 2.45 (m, 4H, H 2,6-

CH2CH2CH3),  1.28 (m, 4H, H 2,6-CH2CH2CH3), 0.79 (t, 6H, H 2,6- CH2CH2CH3); 13C-NMR 

(DMSO-d6), δ, ppm: 159.9 (C4 Py+), 158.8 (C2,6 Py+), 146.1 (C1 1-Ph), 137.3 (C3 1-Ph), 131.6 (C6 

1-Ph), 130.0 (C3,5 Py+), 128.3 (C4 1-Ph), 125.2 (C5 1-Ph),  123.9 (C2 1-Ph), 27.2 (C1 n-Pr), 21.5 

(C4 Me), 12.1 (C2 n-Pr); 19F-NMR (DMSO-d6), δ, ppm: -70.15 (d, J = 712 Hz, PF6
-); LC-MS: 

(C18H25N2O2S), exact mass: 333.2; Found: 333.1 (> 97%); Anal (C18H25N2O2S+ PF6
-) requires (%): 

C 45.19, H 5.27, N 5.86; Found: C 45.22, H 5.34, N 5.89. 

 

2,6-Diisopropyl-4-methyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19d): mp 

150-155 oC ; Yield 34  %; 1H-NMR (DMSO-d6), δ, ppm: 8.26-8.20 (br. s, 2H, H-3,5 Py+), 8.17 

(dt, J = 1.4, 7.8 Hz, 1H, H-2 1-Ph), 8.03 (dt, J = 1.4, 7.8 Hz, 1H, H-6 1-Ph), 7.97 (t, J = 7.8 Hz, 

1H, H-4 1-Ph), 7.69 (br.s, 2H, SO2NH2), 3.79 (hep, J = 6.1 Hz, 2H, H 2,6-CH(CH3)2), 2.69 (s, 3H, 
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H 4-CH3), 1.22 (d, J = 6.7 Hz, 3H, CH3A from 2-CH(CH3)2), 1.21 (d, J = 6.7 Hz, 3H, CH3B from 

2-CH(CH3)2); 13C-NMR (DMSO-d6), δ, ppm: 159.8 (C4 Py+), 154.2 (C2,6 Py+), 146.3 (C1 1-Ph), 

137.8 (C3 1-Ph), 131.8 (C6 1-Ph), 129.7 (C3,5 Py+), 128.3 (C4 1-Ph), 123.8 (C5 1-Ph),  123.6 (C2 1-

Ph), 31.4 (C1 i-Pr), 22.0 (C4 Me), 21.9 (C2 i-Pr), 21.4 (C2 i-Pr); 19F-NMR (DMSO-d6), δ, ppm: -

70.12 (d, J = 712 Hz, PF6
-); LC-MS: (C18H25N2O2S), exact mass: 333.2; Found: 333.1 (> 97%); 

Anal (C18H25N2O2S+ PF6
-) requires (%): C 45.19, H 5.27, N 5.86; Found: C 45.26, H 5.37, N 5.92. 

 

2,6-Di-n-butyl-4-methyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19e): mp 

117-120 oC ; Yield 14.2 %; 1H-NMR (DMSO-d6), δ, ppm: 7.94-8.18 (m, 4H, H-2,4,5,6 1-Ph), 7.93 

(s, 2H, H-3,5 Py+), 7.62 (br. s, 2H, SO2NH2), 2.65 (s, 3H, H 4-CH3), 2.48(t, 4H, H 2, 6- 

CH2CH2CH2 CH3 ), 1.52 (m, 4H, H 2, 6- CH2CH2CH2 CH3), 1.18 (m- 4H, H 2, 6- 

CH2CH2CH2CH3), 0.72 (t, 6H, H 6- CH2CH2CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 159.5 (C4 

Py+), 157.8 (C2,6 Py+), 146.0 (C1 1-Ph), 137.2 (C3 1-Ph), 131.4 (C6 1-Ph), 130.1 (C3,5 Py+), 128.3 

(C4 1-Ph), 126.1 (C5 1-Ph),  124.1 (C2 1-Ph), 33.1 (C1 n-Bu), 29.8 (C2 n-Bu),  21.5 (C4 Me), 21.4 

(C3 n-Bu), 13.2 (C4 n-Bu) ; 19F-NMR (DMSO-d6), δ, ppm: -70.16 (d, J = 712 Hz, PF6
-); LC-MS: 

(C20H29N2O2S), exact mass: 361.2; Found: 361.1 (> 97%); Anal (C20H29N2O2S+ PF6
-) requires (%): 

C 47.43, H 5.77, N 5.53; Found: C 47.65, H 5.85, N 5.62. 

 

2-Ethyl-4,6-dimethyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19f): mp 203-

207 oC ; Yield 31.5 %; 1H-NMR (DMSO-d6), δ, ppm: 8.11-8.18 (s, 2H, H-3,5 Py+), 7.80-8.01 (m, 

4H, H-2,4,5,6 1-Ph), 7.62 (br. s, 2H, SO2NH2), 3.32 (s, 3H, H 4-CH3), 2.68 (s, 3H, H 2-CH3), 2.26 

(t, 3H, H 6-CH2CH3), 1.14 (t, 2H, H 2-CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 159.6 (C4 Py+), 
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158.8 (C2, Py+), 154.6 (C6 Py+), 146.2 (C1 1-Ph), 137.8 (C3 1-Ph), 131.8 (C6 1-Ph), 129.8 (C5 Py+), 

128.3 (C3 Py+), 127.1 (C4 1-Ph), 125.2 (C5 1-Ph),  123.7 (C2 1-Ph), 27.1 (C1 Et), 21.8 (C4 Me), 

21.4 (C6 Me), 12.0 (C2 Et); 19F-NMR (DMSO-d6), δ, ppm: -70.15  (d, J = 712 Hz, PF6
-); LC-MS: 

(C15H19N2O2S), exact mass: 291.1; Found: 291.0 (> 97%); Anal (C15H19N2O2S+ PF6
-) requires (%): 

C 41.29, H 4.39, N 6.42; Found: C 41.11, H 4.33, N 6.48. 

 

2,4-Dimethyl-6-n-propyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19g): mp 

165-167 oC ; Yield 20.6 %; 1H-NMR (DMSO-d6), δ, ppm: 8.12-8.18 (m, 2H, H-3,5 Py+), 7.87-

8.00 (m, 4H, H-2,4,5,6 1-Ph), 7.61 (br. s, 2H, SO2NH2), 3.34 (s, 3H, H 4-CH3), 2.65 (s, 3H, H 2-

CH3), 2.29 (m, 2H, H 6-CH2CH2CH3), 1.57 (hex, J = 7.5 Hz, 2H, H 6-CH2CH2CH3), 0.82 (t, J = 

7.3 Hz, 3H, H 6-CH2CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 159.4 (C4 Py+), 157.5 (C2, Py+), 

154.8 (C6 Py+), 146.2 (C1 1-Ph), 137.8 (C3 1-Ph), 131.7 (C6 1-Ph), 129.8 (C5 Py+), 128.3 (C3 Py+), 

127.2 (C4 1-Ph), 126.1 (C5 1-Ph),  123.8 (C2 1-Ph), 35.1 (C1 n-Pr), 21.8 (C4 Me), 21.0 (C6 Me), 

13.3 (C3 n-Pr); 19F-NMR (DMSO-d6), δ, ppm: -70.12 (d, J = 711 Hz, PF6
-); LC-MS: 

(C16H21N2O2S), exact mass: 305.1; Found: 305.0 (> 97%); Anal (C16H21N2O2S+ PF6
-) requires (%): 

C 42.67, H 4.70, N 6.22; Found: C 42.75, H 4.88, N 6.23.  

