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Abstract 

 

Different projects pertaining computational structure-based drug design (SBDD), 

synthesis and biological evaluation of compounds acting as inhibitors of the enzymes 

carbonic anhydrase (CAs, EC 4.2.1.1) were the focus of the three-years research activity 

of the PhD period. 

CAs are ubiquitous metalloenzymes, which catalyse a simple physiological reaction, i.e. 

the conversion of CO2 to the bicarbonate ion and protons. CAs are present throughout 

most living organisms and encoded by seven evolutionarily unrelated gene families: the 

α-, β-, γ-, δ-, ζ-, η and θ-CAs. The active site of most CAs contains a zinc ion (Zn2+), 

which is crucial for catalysis. 

The CAs have gained increasing attention in the pharmaceutical field over the last decades 

due to the identification of a plethora of isoforms both in humans (hCA) and pathogens, 

where CAs are involved in many physiological and pathological processes. 

This thesis work mainly deals with the rational design and synthesis of inhibitors (CAIs) 

of CA isoforms belonging to the α- and β- classes of carbonic anhydrases  

All human CAs belong to the α-class and, up to now, sixteen isozymes have been 

identified. These isozymes are normally found in monomeric form, with the exception of 

human isoforms VI, IX and XII which occur as dimers. β-CAs, found in many bacteria 

and fungi, are oligomers formed by two or more identical subunits, generally dimers, 

tetramers and octamers. 

Considering the variety of human physiological-pathological processes showing 

abnormal levels or activities of these enzymes, as well as the essential role of CAs in the 

life cycle of pathogens, CA isozymes have acquired growing interest for the design of 

inhibitors or activators with biomedical applications. 

The “Click Chemistry approach”, which have acquired a prominent role in medicinal 

chemistry, was applied in order to synthesize carbonic anhydrases inhibitors (CAIs) 

belonging to the sulfonamide, coumarin and sulfocoumarin type. The inhibitory profile 

of the designed and synthesized derivatives pointed out interesting potential candidates 

for the treatment of pathologies, such as glaucoma or tumors. The binding mode of the 

triazole sulfonamide derivatives within hCAs was studied by means of computational 

methods and X-ray crystallography. 
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The particular trend of the inhibitory profile of sulfocoumarin, a prodrug class of 

CAIs, led us to hypothesize the involvement of the sulfocoumarin CA-mediated 

hydrolysis in the isoform-selective efficacy. By means of quantum-mechanics (QM) 

computational methods applied to a cluster CA-model, we were able to define a multi-

step hydrolytic reaction mechanism. 

New chemotypes were studied for CA inhibition. Despite the primary 

sulfonamide moiety is the ideal zinc-binding group for CA inhibition, we were interested 

in studying the never-investigated N-nitrosulfonamide as new CA inhibitory chemotype. 

Promising results obtained for an initial set of compounds, screened on different CA 

isoforms, were followed by computational binding mode evaluation, which depicted a 

novel Zn-binding approach. 

The great interest of the cosmetic field on the research over new anti-dandruff 

agents led us to investigate a variety of hCAIs belonging to different chemotypes present 

in our libraries for the inhibition of the CA from Malassezia Globosa (MgCA), a 

dandruff-producing fungus. A model of MgCA was built by homology in order to 

evaluate the binding mode of these chemotypes, such as mono- and dithiocarbammates, 

phenols and benzoxaboroles.  

Isoform IX of the hCA represents a validated anticancer drug target and a marker 

of tumor hypoxia. Considering pyrimidine and purine were widely used as anti-tumor 

pharmacophores in medicinal chemical research, we applied the “tail approach” by 

combining adenine or uracil as tails of benzenesulfonamide derivatives. Therefore, we 

studied the inhibitory efficacy of the synthesized compounds against the target isoform 

as well as off-target ones. Moreover, we reported the crystal structure of an adenine 

derivative both in complex with hCA II and hCA IX. 

Finally, during my three-years PhD period, I dealt with additional computational 

studies, biological evaluation, spectroscopic measurements, as well as synthetic 

procedures, mainly applied to the development of new promising CAIs for different 

applications in the medicinal field. 

 



  TOC 

iii 

 

TABLE OF CONTENTS 

List of abbreviations and Symbols                v 

Part I - Introduction 

Chapter 1. Distribution, biochemistry and structural features of Carbonic  

Anhydrase classes        

1.1 Carbonic Anhydrases: an overview     1 

1.2 Carbonic Anhydrase classes      2 

1.3 Catalytic mechanism       3 

1.4 Characteristics of the Carbonic Anhydrase classes   5 

Chapter 2. Carbonic Anhydrases as drug targets      

2.1 Human Carbonic Anhydrases      11 

 2.2 Carbonic Anhydrases from pathogens     12 

2.3 Structural features of Carbonic Anhydrase inhibitors (CAIs)  14 

2.3.1 The zinc binders as Carbonic Anhydrase inhibitors   14 

2.3.2 Carbonic Anhydrase inhibitors anchoring to the    19 

zinc-coordinated water/hydroxide ion     

2.3.3 Carbonic Anhydrase inhibition by occlusion of the active site   21 

entrance 

Part II - Research of the three-years PhD period 

Chapter 3. SBDD approaches, synthesis and biological evaluation of Carbonic  

Anhydrase inhibitors   

3.1 “Click chemistry” approach applied to the design of novel CAIs   24 

belonging to first, second and third classes of inhibitors (Series A, B, C) 

3.2 Deciphering the mechanism of human Carbonic Anhydrase inhibition 47 

 with sulfocoumarins (Series D) 