 

2-Isopropyl-4,6-dimethyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19h): mp 

209-215 oC ; Yield 26 %; 1H-NMR (DMSO-d6), δ, ppm: 8.13-8.21 (m, 2H, H-3,5 Py+), 7.90-8.06 

(m, 4H, H 2, 3, 4, 5 1-Ph), 7.64 (br. s, 2H, SO2NH2), 2.67 (s, 3H, H 4-CH3), 2.59 (hep, J = 6.8 Hz, 

1H, H 2-CH(CH3)2), 2.27 (s, 3H, H 2-CH3), 1.23 (d, J = 6.7 Hz, 3H, H CH3A from 2-CH(CH3)2), 

1.21 (d, J = 6.7 Hz, 3H, CH3B from 2-CH(CH3)2); 13C-NMR (DMSO-d6), δ, ppm: 163.2 (C4 Py+), 
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159.8 (C2, Py+), 154.2 (C6 Py+), 146.3 (C1 1-Ph), 137.8 (C3 1-Ph), 131.7 (C6 1-Ph), 129.7 (C5 Py+), 

128.3 (C3 Py+), 127.2 (C4 1-Ph), 123.8 (C5 1-Ph),  123.6 (C2 1-Ph), 31.4 (C1 i-Pr), 22.0 (C4 Me),  

21.9 (C6 Me), 21.4 (C2 i-Pr); 19F-NMR (DMSO-d6), δ, ppm: -70.12 (d, J = 712 Hz, PF6
-); LC-MS: 

(C16H21N2O2S), exact mass: 305.1; Found: 305.0 (> 97%); Anal (C16H21N2O2S+ PF6
-) requires (%): 

C 42.67, H 4.70, N 6.22; Found: C 42.88, H 4.74, N 6.34. 

 

2-n-Butyl-4,6-dimethyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19i): mp 

200-205 oC; Yield 15.5 %;1H-NMR (DMSO-d6), δ, ppm: 8.13-8.16 (m, 2H, H-3,5 Py+), 7.89-7.99 

(m, 4H, H-2,4,5,6 1-Ph), 7.63 (br. s, 2H, SO2NH2), 3.33 (s, 3H, H 4-CH3), 2.63 (s, 3H, H 6-CH3), 

2.29 (t, 2H- H, 2- CH2 CH2CH2 CH3 ), 1.53 (m, 2H, H 2-CH2CH2CH2 CH3), 1.18 (m- 2H- H 2- 

CH2 CH2CH2CH3), 0.72 (t, 3H, H 6- CH2CH2CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 159.4 (C4 

Py+), 157.7 (C2, Py+), 154.7 (C6 Py+), 146.2 (C1 1-Ph), 137.8 (C3 1-Ph), 131.6 (C6 1-Ph), 129.9 (C5 

Py+), 128.3 (C3 Py+), 127.2 (C4 1-Ph), 126.1 (C5 1-Ph),  123.8 (C2 1-Ph), 31.4 (C1 n-Bu), 29.8 (C4 

Me), 25.5 (C6 Me), 21.8 (C2 n-Bu), 21.5 (C3 n-Bu), 13.2 (C4 n-Bu); 19F-NMR (DMSO-d6),  δ, ppm: 

-70.14 (d, J = 711 Hz, PF6
-); LC-MS: (C17H23N2O2S), exact mass: 319.1; Found: 319.0 (> 97%); 

Anal (C17H23N2O2S+ PF6
-) requires (%): C 43.97, H 4.99, N 6.03; Found: C 44.01, H 5.02, N 6.07. 

 

2,6-Dimethyl-4-phenyl-1-(3-sulfamoyl-phenyl)-pyridinium hexafluorophosphate (19j): mp 

309-312 oC ; Yield 35.6 %; 1H-NMR (DMSO-d6), δ, ppm: 8.54 (br. s, 2H, H-3,5 Py+), 8.21 (br. s, 

H, H 1-Ph), 8.19-8.10 (m, 3H, H-4 1-Ph, H-2,6 4-Ph),  8.02-7.93 (m, 2H, H-5,6 1-Ph), 7.75 (d, J 

= 3.6, 3H, H-3,4,5 4-Ph), 7.61 (br. S, 2H, SO2NH2), 3.30 (s, 6H, H 2,6-CH3); 13C-NMR (DMSO-

d6), δ, ppm: 155.7 (C2,6 Py+), 155.1 (C4 Py+), 146.3 (C1 1-Ph), 138.3 (C1 4-Ph), 133.5 (C3 1-Ph), 
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132.2 (C4 4-Ph), 131.8 (C6 1-Ph), 129.7 (C3,5 4-Ph), 129.5 (C4 1-Ph), 128.2 (C5 1-Ph), 128.0 (C1,6 

4-Ph), 123.4 (C3,5 Py+), 123.2 (C2 1-Ph), 21.9, (C2,6 Me); 19F-NMR (DMSO-d6), δ, ppm: -70.15,  

(d, J = 712 Hz, PF6
-); LC-MS: (C19H19N2O2S), exact mass: 339.1; Found: 339.0 (> 97%); Anal 

(C19H19N2O2S+ PF6
-) requires (%): C 47.11, H 3.95, N 5.78; Found: C 47.24, H 4.03, N 5.86. 

 

2,6-Diethyl-4-phenyl-1-(3-sulfamoyl-phenyl)-pyridinium hexafluorophosphate (19k): mp 

290-293 oC ; Yield 25.4 %; 1H-NMR (DMSO-d6), δ, ppm: 8.38 (br. s, 2H, H-3,5 Py+), 8.25 (br. s, 

H, H-2 1-Ph), 8.22-8.16 (m, 3H, H-4 1-Ph, H-2,6 4-Ph),  7.98-8.01 (m, Hz, 2H, H-5,6 1-Ph), 7.72-

7.76 (d, 3H, H-3,4,5 4-Ph), 7.69 (br. S, 2H, SO2NH2), 2.65-2.55 (m, 4H, H 2,6-CH2CH3), 1.27-

1.17 (m, 6H, H 2,6-CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 160.2 (C2,6 Py+), 155.7 (C4 Py+), 

146.1 (C1 1-Ph), 137.3 (C1 4-Ph), 133.9 (C3 1-Ph), 132.2 (C4 4-Ph), 131.6 (C6 1-Ph), 130.0 (C3,5 

4-Ph), 129.7 (C4 1-Ph), 128.4 (C5 1-Ph), 128.3 (C1,6 4-Ph), 124.0 (C3,5 Py+), 121.7 (C2 1-Ph), 27.6 

(C1 Et), 12.5 (C2 Et); 19F-NMR (DMSO-d6), δ, ppm: no signal; LC-MS: (C21H23N2O2S), exact 

mass: 367.1; Found: 367.0 (> 97%); Anal (C21H23N2O2S) requires (%): C 49.22, H 4.52, N 5.47; 

Found: C 49.19, H 4.67, N 5.54. 

 

2,6-Di-n-propyl-4-phenyl-1-(3-sulfamoyl-phenyl)-pyridinium hexafluorophosphate (19l): mp 

218-221 oC ; Yield 45.3 %; 1H-NMR (DMSO-d6), δ, ppm: 8.44 (br. s, 2H, H-3,5 Py+), 8.18-8.30 

(m, 4H, H-2,4 1-Ph, H-2,6 4-Ph), 8.07-7.94 (m, 2H, H-5,6 1-Ph), 7.73-7.79 (m, 3H, H-3,4,5 4-Ph), 

7.66 (br. s, 2H, SO2NH2), 2.64-2.45 (m, 4H, H  2,6-CH2CH2CH3), 1.66-1.60 (m, 4H, H 2,6-

CH2CH2CH3), 0.88-0.75 (m, 6H, H 2,6-CH2CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 158.8 (C2,6 

Py+), 155.2 (C4 Py+), 146.0 (C1 1-Ph), 137.2 (C1 4-Ph), 133.7 (C3 1-Ph), 132.2 (C4 4-Ph), 131.3 
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(C6 1-Ph), 130.0 (C3,5 4-Ph), 129.6 (C4 1-Ph), 128.3 (C5 1-Ph), 128.2 (C1,6 4-Ph), 124.0 (C3,5 Py+), 

122.4 (C2 1-Ph), 35.6 (C1 n-Pr), 21.4 (C2 n-Pr), 13.4 (C3 n-Pr); 19F-NMR (DMSO-d6), δ, ppm: -

77.86  (d, J = 792 Hz, PF6
-); LC-MS: (C23H27N2O2S), exact mass: 395.2; Found: 395.1 (> 97%); 

Anal (C23H27N2O2S+ PF6
-) requires (%): C 51.11, H 5.04, N 5.18; Found: C 51.34, H 5.23, N 5.28. 