3.3 N-Nitrosulfonamides: a new chemotype for Carbonic Anhydrase  54 

 inhibition (Series E) 

3.4 Structure-based evaluation of the binding mode of several chemotypes 60 

 within the β-CA from the dandruff-producing fungi Malassezia globosa  

(Series F, G, H, I) 

3.5 Nitrogenous bases-bearing benzenesulfonamides as Carbonic  80 

Anhydrase IX inhibitors (Series J) 

3.6 In vitro evaluation and computational studies on novel  

4/3-((4-oxo-5-(2-oxoindolin-3-ylidene)thiazolidin-2-ylidene)amino)  90 

benzenesulfonamides (series K) 



  TOC 

iv 

 

3.7 Projects under further investigation     98 

Chapter 4. Experimental section        103 

Chapter 5. Conclusions  164 

References          166 



 

v 

 

LIST OF ABBREVIATION AND SYMBOLS 

 

4-NpA  4-nitrophenyl acetate 

AAZ   acetazolamide 

AG  anchoring group 

AS  aminosulfonamides 

B3LYP  Becke, 3-parameter, Lee-Yang-Parr 

BRZ   brinzolamide 

CAIs   carbonic anhydrases inhibitors 

CAs   carbonic anhydrases 

CuAAC  copper-catalyzed azide−alkyne cycloadditions 

DBU   1,8-diazabicyclo[5.4.0]undec-7-ene 

DCP   dichlorophenamide 

DFT   density functional theory 

DMAP  4-(dimethylamino)pyridine 

DRZ   dorzolamide 

DTCs   dithiocarbamates 

ED   electro-donating group 

EDC   N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide  

ESP   ElectroStatic Potential charges 

EW   electro-withdrawing group 

EZA   ethoxzolamide 

GMQE  Global Model Quality Estimation 

hCAs   human carbonic anhydrases 

HOAt  1-hydroxy-7-azabenzotriazole 

hp   Helicobacter pylori 

IOP   intra ocular pressure 

MgCA  Malassezia Globosa carbonic anhydrase 

MM   molecular mechanics 

MM-GBSA  Molecular Mechanics Generalized Born Surface Area 

MTCs   monothiocarbammates 

NHS  N-hydroxysuccinimide 

PDB   Protein Data Bank 

PTB   phenyltriazolylbenzenesulfonamide 

QM   quantum-mechanics 

QM/MM  quantum mechanics/molecular mechanics 

QST   Quadratic Synchronous Transit methods 

SA   sulfanilamide 

SAR   structure-activity relationship 

SBDD   structure-based drug design 

SG   sticky group 

TcCA   Trypanosoma cruzi carbonic anhydrase 

VchCA Vibrio cholera carbonic anhydrase 

ZBG   zinc-binding group 

ZPE  zero point energy 

 

  



 

iv 
 

Understanding the binding interactions between ligands and biological targets represents 

a paradigm in the modern medicinal chemistry research. Over the years it has increasingly 

relied on the 3D structural information obtained by X-ray and NMR techniques that make 

it possible to investigate how a ligand recognizes its target, and to study which forces are 

responsible for the binding. 

Many computational tools and programs are widely used as part of an early discovery 

process in which compounds are designed and iteratively optimized in order to improve 

binding affinity and pharmacokinetic properties.  

In this thesis work we deal with computational structure based drug design (SBDD), 

synthesis and biological evaluation of compounds acting as inhibitors of the enzyme 

carbonic anhydrase (CAs, EC 4.2.1.1). Moreover, we used SBDD tools to evaluate and 

rationalize the experimental inhibitory profile measured for the synthesized and screened 

derivatives. Additionally, we built model by homology for those enzyme isoforms for 

which the 3D structure was not available. 

The development of novel inhibitors for the different isoforms of carbonic anhydrase is 

currently of great interest in the medicinal chemistry field for the identification of new 

promising drug candidates useful for the treatment of various diseases. 

Herefollowing, we will report some of the major results obtained in the three-year PhD 

research period that led to the discovery of novel inhibitors, also belonging to new 

chemotypes, for different isoforms of the zinc-enzymes carbonic anhydrase and to the 

identification of new and promising candidates for the treatment of glaucoma, cancer and 

bacterial/fungal/parasitic infections. 
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Chapter 1. Distribution, biochemistry, and structural features of 

Carbonic Anhydrase classes. 

 

1.1 Carbonic Anhydrases: an overview. 

 

Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous metalloenzymes, present 

throughout most living organisms and encoded by seven evolutionarily unrelated gene 

families: the α-, β-, γ-, δ-, ζ-, η and θ-CAs.1-12 Primarily, CAs have been identified in red 

blood cells of bovine 13 and subsequently found in all mammalian tissues, plants, algae 

and bacteria. The ubiquity of CAs is due to the catalysis of a simple, but physiologically 

pivotal reaction for living beings,1 i.e. the reversible hydration of carbon dioxide to 

bicarbonate and protons according to the following equilibrium: 

 

CO2+H2O ⇋ HCO3
- + H+ 

 

The reaction of hydration of CO2 consists of four reactions: 

1) CO2(g) ⇋ CO2(aq)   Reaction of dissolution in aqueous phase 

2) CO2(aq) + H2O ⇋ H2CO3   Hydration reaction (carbonic acid production) 

3) H2CO3 ⇋ HCO3
- + H+   Ionization reaction (bicarbonate production) 

4) HCO3
- ⇋ CO3

2- + H+   Dissociation reaction (carbonate formation) 

 

The carbonic anhydrases, which are among the fastest enzymes known, effectively speeds 

up the rate of the overall reaction, being able to convert a million molecules of CO2 per 

second, thus increasing the value of the turnover number (kcat) from 10-1 s-1,14 in 

physiological conditions and in the absence of the catalyst, to 105 s-1.  