 

2,6-Diisopropyl-4-phenyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19m): mp 

261-263 oC; Yield 38.7 %; 1H-NMR (DMSO-d6), δ, ppm: 8.41 (s, 2H, H-3,5 Py+), 8.15-8.32 (m, 

4H, H-2,4,5,6 1-Ph), 7.70-8.00 (m, 5H, H 4-Ph), 7.66 (br. s, 2H, SO2NH2), 3.33 (m, 2H, H 2,4 -

CH(CH3)2), 1.32 (d, 12H, H 2,4 -CH(CH3)2),   13C-NMR (DMSO-d6), δ, ppm: 164.1 (C4 Py+), 

156.2 (C2,6 Py+), 146.3 (C1 1-Ph), 137.5 (C3 1-Ph), 134.0 (C3,5 4-Ph), 132.1 (C2,6 4-Ph), 131.6 (C4 

4-Ph), 129.8 (C6 1-Ph),  129.6 (C4 1-Ph), 128.5 (C5 1-Ph), 123.6 (C3,5 Py+), 120.2 (C2 1-Ph), 

32.2 (C1 i-Pr), 21.8 (C2 i-Pr),  21.7 (C2 i-Pr); 19F-NMR (DMSO-d6), δ, ppm: -70.15 (d, J = 712 Hz, 

PF6
-); LC-MS: (C23H27N2O2S), exact mass: 395.2; Found: 395.1 (> 97%); Anal (C23H27N2O2S+ 

PF6
-) requires (%): C 51.11, H 5.04, N 5.18; Found: C 51.19, H 5.09, N 5.30. 

 

2,6-Di-n-butyl-4-phenyl-1-(3-sulfamoyl-phenyl)-pyridinium hexafluorophosphate (19n): mp 

181-184 oC ; Yield 25.3 %; 1H-NMR (DMSO-d6), δ, ppm: 8.45 (br. s, 2H, H-3,5 Py+), 8.19-8.25 

(m, 4H, H-2,4 1-Ph, H-2,6 4-Ph ), 8.09-7.96 (m, 2H, H-5,6 1-Ph), -7.65-7.74 (m, 3H, H-3,4,5 4-

Ph), 7.75 (br. S, 2H, SO2NH2), 2.67-2.60 (m, 4H, H 2,6- CH2 CH2CH2 CH3 ), 1.64-1.51 (m, 4H, H 

2,6-CH2CH2CH2 CH3), 1.25-1.15 (m, 4H, H 2,6- CH2 CH2CH2CH3), 0.79-0.69 (m, 6H, H 2,6- 

CH2CH2CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 159.1 (C2,6 Py+), 155.3 (C4 Py+), 146.1 (C1 1-

Ph), 137.2 (C1 4-Ph), 133.7 (C3 1-Ph), 132.2 (C4 4-Ph), 131.2 (C6 1-Ph), 130.1 (C3,5 4-Ph), 129.7 
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(C4 1-Ph), 128.3 (C5 1-Ph), 124.2 (C1,6 4-Ph), 124.0 (C3,5 Py+), 122.5 (C2 1-Ph), 33.5 (C1 n-Bu), 

30.1 (C2 n-Bu), 21.6 (C3 n-Bu), 13.2 (C4 n-Bu) ; 19F-NMR (DMSO-d6), δ, ppm: -76.83  (d, J = 780 

Hz, PF6
-); LC-MS: (C25H31N2O2S), exact mass: 423.2; Found: 423.1 (> 97%); Anal (C25H31N2O2S+ 

PF6
-) requires (%): C 52.81, H 5.50, N 4.93; Found: C 52.78, H 5.48, N 5.05. 

 

2-Methyl-4,6-diphenyl-1-(3-sulfamoyl-phenyl)-pyridinium hexafluorophosphate (19o): mp 

143-147 oC ; Yield 35.5 %; 1H-NMR (DMSO-d6), δ, ppm: 8.76 (br. s, H, H-3 Py+), 8.50 (br. s, H, 

H-3 Py+), 8.26 (d, J = 2.0 Hz, 2H, H- 2,6 2-Ph), 8.21 (t, J = 1.8 Hz, H, H-2 1-Ph), 7.78 (d, J = 0.8 

Hz, H, H-6 2-Ph), 7.73 (d, J = 6.6 Hz, H, H-4 2-Ph), 7.70- 7.65 (m, 4H, H-4,6 1-Ph, H-3,5 2-Ph), 

7.58 (br. S, 2H, SO2NH2), 7.42-7.31 (m, 5H, H-2,3,4,5,6  4-Ph), 1.14-1.06 (s, 3H, 2-CH3); 13C-

NMR (DMSO-d6), δ, ppm: 156.1 (C2 Py+), 155.9 (C4 Py+), 155.3 (C6 Py+), 145.3 (C1 1-Ph), 138.7 

(C1 4-Ph), 133.3 (C3 1-Ph), 132.5 (C1 6-Ph), 132.4 (C5 4-Ph), 130.7 (C3 4-Ph), 130.4 (C2,6 4-Ph), 

129.9 (C4 4-Ph), 129.7 (C4 6-Ph), 129.6 (C2,6 6-Ph), 128.4 (C3,5 6-Ph), 128.1 (C6 1-Ph), 127.5 (C4 

1-Ph), 124.8 (C5 1-Ph), 123.7 (C2 1-Ph), 22.2, (C1 Me); 19F-NMR (DMSO-d6), δ, ppm: -78.25  (d, 

J =  951.5 Hz, PF6
-); LC-MS: (C24H21N2O2S), exact mass: 401.1; Found: 401.0 (> 97%); Anal 

(C24H21N2O2S+ PF6
-) requires (%): C 52.75, H 3.87, N 5.13; Found: C 52.84, H 4.01, N 5.23. 

 

2-Ethyl-4,6-diphenyl-1-(3-sulfamoyl-phenyl)-pyridinium hexafluorophosphate (19p): mp 

118-122 oC ; Yield 38.5 %; 1H-NMR (DMSO-d6), δ, ppm: 8.62 (br. s,  H, H-3 Py+), 8.49 (br. s, H, 

H-5 Py+), 8.34-8.26 (m, 2H, H-2,6 2-Ph), 8.24 (br. s, H, H-2 1-Ph), 7.87 (d, J = 14.3 Hz, H, H-6 

2-Ph), 7.81 (d, J = 13.6 Hz, H, H-4 2-Ph), 7.75- 7.66 (m, 4H, H-4,6 1-Ph, H-3,5 2-Ph), 7.64 (br. S, 

2H, SO2NH2), 7.45-7.30 (m, 5H, H-2,3,4,5,6 4-Ph), 2.81-2.69 (m, 2H, H 2-CH2CH3), 1.28-1.09 
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(m, 3H, H 2-CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 160.4 (C2 Py+), 156.0 (C4 Py+), 155.6 (C6 

Py+), 145.1 (C1 1-Ph), 138.1 (C1 4-Ph), 133.5 (C3 1-Ph), 132.6 (C1 6-Ph), 132.3 (C5 4-Ph), 130.7 

(C3 4-Ph), 130.4 (C2,6 4-Ph), 129.8 (C4 4-Ph), 129.6 (C4 6-Ph), 128.5 (C2,6 6-Ph), 128.0 (C3,5 6-

Ph), 127.6 (C6 1-Ph), 125.1 (C4 1-Ph), 123.7 (C5 1-Ph), 123.0 (C2 1-Ph), 27.6 (C1 Et), 12.7 (C2 Et); 

19F-NMR (DMSO-d6), δ, ppm: -78.25 (d, J =  951.3 Hz, PF6
-); LC-MS: (C25H23N2O2S), exact 

mass: 415.1; Found: 415.0 (> 97%); Anal (C25H23N2O2S+ PF6
-) requires (%): C 53.57, H 4.14, N 

5.00; Found: C 53.68, H 4.22, N 5.07. 

 

2-n-Propyl-4,6-diphenyl-1-(3-sulfamoyl-phenyl)-pyridinium hexafluorophosphate (19r): mp 

135-138 oC ; Yield 25.4 %; 1H-NMR (DMSO-d6), δ, ppm: 8.66 (br. s, d, H, H-3 Py+), 8.49 (br. s, 

H, H-5 Py+), 8.30 (d, J = 23.2 Hz, H, H-2 2-Ph), 8.27 (d, J = 23.2 Hz, H, H-6 2-Ph),  8.24 (t, J = 

1.7 Hz, H, H-2 1-Ph), 7.83 (d, J = 0.9 Hz, H, H-6 2-Ph), 7.81 (d, J = 0.96 Hz, H, H-4 2-Ph), 7.75- 

7.64 (m, 4H, H-4,6 1-Ph, H-3,5 2-Ph), 7.61 (br. S, 2H, SO2NH2), 7.48-7.29 (m, 5H, H-2,3,4,5,6 4-

Ph), 2.80-2-64 (m, 2H, H 2-CH2CH2CH3), 1.71-1.61 (m, 2H, H 2-CH2CH2CH3), 0.92-0.78 (m, 3H, 

H 2-CH2CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 159.0 (C2 Py+), 156.1 (C4 Py+), 155.4 (C6 Py+), 

145.0 (C1 1-Ph), 138.1 (C1 4-Ph), 133.4 (C3 1-Ph), 132.7 (C1 6-Ph), 132.4 (C5 4-Ph), 130.7 (C3 4-

Ph), 130.3 (C2,6 4-Ph), 129.8 (C4 4-Ph), 129.7 (C4 6-Ph), 129.6 (C2,6 6-Ph), 128.5 (C3,5 6-Ph), 127.6 

(C6 1-Ph), 125.1 (C4 1-Ph), 123.8 (C5 1-Ph), 123.7 (C2 1-Ph), 35.6 (C1 n-Pro), 21.6 (C2 n-Pro), 

13.5 (C3 n-Pro) ; 19F-NMR (DMSO-d6), δ, ppm: -78.23 (d, J =  951.8 Hz, PF6
-); LC-MS: 

(C26H25N2O2S), exact mass: 429.2; Found: 429.1 (> 97%); Anal (C26H25N2O2S+ PF6
-) requires (%): 

C 54.35, H 4.39, N 4.88; Found: C 54.43, H 4.46, N 4.90. 
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2-Isopropyl-4,6-diphenyl-1-(3-sulfamoyl-phenyl)-pyridinium hexafluorophosphate (19q): 

mp 146-148 oC ; Yield 18.4 %; 1H-NMR (DMSO-d6), δ, ppm: 8.65 (br. s, H, H-3 Py+), 8.46 (br. s, 

H, H-5 Py+),  8.32 (d, J = 6.5 Hz, 2H, H-2,6 2-Ph), 8.27 (br. s, H, H-2 1-Ph), 7.87 (d, J = 7.3 Hz, 

H, H-6 2-Ph), 7.86 (d, J = 6.8 Hz, H, H-4 2-Ph), 7.79- 7.69 (m, 4H, H-4,6 1-Ph, H-3,5 2-Ph), 7.67 

(br. s, 2H, SO2NH2), 7.46-7.30 (m, 5H, H-2,3,4,5,6 4-Ph), 2.79-2-74 (m, H, H 2-CH(CH3)2 ), 1.43-

1.30 (m, 6H, H 2-CH(CH3)2 ); 13C-NMR (DMSO-d6), δ, ppm: 164.8 (C2 Py+), 155.9 (C4 Py+), 

155.7 (C6 Py+), 145.2 (C1 1-Ph), 138.2 (C1 4-Ph), 133.6 (C3 1-Ph), 133.0 (C1 6-Ph), 132.4 (C5 4-

Ph), 130.7 (C3 4-Ph), 129.8 (C2,6 4-Ph), 129.7 (C4 4-Ph), 129.6 (C4 6-Ph), 128.7 (C2,6 6-Ph), 128.0 

(C3,5 6-Ph), 127.7 (C6 1-Ph), 125.6 (C4 1-Ph), 123.9 (C5 1-Ph), 121.1 (C2 1-Ph), 32.2 (C1 i-Pr), 21.8 

(C2 i-Pr), 21.7 (C2 i-Pr); 19F-NMR (DMSO-d6), δ, ppm: -70.14 (d, J =  712 Hz, PF6
-); LC-MS: 

(C26H25N2O2S), exact mass: 429.2; Found: 429.1 (> 97%); Anal (C26H25N2O2S+ PF6
-) requires (%): 

C 54.35, H 4.39, N 4.88; Found: C 54.37, H 4.46, N 4.92. 

 

2-n-Butyl-4,6-diphenyl-1-(3-sulfamoyl-phenyl)-pyridinium hexafluorophosphate (19s): mp 

143-147 oC ; Yield 15.7 %; 1H-NMR (DMSO-d6), δ, ppm: 8.67 (br. s, H, H-3 Py+), 8.48 (br. s, H, 

H-5 Py+) 8.28 (d, J = 7.9 Hz, 2H, H-2,6 2-Ph), 8.23 (br. s, H, H-2 1-Ph), 7.87 (d, J = 7.8 Hz, H, H-

6 2-Ph), 7.81 (d, J = 7.9 Hz, H, H-4 2-Ph), 7.75- 7.63 (m, 4H, H-4,6 1-Ph, H-3,5 2-Ph), 7.59 (br. 

S, 2H, SO2NH2), 7.43-7.30 (m, 5H, H-2,3,4,5,6 4-Ph), 2.79-2.69 (m, 2H, H 2- CH2 CH2CH2 CH3 

), 1.66-1.59 (m, 2H, H 2-CH2CH2CH2 CH3), 1.25-1.18 (m, 2H, H 2- CH2 CH2CH2CH3), 0.78-0.68 

(m, 3H, H 2- CH2CH2CH2CH3); 13C-NMR (DMSO-d6), δ, ppm: 159.4 (C2 Py+), 156.1 (C4 Py+), 

155.5 (C6 Py+), 145.1 (C1 1-Ph), 138.2 (C1 4-Ph), 133.5 (C3 1-Ph), 132.8 (C1 6-Ph), 132.4 (C5 4-

Ph), 130.8 (C3 4-Ph), 130.4 (C2,6 4-Ph), 129.9 (C4 4-Ph), 129.8 (C4 6-Ph), 129.7 (C2,6 6-Ph), 128.5 

(C3,5 6-Ph), 128.1 (C6 1-Ph), 127.6 (C4 1-Ph), 125.2 (C5 1-Ph), 123.8 (C2 1-Ph), 33.5 (C1 n-Bu), 
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30.3 (C2 n-Bu), 21.7 (C3 n-Bu), 13.2 (C4 n-Bu) ; 19F-NMR (DMSO-d6), δ, ppm: -70.15 (d, J =  712 

Hz, PF6
-); LC-MS: (C27H27N2O2S), exact mass: 443.2; Found: 443.1 (> 97%); Anal (C27H27N2O2S+ 

PF6
-) requires (%): C 55.10, H 4.62, N 4.76; Found: C 55.34, H 4.78, N 4.88. 