CO2, bicarbonate, and protons are essential in a plethora of physiologic processes in 

organisms belonging to all life kingdoms (Bacteria, Archaea, and Eukarya) and for this 

reason, relatively high amounts of CAs are present in different tissues/cell compartments 

of most investigated organisms. 

In mammals, CAs are involved in breathing and transport of CO2 and HCO3
- in 

tissues and lungs, in the homeostasis of pH and CO2 in biosynthetic reactions such as 

gluconeogenesis, lipogenesis, ureagenesis.1 Differently in microorganisms, in addition to 
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the transport of CO2/HCO3
- and its supply for biosynthetic reactions, carbonic anhydrases 

play a role in: i) carbon fixation in photosynthetic process; ii) metabolism of xenobiotics 

(e.g. degradation of the cyanate in E. coli); iii) pH regulation; iv) survival of the pathogen 

within the host organism; v) synthesis of purine and pyrimidine.15 

In mammals, the carbon dioxide produced by the aerobic metabolism leaves the cells at 

the level of the peripheral tissue, driven by the pressure gradient, and enters the blood 

where it dissolves in the plasma. About 90% of the carbon dioxide enters the red blood 

cells where the carbonic anhydrase catalyses its hydration, forming carbonic acid, which 

in turn dissociates into HCO3
- and H+. Thereafter, HCO3

- leaves the red blood cell by a 

protein antiporter which exchanges a HCO3
- ion with a Cl- ion. The ratio 1:1 between the 

two anions maintains the electrical neutrality, thus does not affect the membrane potential 

of the cell. The HCO3
- ion is converted to carbonate and protons, acting as a buffer.16 At 

the alveolar level the concentration of CO2 is lower than in the peripheral tissues, while 

the higher concentration of HCO3
- drives its pumping inside the red cell. Herein, the CAs 

catalyse the reverse reaction, converting the bicarbonate/carbonic acid in water and 

carbon dioxide. The CO2 is released into the blood and is exhaled after having passed by 

diffusion through the walls of the alveolus. Therefore, the direction of the reaction 

depends on the concentration of CO2: in case of low concentration, as in the lungs, the 

acid is dissociated, releasing carbon dioxide; alternatively, when the concentration is 

high, CO2 is converted to carbonates, which are transported by the blood to the lungs.16 

 

1.2 Carbonic Anhydrase classes. 

 

Until now seven distinct gene families of CAs were identified.1-12 

The α-CAs are present in vertebrates, protozoa, algae, and cytoplasm of green plants and 

in some bacteria;1 the β-CAs are predominantly found in bacteria, algae and chloroplasts 

of both mono- as well as dicotyledons, but also in many fungi and some Archaea.1,10,15 

The γ-CAs were found in Archaea, cyanobacteria, and most types of bacteria, 1,10,15 the δ 

- and ζ-CAs seem to be present only in marine diatoms,4,5 whereas the η-CAs in protozoa.7 

θ-CA  has been recently identified in the marine diatom Phaeodactylum tricornutum. 

The α-, β-, δ-, η- and, maybe θ-CAs contain a Zn(II) ion at the active site, the γ-CAs are 

probably Fe(II) enzymes (although it seems that the Fe(II) can be replaced by Zn(II) or 
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Co(II) ions), whereas the ζ-class CAs are cambialistic enzymes, active both with Cd(II) 

or Zn(II) bounded within the active site as cofactor.1,4,5,7,9,12   

In addition to hydration of carbon dioxide, α-CAs were shown to be able to catalyse the 

hydrolysis of esters/thioesters, (for example 4-nitrophenyl acetate (4-NpA) hydrolysis, as 

well as other hydrolytic reactions);2 differently no esterase activity was detected so far 

for enzymes belonging to the other six CA genetic families.2 

 

1.3  Catalytic mechanism. 

 

All CAs are metalloenzymes, and the metal ion is critical for catalysis, as the apoenzyme 

is devoid of activity. 1-3 

In all CA classes, the catalytic reaction (CO2+H2O ⇋ HCO3
- + H+) follows a two-step 

catalytic mechanism, in which a metal hydroxide species of the enzyme (E-M2+-OH-) is 

the catalytically active species. Indeed, in the first step of reaction, this species acts as 

strong nucleophile (at neutral pH) on the CO2 molecule bound in a hydrophobic pocket 

nearby with consequent formation of HCO3
-, which is then displaced from the active site 

by a water molecule (Eq. 1.1). The second step regenerates the metal hydroxide species 

through a proton transfer reaction from the M2+ bound water to an exogenous proton 

acceptor or to an active site residue, represented by B in Eq. 1.2. 1-3 

 

E-M2+- OH- + CO2 ⇋ E-M2+- HCO3
- ⇋ E-M2+- H2O + HCO3

-  (1.1) 

E-M2+- H2O + B ⇋ -M2+- OH- + BH+    (1.2) 

 

Figure 1 transfers the two-steps catalytic mechanism just depicted into a generic α-CA 

active site cavity.  Primarily the zinc ion, present in the catalytic pocket, is bound to a 

hydroxyl ion (Figure 1a) in a configuration which corresponds to the active form of the 

enzyme.1 The substrate CO2 is bound in a hydrophobic pocket near the Zn(II) ion, mainly 

defined by residues which are Val21, Val143, Leu198 and Trp209 in the human isoform 

hCA II. CO2 undergoes the hydration process in an orientation that makes it suited for the 

nucleophilic attack on the carbon atom by the zinc bound hydroxide ion (Figure 1a). 

Thereafter, the bicarbonate ion is displaced by a water molecule and released in solution. 

When the water molecule is coordinated to the zinc the enzyme is in its acidic, 
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catalytically inactive form (Figure 1a). The catalytically active form of the enzyme is 

regenerated through the proton transfer reaction from the active site of the enzyme to the 

surrounding micro-environment (Figure 1a). In the catalytically very active isozymes, 

(such as human isoforms CA II, IV, VI, VII, IX, XII, XIII and XIV), the process is 

assisted by a histidine residue placed at the entrance of the active site (His64 known as 

"proton shuttle residue"), or by a cluster of histidines (Figure lb), which protrudes from 

the rim of the active site to the surface of the enzyme, thus assuring efficient proton-

transfer pathways.1 Indeed, the absence of His64 in other CAs lowers their catalytic 

efficiency.  

 

 

       

   

Figure 1. (a) Schematic representation of the catalytic mechanism of a α-CA; (b) His64, known 

as "proton shuttle residue" and cluster of histidines, which assure efficient proton-transfer 

pathways. 

 

 

 

 

 

(a) (b) 
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1.4  Characteristics of the Carbonic Anhydrase classes. 

 

Since my work mainly relies on CA isoforms belonging to α and β classes, here following, 

I present the main features of such classes of carbonic anhydrase. 

 

α-Carbonic Anhydrases (α-CAs). 

 

All mammals CAs belong to the α-class and, up to now, sixteen isozymes have been 

identified.1-3,17 These isoenzymes differ by molecular features, oligomeric arrangement, 

cellular localization, distribution in organs and tissues, expression levels, kinetic 

properties and response to different classes of inhibitors (Figure 2).1-3 According to their 

cellular localization (h) α-CAs are classified in: 

 

• Cytosolic (isoenzymes I, II, III, IV, VIII) 

• Mitochondrial (isoenzymes VA, VB) 

• Membrane-bound (isoenzymes IV, IX, XII, XIV, XV) 

• Secreted in saliva (isoenzyme VI) 

• Catalytically inactive isoforms (CARP VIII, X and XI). 
 

The cytosolic CA I, II, III, VII, and XIII and the 

mitochondrial CA VA and VB consist only of the CA 

domain; the membrane-associated CA IV, IX, XII, and 

XIV have a trans membrane anchor and, except for CA 

IV, also a cytoplasmic tail, while CA IX is the only 

isozyme with an N-terminal proteoglycan-like domain; 

CA VI is secreted and contains a short C-terminal 

extension. 

 

 

Figure 2. Schematic illustration of domain composition and 

subcellular localization of catalytically active human α-CAs. 
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Table 1. Organ/Tissue Distribution, Subcellular Localization, CO2 Hydrase Activity and 

involved diseases. 

 

 

 

To date the three-dimensional structures of all human isoforms except CA VB have been 

determined.2 The analysis of the 3D structures shows that these enzymes exhibit similar 

structural features independently on their subcellular localization, characterized by a 

central twisted β-sheet surrounded by helical connections and additional β-strands (Figure 

3a). The active site is located in a large, conical cavity, approximately wide 12 Å and 

deep 13 Å, which spans from the protein surface to the center of the molecule. The 

catalytic zinc ion is positioned at the bottom of the cavity and exhibits a tetrahedral 

coordination with three conserved His residues and a water molecule/hydroxide ion as 

ligands. The Zn2+-bound water molecule/hydroxide ion is involved in a network of 

hydrogen bonds which enhance its nucleophilicity (Figure 3b). In particular, it establishes 

a hydrogen bond with the hydroxyl moiety of the conserved Thr199 residue and with two 

water molecules, located on two opposite sides: the first one, also called the “deep water”, 

is located in a hydrophobic cavity delimited by conserved residues in position 121, 143, 
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198, and 209, while the second one is in a hydrophilic environment toward the entrance 

of the active site (Figure 4).  

 

 

 

Figure 3. (a) Ribbon diagram of hCA II structure (PDB code 1CA2), which has been chosen as 

representative CA isoform. The active site Zn2+ coordination is also shown. Helix and β-strand 

regions are coloured in red and yellow, respectively. (b) The active site of hCA II. The Zn2+ is 

tetrahedrally coordinated by the three catalytic histidines and a water molecule/hydroxide ion, 

which is engaged in a well-defined network of hydrogen bonds. Water molecules are indicated as 

red circles. The side chain of His64 is shown in both the in and out conformations. 

 

Several studies suggested that these two peculiar active site environments are responsible 

of the rapid catalytic cycling of CO2 to bicarbonate; indeed, the hydrophobic region is 

necessary to sequester the CO2 substrate and orient the carbon atom for  nucleophilic 

attack by the zinc-bound hydroxide, while the hydrophilic region creates a well ordered 

hydrogen-bonded solvent network, which is necessary to allow the proton transfer 

reaction from the zinc-bound water molecule to the bulk solvent . 