 

2,3,4,6-Tetramethyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19t): mp 215-

217 oC; Yield 18.7 %; 1H-NMR (DMSO-d6), δ, ppm: 7.92 (s, 2H, H-5 Py+), 7.82-8.13 (m, 4H, H-

2,4,5,6 1-Ph), 7.53 (br. s, 2H, SO2NH2), 2.60 (s, 3H, H 4-CH3), 2.39 (s, 3H, H 3-CH3), 2.28 (s, 3H, 

H 6-CH3), 2.25 (s, 3H, H 2-CH3) ; 13C-NMR (DMSO-d6), δ, ppm: 157.7 (C4 Py+), 153.0 (C2, Py+), 

151.1 (C6 Py+), 146.4 (C1 1-Ph), 139.3 (C3 1-Ph), 133.9 (C6 1-Ph), 131.9 (C5 Py+), 129.5 (C3 Py+), 

128.1 (C4 1-Ph), 127.1 (C5 1-Ph),  123.5 (C2 1-Ph), 21.6 (C4 Me), 20.9 (C2 Me), 19.4 (C6 Me), 15.3 

(C5 Me); 19F-NMR (DMSO-d6), δ, ppm: -70.15 (d, J = 712 Hz, PF6
-); LC-MS: (C15H19N2O2S), 

exact mass: 291.1; Found: 291.0 (> 97%); Anal (C15H19N2O2S+ PF6
-) requires (%): C 41.29, H 

4.39, N 6.42; Found: C 41.43, H 4.44, N 6.50. 

 

2,6-Dimethyl-3,5-(1,9-nonane-diyl)-1-(3-sulfamoyl-phenyl)pyridinium hexafluorophosphate 

(19u): mp 183-186 oC ; Yield 68 %; 1H-NMR (DMSO-d6), δ, ppm: 8.64 (br. s, 2H, H-3,5 Py+), 

8.19 (br. s, 1H, H-4 Py+), 8.15 (d, J =8.2 Hz, H, H-2 1-Ph), 7.98 (dd, J1 = 8.0 Hz, J2 = 7.9 Hz, 2H, 

H-4,6 1-Ph), 7.84 (d, J = 8.9 Hz, H, H-5 1-Ph), 7.60 (br. s, 2H, SO2NH2), 2.97 (t, J = 6.0 Hz, 4H, 

H-1,9 cyclo), 1.76-1.69 (m, 4H, H-2,8 cyclo), 1.25-1.03 (m, 10H, H-3,4,5,6,7 cyclo); 13C-NMR 

(DMSO-d6), δ, ppm: 152.0 (C3,5 Py+), 147.9 (C1 1-Ph), 146.3 (C4 Py+), 139.7 (C3 1-Ph), 136.5 (C2,6 

Py+), 131.9 (C6 1-Ph), 129.5 (C4 1-Ph), 128.1 (C5 1-Ph), 123.5 (C2 1-Ph), 30.8 (C1,9 cyclo), 25.5 

(C2,8 cyclo), 24.5 (C3 cyclo), 23.9 (C7 cyclo), 18.6 (C4,5,6 cyclo); 19F-NMR (DMSO-d6), δ, ppm: -
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70.1 (d, J = 712 Hz, PF6
-); LC-MS: (C22H31N2O2S), exact mass: 387.2; Found: 387.1 (> 97%); 

Anal (C22H31N2O2S+ PF6
-) requires (%): C 49.62, H 5.87, N 5.26; Found: C 49.78, H 5.95, N 5.33. 

 

2,4-Dimethyl-6-phenyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19v): mp 

153-154 oC; Yield 20.2 %; 1H-NMR (DMSO-d6), δ, ppm: 8.15 (br.s, 2H, H-3,5 Py+), 8.14 (m, 1H, 

H-2 1-Ph), 7.83-7.92 (m, 1H, H-6 1-Ph), 7.62-7.74 (m, 2H, H-4 1-Ph), 7.52 (br. s, 2H, SO2NH2), 

7.29-7.38 (m, 5H, H 6-Ph), 2.67 (s, 3H, H 4-CH3), 2.42 (s, 3H, H 2-CH3); 13C-NMR (DMSO-d6), 

δ, ppm: 159.8 (C4 Py+), 155.0 (C2, Py+), 154.8 (C6 Py+), 145.4 (C1 1-Ph), 138.7 (C3 1-Ph), 132.4 

(C2 2-Ph), 130.7 (C6 2-Ph), 130.5 (C3 2-Ph), 130.0 (C5 2-Ph), 129.5 (C4 2-Ph), 128.6 (C5 Py+), 

128.2 (C3 Py+), 127.9 (C1 2-Ph), 127.6 (C4 1-Ph), 124.9 (C2 1-Ph),  21.9 (C4 Me), 21.3 (C6 Me); 

19F-NMR (DMSO-d6), δ, ppm: -70.22 (d, J = 712 Hz, PF6
-); LC-MS: (C19H19N2O2S), exact mass: 

339.1; Found: 339.0 (> 97%); Anal (C19H19N2O2S+ PF6
-) requires (%): C 47.11, H 3.95, N 5.78; 

Found: C 47.32, H 4.06, N 5.83. 

 

4-Methyl-2,6-diphenyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19w): mp 

230-233 oC ; Yield 19.3 %; 1H-NMR (DMSO-d6), δ, ppm: 8.23 (br. s, 2H, H-3,5 Py+), 7.99 (br. s, 

1H, H-2 1-Ph), 7.60 (m, 2H, H-4,6 1-Ph), 7.45 (br.s, 2H, SO2NH2), 7.40-7.30 (m, 11H, H-2,3,4,5,6- 

2,6-Ph, H-5 1-Ph), 2.79 (t, J = 20.0 Hz, 3H, H-4-CH3); 13C-NMR (DMSO-d6), δ, ppm: : 160.2 (C4 

Py+), 154.8 (C2,6 Py+), 144.3 (C1 1-Ph), 138.9 (C3 1-Ph), 132.4 (C4 2,6-Ph), 131.4 (C6 1-Ph), 130.0 

(C3,5 Py+), 129.4 (C2,6 2,6-Ph), 129.2 (C4 1-Ph), 128.2 (C3,5 2,6-Ph), 126.8 (C5 1-Ph), 125.1 (C2 1-

Ph), 21.3 (C4 Me); 19F-NMR (DMSO-d6), δ, ppm: -70.13 (d, J = 711 Hz, PF6
-); LC-MS: 
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(C24H21N2O2S), exact mass: 401.1; Found: 401.0 (> 97%); Anal (C24H21N2O2S+ PF6
-) requires (%): 

C 52.75, H 3.87, N 5.13; Found: C 52.88, H 4.01, N 5.23. 

 

2,4,6-Triphenyl-1-(3-sulfamoylphenyl)pyridinium hexafluorophosphate (19x): mp 176-180 

oC ; Yield 48 %; 1H-NMR (DMSO-d6), δ, ppm: 8.69 (br. s, 2H, H-3,5 Py+), 8.37 (d, J = 6.9 Hz, 

2H, H-4,6 1-Ph), 8.03 (br. s, H, H-2 1-Ph), 7.71-7.59 (m, 5H, H-5 Py+, H-2,6 2,6-Ph), 7.46-7.45 

(m, 4H, H-3,5 2,9-Ph), 7.44 (br. S, 2H, SO2NH2), 7.41-7.31 (m, 7H, H-2,3,4,5,6- 4-Ph, H-4 2,6-

Ph); 13C-NMR (DMSO-d6), δ, ppm: 156.2 (C2,6 Py+), 155.8 (C4 Py+), 144.4 (C1 1-Ph), 139.1 (C3 

1-Ph), 133.1 (C1 4-Ph), 132.7 (C3,5 Py+), 132.6 (C6 1-Ph), 131.5 (C3,5 4-Ph), 130.1 (C2,6 2,6-Ph), 

129.7 (C1 2,6-Ph), 129.4 (C4 2,6-Ph), 128.8 (C3,5 2,6-Ph), 126.9 (C5 1-Ph), 126.2 (C2 1-Ph), 125.0 

(C4 2,6-Ph); 19F-NMR (DMSO-d6), δ, ppm: -78.3 (d, J = 951.2 Hz, PF6
-); LC-MS: (C29H23N2O2S), 

exact mass: 463.1; Found: 463.0 (> 97%); Anal (C29H23N2O2S+ PF6
-) requires (%): C 57.24, H 

3.81, N 4.60; Found: C 57.37, H 4.03, N 4.67. 

 

Carbonic Anhydrase Inhibition Assays 

  The compounds synthesized were assayed as inhibitors of four physiologically relevant CA 

isoforms, namely the transmembrane tumor associated hCA IX and hCA XII and the off-target 

cytosolic hCA I and hCA II, using the CO2 hydrase assay [79]. An Applied Photophysics stopped-

flow instrument was used for assaying the CA catalyzed CO2 hydration activity [80]. Phenol red 

(at a concentration of 0.2 mM) was used as indicator, working at the absorbance maximum of 557 

nm, with 10 mM Hepes (pH 7.5) as buffer, 0.1 M Na2SO4 (for maintaining constant ionic strength), 

following the CA-catalyzed CO2 hydration reaction for a period of 10 s at 25°C. The CO2 
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concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters and 

activation constants. For each inhibitor at least six traces of the initial 5-10% of the reaction have 

been used for determining the initial velocity. The uncatalyzed rates were determined in the same 

manner and subtracted from the total observed rates. Stock solutions of inhibitors (10 mM) were 

prepared in distilled-deionized water and dilutions up to 0.001 µM were done thereafter with 

distilled-deionized water. The inhibitor and enzyme solutions were preincubated together for 15 

min (standard assay at room temperature prior to assay, to allow for the formation of the E-I 

complex. The activation constant (KI) was subsequently obtained from Michaelis-Menten 

equation, which has been fitted by non-linear least squares using software PRISM 3. Typical 

inhibition curves are presented in the Supplemental Material. The enzyme concentrations in the 

assay system were of 12.1 nM for hCA I, of 7.5 nM for hCA II, of 10.5 nM for hCA IX and of 

11.9 nM for hCA XII. All enzymes were recombinant ones, obtained as described earlier [10, 71-

74]. A brief example of the cloning is presented below for isoform hCA IX. Recombinant hCA IX 

was produced using the baculovirus-insect cell expression system [10]. A full-length cDNA 

encoding the catalytic part of CA IX was amplified by PCR using the mouse cDNA clone 

(I.M.A.G.E Consortium, Accession number BC034412, MRC Geneservice, Cambridge, U.K.) as 

a template and a synthetic primer set hCA9 (5´-

GGCCAGATCTATGTTGTTCTCCGCCCTCCTGCTGGAGGTGATTTG-3´) and hCA14R (5´- 

CGCCGTCGACTTAATGGTGGTGATGGTGGTGGGAACCACGGGGCACCAGCATTT

CACCTGTGGTA-3´) (Biomers) that incorporated desired restriction sites, BglII and SalI 

(underlined), at the 5´-ends, respectively The obtained PCR product was digested and directionally 

ligated to BamHI/SalI double digested expression vector pFastBac1. The ligated plasmid was 

transformed into E. coli TOP10 competent cells and the nucleotide sequence of hCA9 gene was 
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verified by DNA sequencing. The recombinant pFastBac1-hCA9 plasmid was then tranformed E. 

coli DH10Bac competent cells for transposition into the bacmid. The successful transposition was 

confirmed by blue/white screening and the recombinant bacmid DNA was isolated using the 

PureLinkTM HiPure Plasmid purification kit (Invitrogen). PCR analysis using the recombinant 

bacmid as template source and the primers M13/pUC forward (5´-

CCCAGTCACGACGTTGTAAAACG-3´) and reverse (5´-

AGCGGATAACAATTTCACACAGG-3´) amplification primer was performed to verify once 

more successful transposition to the bacmid. The recombinant baculovirus harboring the hCA9 

gene was produced by transfecting the recombinant bacmid DNA to Spodoptera frugiperda-

derived Sf9 cells using CellFECTINÒ Reagent (Invitrogen) as described by the manufacturer. 

Proteins were purified to homogeneity by Ni2+-based chromatography; the His-tag was removed 

by the proteins utilizing a protease site that was included in the sequences. hCA IX as further 

purified by size exclusion chromatography. Protein purity and homogeneity was assessed by SDS-

PAGE in reducing and non-reducing conditions, and by LC-ESI-IT-MS analysis as described 

earlier [10, 71-74]. 

 

Molecular Docking 

Three-dimensional structures of the ligands were generated using CORINA 4.2.0 

(Molecular Networks GmbH, Germany and Altamira, LLC, USA) with the sulfonamide group 

deprotonated, which is the appropriate form for the coordination to zinc. Molecular docking 

calculations were performed using the GOLD software [81] from the CCDC_2020 suite, and the 

GoldScore scoring function. The structures 6f3b (hCA I) [82], 1ze8 (hCA II) [58], 6rqq (hCA IX) 
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[83] and 5msa (hCA XII) were used as receptors, with the active site was defined in each case as 

a sphere with 20 Å diameter around the zinc ion. All other parameters had default values. 

 

Viability assays for measuring the cytotoxicity of novel CAIs in normoxic and hypoxic 

conditions [45] 

Three cancer cell lines, namely colon (HT-29), ovarian (SKOV3) and breast (MDA-MB-

231) carcinomas were used in the study. HT-29 cells were cultured using RPMI media with 10% 

fetal bovine serum (FBS), while McCoy’s media (10% FBS) and DMEM media (10% FBS) were 

used for SKOV3 line and for MDA-MB231 cell line, respectively.  

In a typical experiment, cells were plated in 96 well plates at density of 10,000 cells/well 

and were allowed to attach and to grow in normal conditions (37 oC, 5% CO2 in air). Two 96 well 

plates were prepared from each cell line (one normoxic and another one to be subjected to a 

hypoxic environment). The hypoxia-designated plates, after 24 h growth in normal conditions, 

were placed in a hypoxic chamber purged and filled with a low oxygen gas mixture (1% O2, 5% 

CO2 and 94% N2). After hypoxia induction the closed chamber with hypoxic plates was kept in 

the incubator at 37 oC for 24 h. Normoxic plates were kept in the same incubator in normal 

conditions. After 24 h media was aspirated from all plates and cells were treated with CAIs 

solutions in media containing 10% FBS at 3 different concentrations (1 mM, 100 µM), with each 

experiment being done in triplicate. A control was made from 4-8 wells of the same cells that 

received only media with 10% FBS. Hypoxic plates were placed into the hypoxic chamber, which 

was re-purged and refilled with low oxygen gas mixture, then the closed chamber with plates was 

returned to the incubator. Normoxic plates were incubated in parallel in the same incubator in air 
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with 5% CO2. After another 48 h the normoxic and hypoxic plates were collected, and media was 

aspirated off.  Cells were washed once with PBS, which was subsequently removed, and treated 

with an MTT solution in media. Typically, a volume of 120 µL solution (made out from MTT 5 

mg/mL concentration in PBS diluted 1:6 with the corresponding media) was added to each well 

and the plates were returned to the incubator for 4 h. The MTT solution was carefully aspirated off 

and 150 µL of DMSO was added to solubilize the blue formazan crystals, at 37 oC for 5 min. The 

amount of formazan generated was quantified spectrophotometrically, measuring the absorbance 

at 570 nm, with a reference absorbance at 690 nm that was subtracted from all readings. Data was 

reported as the average of three experiments, with one standard deviation from the average value. 

 

Results and discussion 

The series of pyridinium sulfonamides 19 was synthesized by direct condensation of 

pyrylium salts 17 (as hexafluorophosphates) with 3-aminobenzensulfonamide 18, in ethanol at 

reflux, in the presence of triethylamine and acetic acid as catalysts (Scheme 1).  