The α-CA are normally found in monomeric form with a molecular weight of 

approximately 29 kDa, with the exception of hCA VI, hCA IX and XII which occur as 

dimers.2,17 

Differently, the bacterial α-CAs, such as those identified in the genome of 

Sulfurihydrogenibium yellowstonense, Sulfurihydrogenibium azorense and 

Neisseriagonorrhoeae, are dimers formed by two identical active monomers.12 

(a) (b) 
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Figure 4. (a) Solvent accessible surface of hCA II. Residues delimiting the hydrophobic half of 

the active site cleft are shown in red (Ile91, Phe131, Val121, Val135, Leu141, Val143, Leu198, 

Pro202, Leu204Val207 and Trp209), while residues delimiting the hydrophilic one areshown in 

blue (Asn62, His64, Asn67 and Gln92); Active site of hCA II showing: (b) the position of CO2 

molecule (PDB code 2VVA), (c) the binding of the bicarbonate ion (PDB code 2VVB). The Zn2+ 

coordination and polar interactions are also reported. 
 

Beside the great efficiency in the catalysis of carbon dioxide hydration process, α-CA 

show some catalytic versatility, participating in several other hydrolytic processes which 

presumably involve non-physiological substrates (Scheme 1). These reactions include the 

hydration of cyanate to carbamic acid (eq. a), or of cyanamide to urea (eq. b), the aldehyde 

hydration to gem-diols (eq. c), the hydrolysis of some carboxylic (eq. d) or sulfonic acid 

esters (eq. e), as well as other less investigated hydrolytic processes (eq. f-h).2 

Recently, it has been shown that α-CA are endowed with a thioesterasic activity (eq. i).18 

Scheme 1 

a.  O=C=NH + H2O ⇋ H2NCOOH 

b. HN=C=NH + H2O ⇋ H2NCONH2 

c. RCHO + H2O ⇋ RCH(OH)2 

d.  RCOOAr + H2O ⇋ RCOOH + ArOH 

e. RSO3Ar + H2O ⇋ RSO3H + ArOH 

f. ArF + H2O ⇋ HF + ArOH 

(a) (b) 

(c) 
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g. PhCH2OCOCl + H2O ⇋ PhCH2OH + CO2 + HCl 

h. RSO2Cl + H2O ⇋ RSO3H + HCl 

i.  PhSO2NHCSSMe ⇋ C6H5SO2NH2 + H2S +COS 

(Ar = 2,4-dinitrophenyl) 

(R = Me; Ph) 

 

β-Carbonic Anhydrases (β-CAs). 

 

Most of bacteria, Archaea as Methanobacterium thermoautotrophicum, chloroplasts of 

algae, fungi and higher plants, contain CA belonging to the β-class.10 Conversely from α-

class isozymes, β-CAs are oligomers formed by two or more identical subunits, generally 

dimers (Figure 5a), tetramers and octamers. The monomeric subunit has a molecular 

weight of 25-30 kDa and the active form of the enzyme requires two subunits to 

reconstitute the catalytic site.20 The residues of the catalytic triade are highly conserved 

among β-CA isoforms: 10,12,20,21 the Zn(II) ion is coordinated by two Cys residues, a 

residue of His and the carboxyl group of a residue of Asp or alternatively a water 

molecule/hydroxide ion (Figure 5b and Figure 6: β-CA from fungi Cryptococcus 

Neoformans (Can2) taken as representative).  

 

Figure 5. (a) Overall structure of the β-CA from fungi Cryptococcus Neoformans (Can2) dimer. 

One monomer is colored blue, while the other one is colored cyan. The Zn2+ ions are shown as 

orange spheres; (b) Active site of Can2 with electron density contoured at 1.0 σ. Coordination of 

the active-site Zn2+ by Cys68, His124, Cys127, and a water molecule is indicated by black broken 

lines, and the hydrogen bond from the water molecule to Asp70 is colored orange. 

(a) (b) 
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At a pH of 7.5 or lower, the active site of β-carbonic anhydrase, which is formed by 

residues belonging to two different subunits, is “locked, since the carboxyl group of an 

aspartic acid coordinates the zinc ion, thus completing the coordination pattern. For pH 

values higher than 8.3, the enzyme active site is instead found in its open form, due to the 

salt bridge that the aspartate residue forms with an arginine residue conserved in all the 

β-carbonic anhydrase.19,20 A molecule of water/hydroxide ion completes the tetrahedral 

geometry coordination pattern of the metal ion (Figure 6). As a result, the catalytic 

mechanism of β-CAs with the active site in the "open" form is rather similar to α-class 

enzymes.  

 

 

 

Figure 6. Active (a) and inactive (b) forms of β-CAs binding site cavity. 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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Chapter 2. Carbonic Anhydrases as drug targets.   

   

2.1  Human Carbonic Anhydrases. 

 

Several studies demonstrated the important role of hCAs in a variety of physiological 

processes showing that abnormal levels or activities of these enzymes have been often 

associated with different human diseases.1,2,17 Consequently, in recent years CA isozymes 

have acquired great interest for the design of inhibitors or activators with biomedical 

applications.1,22-27 CA activators may have pharmacological applications in pathologies 

in which learning and memory are impaired, such as Alzheimer’s disease or aging.3 On 

the other hand, CA inhibitors (CAIs) have been originally used as diuretics, antiglaucoma 

agents, antiepileptics, and in the management of altitude sickness,3 while novel generation 

compounds are undergoing clinical investigation as anti-obesity, and antitumor 

drugs/diagnostic tools.22-27 

Some hCAs, such as CA I and II, are ubiquitous and may be both targets for some diseases 

and off-targets, and in this case their inhibition should be avoided. For instance, hCA IX 

and XII in tumors should be inhibited by compounds, which do not affect the activity of 