 

Scheme 1. Synthesis of new pyridinium 3-aminobenzene sulfonamide series via condensation of 

3-aminobenzenesulfonamide with pyrylium salts 
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 The substituting moieties of the pyridinium ring of compounds 19 comprise alkyl, aryl, and 

alkenyl moieties. We started with the compact methyl ones, and iterated towards the bulkier ethyl, 

n-propyl, iso-propyl, butyl, ending with the much larger phenyl moieties. Combinations of 

different such substituents were also considered in order to efficiently sample the steric 

constrainsts of amphiphilic site P2 (Table 1). The isolated yields of the condensation varied from 

14 to 68% and depended highly on the structure of the pyrylium salts used, as expected. One can 

notice that pyrylium salts having methyl groups in the alpha position of the heterocyclic system 

were converted into corresponding pyridinium salts with significantly smaller yields as compared 

with their congeners having long alkyl or aryl substituents in positions 2 and 6, due to a known 

secondary C-cyclization instead of the desired N-cyclization process [67-69]. Even for these 

representatives the yields were just fair since the nucleophilicity of the aromatic amine is quite 

low.  

 

Carbonic Anhydrase Inhibition Assays 

 The series of 24 compounds of type 19 synthesized in this section were assayed as 

inhibitors of four physiologically relevant human CA isoforms, including tumor-associated hCA 

IX and hCA XII and off-target cytosolic hCA I and hCA II, using the CO2 hydration assay. 

Acetazolamide (AAZ) was used as standard in these measurements for comparison reasons. The 

results are presented in Table 1. As one may observe while examining the data from Table 1, 

pyridinium benzenesulfonamides 19 proved to be very potent inhibitors of tumor-overexpressed 

CA IX and CA XII, with most of the compounds reaching low nanomolar levels of inhibition, 

about one order of magnitude lower than acetazolamide standard, thus confirming the validity of 
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our design. The affinity of these compounds for off-target isozymes CA I and CA II was slightly 

lower as compared to the targeted isozymes, with CA I being less sensitive to inhibition with these 

sulfonamides as compared with CA II (Table 1).  

Focusing on the membrane-bound isozymes, the most potent compounds against CA IX 

were the ones bearing pyridinium rings substituted with methyl and phenyl substituents such as 

19a, 19j and 19o. These compounds proved also the most potent against CA XII, the two isozymes 

having in fact a very similar susceptibility for pyridinium sulfonamides 19, which recommends 

them as ideal agents for simultaneous inhibition of these tumor-overexpressed enzymes. The 

substitution pattern proved highly important, with the bulkier phenyl groups being accommodated 

best in positions 2 and 4 of the pyridinium ring. The 2,6-diphenyl substitution (e.g in 19w, 19x) 

reduced the potency, probably due to increased steric of these substituents. This pattern was 

generally valid, with a reduced potency observed when the heterocyclic ring was 2,6-disubstituted 

with bulky groups such as nPr, iPr and especially n-Bu. The same reduced potency was observed 

for the 3,5-nonane-1,9-diyl derivative 19u. 

The inhibition potency of the representatives 19 with pyridinium ring substituted with 

groups of low steric demand was quite uniform, all representatives displaying low nanomolar 

potency against both CA IX and CA XII and validating the proposed design. The similar inhibition 

profile of sulfonamides 19 against these CA isozymes can be explained considering the structural 

similarities between the amino acid residues flanking the region of the active site where pyridinium 

group of these compounds is binding (Figure 2). The general potency of pyridinium derivatives 19 

remained relatively high against CA I and especially against CA II due to the structural homology 

of the active site of these isozymes with CA IX and CA XII. The key residue that probably dictates 

the isozyme selectivity with these compounds is the residue 131, which is a Val in CA IX, an Ala 
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in CA XII, a Phe in CA II and a Leu in CA I, since residue 92 is a Gln in all four isozymes. Thus, 

the space available for pyridinium ring either in the hydrophobic pocket P1 or P2 decreases in the 

sequence CA XII > CA IX > CA II > CA I. The isozyme selectivity of compounds 19 was found 

to be highly dependent on the pyridinium ring substitution, as expected. The increase of steric bulk 

of the substituents (e.g. 19a →19e, 19j →19n, 19o →19s) decreased the potency of the CAI due 

to the limited size of the hydrophobic pockets P1/P2. The bulkiest representatives 19e, 19u and 

19s within these homologous series, as well as other bulky congeners such as 19u, were most 

potent against CA XII, followed by CA IX, CA II and CA I, basically mirroring the decrease in 

P2 pocket volume of these CA isozymes. A nanomolar pan-inhibitor of all four isozymes proved 

to be 19o bearing a mixture of small alkyl (methyl) and phenyl substituents on the pyridinium ring. 

Increase in steric bulk of alkyl substituent within the homologous series (Me → nBu, 19o →19s) 

diminished significantly the potency of CAIs against CA I, increasing the selectivity of the 

compounds against this isozyme. The most selective representative was the 2,6-diethyl-4-

methylpyridinium benzenesulfonamide 19b, with selectivity factors of ~ 2 against CA II and ~ 20 

against CA I and an excellent potency against CA IX and CA XII. However, it must be emphasized 

that the selectivity limitations of many of these compounds between CA IX/CA XII and CA I/CA 

II can be easily overcome considering that both CA IX and CA XII are membrane-bound isozymes, 

while CA I and CA II are cytosolic enzymes and that the pyridinium benzenesulfonamides 19 are 

membrane-impermeant due to their salt nature, thus remaining at the exterior of the cell where 

they can act selectively on the tumor-overexpressed CA IX and CA XII. 
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Table 1. Inhibition of tumor-associated hCA IX and hCA XII and off-target cytosolic hCA I and 

hCA II, with pyridinium benzenesulfonamides 19, and with clinically used CA inhibitor 

acetazolamide 1, using the CO2 hydration assay. 

 

No. R1 R2 R3 R4 R5   KI (nM) 

      hCA I     hCA II     hCA IX     hCA XII 

1 acetazolamide    250      12  25    5.7 

19a Me H Me H Me   82.1       1.0   3.2    0.9 

19b Et H Me H Et   86.3       8.5   4.2     4.0 

19c nPr H Me H nPr   84.5       7.8   4.5    3.6 

19d iPr H Me H iPr   33.8       9.6   6.1    5.5 

19e nBu H Me H nBu   462     58.1  60.4  51.5 

19f Et H Me H Me   63.6     12.9   6.3    3.7 

19g nPr H Me H Me   70.1       7.2   6.8    5.4 

19h iPr H Me H Me   60.7     10.4   6.5    7.4 

19i nBu H Me H Me   65.1      6.8   5.3    4.0 

19j Me H Ph H Me   65.3      1.2   2.0    0.87 

19k Et H Ph H Et   71.6    10.2   9.7  12.1 

19l nPr H Ph H nPr   75.8    18.0  13.8  21.5 

19m iPr H Ph H iPr   41.8      9.3   6.4    5.8 

19n nBu H Ph H nBu 433    49.3  47.1  40.2 

19o Me H Ph H Ph     8.5      3.4   1.2    0.96 

19p Et H Ph H Ph   18.0      4.0   3.1    1.4 

19q nPr H Ph H Ph   24.2      7.8   3.5    2.9 

19r iPr H Ph H Ph   18.5      8.7   2.9    2.0 

19s nBu H Ph H Ph 137    43.9  30.8  35.2 

19t Me Me Me H Me   54.9      2.6   4.3    3.4 

19u Me  3,5-(nonane-1,9-diyl) Me 256    39.8  33.0  25.1 

19v Me H Me H Ph   72.3      8.8   5.5    4.7 

19w Ph H Me H Ph   19.7      6.7   6.6    8.8 

19x Ph H Ph H Ph   58.0    13.0  14.5  21.7 
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Molecular Docking 

A molecular docking study was performed to investigate the interaction of the four CA 

isozymes included in this study with selected representative compounds: 19a with two small 

substituents in the positions 2 and 6 of the pyridinium ring (dimethyl), 19i with one small and one 

long linear substituents (methyl and n-butyl, respectively), and 19e with two long linear 

substituents (di-n-butyl) in these positions. The results are presented in Figure 3, showing that the 

compounds 19a and 19i interact with the P1 pocket of hCA I, hCA IX and hCA XII, whereas in 

hCA II they are positioned in an alternative subpocket pointing towards the His64 residue. This 

alternative conformation is determined by the bulky Phe131 residue in hCA II, compared with 

Leu131, Val262 and Ala129 in this position for hCA I, hCA IX and hCA XII, respectively. In 

agreement with the higher KI values (Table 1), 19e binds in significantly different conformation 

compared with 19a and 19i, presumably with lower affinity, in order to avoid the steric clashes 

with the two n-butyl substituents in the positions 2 and 6 of the pyridinium ring (Figure 3). A direct 

comparison of binding conformations of 19a compared with those of 19i and 19e is shown in 

Figure S1. The protocol used here was validated by docking compound 15 with the hCA II 

structure 1ze8 [58], with a root-mean-square deviation (RMSD) between the docking and X-ray 

conformations of 15, calculated for the heavy atoms, of 0.621 Å (Figure S2). The docking study 

confirms the importance of pyridinium substitution in generating both potency and selectivity 

between CA isozymes, thus validating the working hypothesis. 
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Figure 3. Protein-ligand complexes of selected compounds (19a, 19e and 19i) with hCA I, hCA 

II, hCA IX and hCA XII obtained by molecular docking. Proteins are represented as surfaces 

colored in mauve (hCA I), green (hCA II), yellow (hCA IX) and pink (hCA XII), whereas ligands 

are represented as sticks colored in orange (19a), cyan (19e) and magenta (19i). Zinc ion is 

represented as a black sphere. 

 

Cytotoxicity of novel CAIs in normoxic and hypoxic conditions 

 

The cytotoxicity of the most potent pyridinium CAIs was assessed on colon (HT-29), 

ovarian (SKOV3) and breast (MDA-MB-231) carcinomas. These three cancer cell lines are known 

to express CA IX and CA XII isozymes, and to over-express these isozymes under hypoxic 

conditions, thus constituting a robust cellular model for studying the impact of the inhibitors of 

these isozymes on viability of different tumors [31, 45, 84]. The cancer cells were plated sub-

confluent in 96 well plates in normal conditions (37 oC, 5% CO2 in air, see experimental section).  

After 24h, when cells were attached, half of the plates from each cell line were incubated in normal 

(normoxic) conditions and the other half subjected to hypoxia using a hypoxia chamber filled with 

1% O2, 5% CO2 and 94% N2 gas mixture to induce the expression of tumoral CA isozymes. After 

another 24 h of normoxia/hypoxia, cells were treated with CAIs solutions in media at two different 

concentrations (1 mM, 100 µM) and incubated under normoxic/hypoxic conditions for another 

48h. We have selected for testing CAIs 19a (potent against CA II, CA IX, CA XII), 19f, 19g, 19h, 

19i (superior homologs of 19a with increased lipophilicity, having similar (nanomolar) CA IX and 

CA XII potency) and 19e, 19n (weakest CAIs in all series, with high lipophilicity). Viability of 

cells was measured using a standard MTT assay [45] against a control that received only media 
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with 10% FBS. Acetazolamide 1 was used as positive control, at the same concentrations (Figure 

4). 

Figure 4. Effect of selected pyridinium sulfonamide CAIs 19 and of acetazolamide 1 (as positive 

control) at different concentrations (1 mM, 100 µM) on the viability of colon HT-29, breast MDA-

MB231 and ovarian SKOV-3 cancer cell lines under normoxic (a) and hypoxic (b) conditions. 

 

Data from Figure 4 reveals that under normoxic conditions CAIs 19 had a limited impact on the 

growth of the three types of human carcinomas, at both concentrations of 1 mM and 100 µM, 

similar to acetazolamide 1.  The most susceptive to inhibition with these compounds proved to be 

the ovarian cancer cell line SKOV-3, for which an 20% decrease of cell viability was observed 
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with CAI 19a at the highest concentration of 1 mM. Pyridinium sulfonamides 19a and its superior 

homolog 19f were among the most efficient inhibitors for the growth of colon cancer HT-29 and 

breast cancer MDA-MB231 under normoxic conditions. However, their effect increased 

dramatically under hypoxic conditions, when CA IX and CA XII are over-expressed. Growth 

inhibition of about 30-40 % (corresponding to cell viabilities of 60-70%) were observed with 19a 

and 19f, against all three cancer cell lines, in good agreement with their CA IX and CA XII 

potency. The decrease in viability achieved with these inhibitors was 10-20% stronger than the 

effect of acetazolamide 1, especially at the high concentration of 1 mM. Superior homologs 19g, 

19h and 19i had a less pronounced impact than 19a and 19f, in agreement with their slightly 

reduced CA IX and Ca XII potency. The linear increase in lipophilicity of the CAIs 19 did not 

translated into significant biological effects, indicating that CA IX and CA XII potency remain the 

most impactful parameter for growth inhibition. Week inhibitors such as 19e and 19n failed to 

decrease the viability of the three carcinomas, as expected. The effect of the inhibitors was cell 

type dependent, similarly to the normoxic conditions (Figure 4). 

 

Conclusions 

 

 We successfully designed, synthesized, purified a series of pyridinium sulfonamides 19 

derived from 3-aminobenzenesulfonamide that allowed efficient sampling of the hydrophobic 

pockets of the active site of CA. We assessed the inhibition potency of these compounds against 

tumor over-expressed membrane bound CA isozymes hCA IX and hCA XII, as well as against 

two off-target CA isozymes – the cytosolic hCA I and hCA II. We identified nanomolar-potent 

inhibitors against hCA IX and hCA XII, some displaying moderate selectivity for the two off-
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target isozymes hCA I and hCA II, thus validating our proposed designs and the working 

hypothesis of this study. Docking studies performed on selected inhibitors indicated a preference 

of these new pyridinium sulfonamides for the P1 pocket of the CAs. The charged nature of these 

inhibitors makes them membrane-impermeant, thus maximizing the selectivity of these 

compounds for tumor over-expressed isozymes. This was reflected in the positive biological 

effects observed with selected inhibitors on the growth inhibition of three different carcinomas 

expressing CA IX and CA XII, especially under hypoxic conditions where these isozymes are 

over-expressed.  
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Figure S1. Docking conformations of compounds 19a and 19i (a, c, e, g) and 19a and 19e (b, d, 

f, h) in the active sites of hCA I (a, b), hCA II (c, d), hCA IX (e, f) and hCA XII (g, h). Proteins 

are represented as surfaces colored in mauve (hCA I), green (hCA II), yellow (hCA IX) and pink 

(hCA XII), whereas ligands are represented as sticks colored in orange (19a), cyan (19e) and 

magenta (19i). Zinc ion is represented as a black sphere. 



 

 

Figure S2. Docking (red carmine) and X-ray (gold, from structure 1ze8 [1] conformations of 

compound 15 in the active site of hCA II (represented as surface colored in green). Zinc ion is 

represented as a black sphere. The root-mean-square deviation (RMSD) between the two 

conformations (heavy atoms) is 0.621 Å. Hydrogen atoms are omitted for clarity. 

  



Representative inhibition curves for reported compounds 19 and for the positive control used 

(acetazolamide 1) 

 

 

hCA II, with acetazolamide 1, KI = 12 nM 

 

 

hCA IX, acetazolamide 1, KI = 25 nM 

 



 

Compound 19s, hCA IX, KI = 30.8 nM 

 

 

Compound 19p, hCA XII, KI  = 1.4 nM 

 



 

Compound 19w, hCA XII, KI = 8.8 nM 
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