CA I, II, VA, and VB.22-27 Specifically CA I is found in many tissues, but Feeener’s 

group28 demonstrated how this enzyme is involved in retinal and cerebral edema, and its 

inhibition may be a valuable tool to affect these conditions. CA II is involved in several 

diseases, such as glaucoma, edema, epilepsy, and probably altitude sickness.28-33 CA III 

plays a role in the oxidative stress, characterizing a lot of inflammatory diseases, although 

it is not clear whether the antioxidant effects of this protein are due to the hydration 

activity of CA III or to other enzyme properties, such as the presence of Cys residues on 

its surface. 34 CA IV is surely a drug target for several pathologies, including glaucoma 

(together with CA II and XII), retinitis pigmentosa, stroke and rheumatoid arthritis.35-39 

The mitochondrial isoforms CA VA and VB are targets for obtaining antiobesity 

agents,40-42 whereas CA VI is implicated in cariogenesis.43,44 CA VII has been noted for 

its contributions to epileptiform activity together with CA II and XIV.1,2,31,45 CA VIII was 

demonstrated to be involved in neurodegenerative diseases, as it has been associated with 

ataxia, mild mental retardation and quadrupedal gait in humans. Moreover it was found 

to be involved in the development of colorectal and lung cancers in humans.46,47 Almost 
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nothing is known regarding the involvement of the remaining two acatalytic isoforms, 

CA X and XI, in human pathologies or what is the physiological function of these two 

proteins conserved all over the phylogenetic tree in vertebrates.46 CA IX and XII are well-

established anticancer drug targets. CA IX is a marker of disease progression in many 

types of hypoxic tumors, and recently its inhibition has been shown to be associated with 

a significant inhibition of the growth of both primary tumors and metastases. 

Furthermore, CAIs targeting this isoform can also be used for imaging of hypoxic 

tumors.2,48-54 CA XII is less investigated but basically it is also an antitumor target. 2,48-54 

Paucity of data regards CA XIII showing that it is involved in the sperm motility 

processes55, probably together with CA XIV. CA XIV is involved in epileptogenesis and, 

similarly to CA IV, in some retinopathies, and may be a drug target for innovative agents 

useful in the management of such disorders.56,57  

None of the currently clinically used CAIs show selectivity for a specific isozyme.1,2 

Thus, developing isozyme-specific CAIs should be highly beneficial in obtaining novel 

classes of drugs devoid of various undesired side-effects. Recently, a large number of 

structural studies has provided a scientific basis for the rational drug design of more 

selective enzyme inhibitors.2,58 However, although X-ray crystal structures are already 

available for the majority of the twelve catalytically active members of the human CA 

family,58-68 most of the reported complexes with inhibitors regards just isozyme II, the 

most thoroughly characterized CA isoform.2 

  

2.2  Carbonic Anhydrases from pathogens. 

 

It has been demonstrated that in many microorganisms as pathogens, CAs are essential 

for their life cycle and their inhibition can lead to growth impairment and defects.15,69 CA 

classes are differently expressed in bacteria and cyanobacteria, fungi, protozoa and simple 

algae.15 

In prokaryotes, the existence of genes encoding CAs from at least three classes (α-, β- 

and γ-class) suggests that these enzymes play an important role in the prokaryotic 

physiology.8-10,15,69 

One of the best studied bacterial α-CA is the one from the gastric pathogen provoking 

ulcer and gastric cancer, H. pylori, hpαCA.70-72 In fact, the genome project of H. pylori 
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identified two different classes of CAs, with different subcellular localization: a 

periplasmic α-class CA (hpαCA) and a cytoplasmic β-class CA (hpβCA) 70-72. These two 

enzymes were shown to be catalytically efficient, exhibiting an almost identical activity 

as the human isoform hCA I, in the CO2 hydration reaction, and are highly inhibited by 

many clinically used sulfonamides/sulfamates.72 Since the efficacy of H. pylori 

eradication therapies currently employed has been decreasing due to drug resistance and 

side effects of the commonly used drugs, the dual inhibition of α- and/or β-CAs of H. 

pylori could be applied as an alternative therapy in patients with H. pylori infection or for 

the prevention of gastroduodenal diseases provoked by this widespread pathogen.71,72 

Recently, the purification and characterization of another interesting enzyme, the α-CA 

from Vibrio cholerae (denominated VchCA) was reported.73,74 This Gram-negative 

bacterium, which is the causative agent of cholera, colonizes the upper small intestine 

where sodium bicarbonate, an inducer of virulence gene expression, is present at a high 

concentration. V. cholera utilizes the CA system to accumulate bicarbonate into its cells, 

thus suggesting a pivotal role of this metalloenzymes in the microbial virulence.73 

CAs are abundant in fungi and yeasts,21,75-80 but these enzymes have only recently started 

to be characterized and studied in detail. Saccharomyces cerevisiae79, Candida 

albicans75,76 and C. glabrata 76,77 each have only one β-CA, whereas multiple copies of 

β-CA- and α-CA-encoding genes were reported in other fungi.78 A recent work 

demonstrated that these CAs play an important role in the CO2-sensing of the fungal 

pathogens and in the regulation of sexual development.77 Finally, another yeast, which 

has been investigated in detail for the presence of CAs is Malassezia globosa, which 

produces dandruff.80 As the above-mentioned fungi/yeasts, it contains only one β-CA, 

denominated MgCA. It may be observed that prevalently the β-CAs from various 

fungi/yeasts have been investigated.  

Few protozoan parasites have been investigated for the presence and druggability of CAs. 

The malaria-provoking organism Plasmodium falciparum, was undoubtedly the first 

one.7,78-83 An α-CA has also been cloned and characterized in the unicellular protozoan 

Trypanosoma cruzi, the causative agent of Chagas disease.74-85 The enzyme (TcCA) has 

a very high catalytic activity for the CO2 hydration reaction, being similar kinetically to 

the human isoform hCA II. 
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In addition, another β-CA from the unicellular parasitic protozoan Leishmania. donovani 

chagasi, which causes visceral leishmaniasis was identified, cloned, and characterized.86 

 

2.3  Structural features of Carbonic Anhydrase inhibitors (CAIs). 

 

The main aim of the drug design campaigns in the last decades was to obtain isoform-

selective CAIs for the various isoforms involved specifically in different pathologies.1-

3,23-27,87-93  

Carbonic anhydrase inhibitors can be divided into different classes depending on their 

inhibitory mechanism. The three main and most investigated classes are: 

• Compounds possessing a zinc-binding group. 

• Compounds which anchor to the zinc-coordinated water/hydroxide ion. 

• Compounds which occlude the active site entrance. 

 

2.3.1 The zinc binders as Carbonic Anhydrase inhibitors. 

 

Up to now, the sulfonamide group (R-SO2NH2) is the most important and largely used 

zinc binding function for the design of CAIs 1,3,87-91, with at least 20 such compounds in 

clinical use for decades or clinical development in the last period (Figure 7) such as, 

sulfanilamide SA, acetazolamide AAZ, ethoxzolamide EZA, dichlorophenamide DCP, 

dorzolamide DRZ and brinzolamide BRZ. Since the first evidence of their CA inhibitory 

properties,92 these molecules were largely investigated by means of kinetic, physiological 

and pharmacological studies. 1,3,87-93 

 

  

Figure 7. Examples of clinically used sulfonamides. 
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Many X-ray crystallographic evidences demonstrate the binding mode of the zinc-binder 

type CAIs, to which sulfonamides and their bioisosters sulfamates and sulfamides belong. 

A general CA inhibition mechanism with zinc binders, is shown in Figure 8. The zinc-

binding group (ZBG) of these CAIs, i.e. the SO2NH- moieties for the three main classes 

of inhibitors mentioned above, bind in deprotonated form to the Zn(II) ion from the 

enzyme active site, so replacing the zinc-bound water molecule and mantaining 

tetrahedral coordination geometry. 

 

 

 

Figure 8. CAIs belonging to the zinc binders (sulfonamides, sulfamates, sulfonamides, 

carboxylates, hydroxamates, dithiocarbammates, monothiocarbammates).  

 

Moreover, the ZBG participates in strong interactions with the gate keeper residues 

Thr199–Glu106, conserved in all α-CAs. The scaffold may occupy either the hydrophylic 

or hydrophobic (or both) halves of the active site, whereas the tails are generally 

orientated toward the exit of the cavity where the most variable amino acid residues 

among the different mammalian isoforms are found.1,2,90,91,93 Several studies highlighted 

that the sulfonamide group is an ideal ZBG for the CA active site for two main reasons: 

on one hand, it combines the negative charge of the deprotonated nitrogen with the 

positively charged zinc ion, on the other hand, the presence of one proton on the 

coordinated nitrogen atom satisfies the hydrogen bond acceptor character of Thr199 OG1 

atom, able to form a strong H-bond with it.  

Among sulfonamide, the benzenesulfonamides constitute the most common and best 

characterized class. The phenyl ring establishes several Van der Waals interactions with 

Thr199 

Glu106 
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residues Gln92, Val121, Phe131, Leu198, and Thr200 (Figure 9; numbering as in hCA 

II; PDB code 2WEJ).1-3,27 

 

Figure 9. Schematic representation of the binding mode of benzenesulfonamide with the  CA II 

active site (PDB code 2WEJ).  

 

The most limiting concern of the CAIs belonging to the sulfonamide-type relies on the 

wide range of side effects, that they elicit by inhibiting most of the catalytically active 

CA isoforms found in vertebrates1-3 Moreover, sulfonamides and sulfamates not only 

inhibit CAs belonging to α-class, but also CAs belonging to different families. This 

feature may be exploited for obtaining anti-infectives with a new mechanism of action.15 

Obtaining isoform-selective CAIs for the various isoforms is however not an easy task, 

considering the quite similar active site architecture of the 12 catalytically active isoforms 

present in primates.1 In fact, all human isoforms have the three conserved His residues 

(His94, 96, and 119) acting as zinc ligands, as well as half the active site mainly lined 

with hydrophobic residues and, as previously mentioned the opposite one with 

hydrophilic residues.1-3,20 However, there are also important differences in amino acid 

residues mainly in the middle and toward the exit of the active site cavity.1-3,20,94 In the 

binding with the enyme, most of the inhibitors above mentioned (Figure 7) do not make 

extensive contacts with the aminoacids of the outer portion of the catalytic cleft, but they 

bind deep within the active site cavity, which is rather similar in all mammalian isoforms. 

1-3,91,94 Thus, it appeared of considerable interest to devise alternative approaches for 

obtaining isoform selective CAIs. One of the most successful one, “the tail approach” 1-

3,95,96, consists in appending molecular “tails” to the scaffolds of aromatic/heterocyclic 

sulfonamides possessing derivatizable moieties in such a way that an elongated molecule 
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is obtained with its tail being able to interact with amino acid residues from the middle 

and edge of the active site cavity (Figure 8). The choice of tails endowed with diverse 

chemical nature allows to modulate the physico-chemical properties of such CAIs, which 

are crucial for their biological activity. For example, this design was used for 

antiglaucoma agents, that should possess an appropriate hydrophilicity and water 

solubility in order to be formulated as eye drops but also a balanced lipophilicity for being 

able to penetrate through the plasma membranes and arrive at the ciliary processes where 

the enzymes responsible for aqueous humor secretion are found (i.e. CA II, IV, and 

XII).1,2,29,96  

Another interesting approach to overcome, at least, in part the lack in isoform selectivity 

characteristic of the zinc-binders CAIs consists in endowing the derivative with a 

permanent positive charge (Figure 10a)97 and thus, due to their cationic nature, they would 

be unable to penetrate through biological membranes and therefore would inhibit in vivo 

only CA enzymes located on the outer surface of the membranes, such as the extracellular 

isoforms CA IV, IX, XII, and XIV.2,97,98 

 

 

Figure 10. Structure of membrane-permemant sulfonamide (a) C18 and (b) SLC-0111 which 

successfully completed Phase I clinical trials for the treatment of advanced, metastatic hypoxic 

tumors over-expressing hCA IX/XII 

 

Nevertheless, over the last few decades the “tail approach” has been the main method 

applied for the design of isoform-selective CA inhibitors, with an extensive application 

that greatly enriched the database of CAIs, though eliciting only a rather limited number 

of derivatives showing relevant isoform-selectivity inhibition profiles (among the zinc-

binders CAIs). However, in this context, recent studies from our group led to the 

discovery and clinical development of SLC-0111 (Figure 10b), a sulfonamide CAI which 

successfully completed Phase I clinical trials for the treatment of advanced, metastatic 

(a) (b) 
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hypoxic tumors over-expressing hCA IX/XII, being scheduled for Phase II trials later this 

year.99-100 

Beyond sulfonamide-like inhibitors, dithiocarbamates (DTCs),101,102 xanthates,103 

monothiocarbammates,104 carboxylates,105,106 and hydroxamates,107,108 posses a zinc 

binding group (ZBG) and thus belong the same class of CAIs. X-ray crystal structures are 

available for adducts of various isoforms (mainly hCA I and II) with all these classes of 

CAIs except the xanthates and monothiocarbammates for which computational methods 

were used to assess their inhibition mechanism.103,104 

 

 

 

Figure 11. Stucture of hCA II - cocrystallized DTCs. 
 

For example, the X-ray crystal structure of the adducts formed between the derivatives in 

Figure 11 and the hCA II are available in the PDB.101 One of the sulfur atoms of the 

inhibitor is coordinated to the Zn(II) ion and makes the canonical interactions of all ZBGs 

with the gate keeper residues Thr199-Glu106 (Figure 12). For these DTCs, the scaffolds 

have very diverse orientation within the active site, which may explain their high 

inhibitory activity against many CA isoforms.101,102  

 

Figure 12. Stick representation of hCA II active site with a DTC (green) complexed within it. 

The electron density is represented by a Σ-weighted 2Fo − Fc Fourier map. 

(c) (a) (b) 
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2.3.2 Carbonic Anhydrase inhibitors anchoring to the zinc-coordinated 

water/hydroxide ion. 

 

The first example of inhibitor anchoring to the zinc-coordinated water 

molecule/hydroxideion, was reported to be phenol (Figure 13a).109,110 The polyamine 

spermine (Figure 13b) was the second one.111  

 

 

 

Figure 13. Stucture of phenol (a), spermine (b) and hydrolized sulfocoumarin (c). 

 

Compounds inhibiting CAs by this mechanism (Figure 13) are characterized by the 

presence of an anchoring group (AG) attached to a scaffold possibly incorporating tails 

which can interact, as for the zinc binders, with the two halves of the active site (Figure 

14). The main prerogative of the inhibitors anchoring to the zinc nucleophile is the 

absence of a direct bond between the inhibitor and the metal ion.97,90,91 

 

Figure 14. Compounds which anchor to the Zn(II)-coordinated water molecule/hydroxide ion. 

The anchoring group (AG) are of the OH (phenol), amino (polyamine), carboxylic acid (COOH), 

ester (COOR), sulfonate (sulfocoumarin) type. 

 

(a) (c) (b) 

Thr199 

Glu106 
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As reported in the last years by several groups, the AGs belong to a variety of chemical 

functionalities. They include phenolic OH 109,112,113, primary amine,110 COOH,114 

COOMe,113 and SO3H 115 moieties. Many of them display efficient inhibitory activity 

against CAs belonging to the α- and β-CA classes. 109-116 The phenol is anchored to the 

Zn-bound hydroxide ion (preponderant species at the pH at which the experiments were 

done) by a hydrogen bond involving the H atom of the inhibitor and the donor hydroxide 

ion. In addition, a second hydrogen bond involves the gate-keeping residue Thr199, 

whose backbone NH group participates in a second hydrogen bond with the phenol 

(Figure 15a).  

 

Figure 15. (a) Schematic representation of the binding of phenol to hCA II. (b) Schematic 

representation of interactions in which spermine (Figure 13b), as tetracation participates when 

bound to the hCA II active site. Figures represent distances (in Å). Hydrogen bonds are 

represented as dashed lines. In bold are shown two clashes involving some carbon atoms (C5 and 

C7) of the spermine scaffold with a water molecule (Wat113) and Gln92. The nonprotein zinc 

ligand is represented as a hydroxide ion, which should be the preponderant species at the pH at 

which the experiments were done (7.5). 

 

Spermine (Figure 13b) binds in a rather similar manner as phenol, although with a slightly 

different network of hydrogen bonding (Figure 15b). Thus, one of the primary amine 

moieties of the inhibitor, probably as ammonium salt, anchors by means of a hydrogen 

bond to the zinc-coordinated water molecule/hydroxide ion, and also makes a second 

hydrogen bond with the side chain OH group of Thr199. The other terminal primary 

amine of spermine participates in hydrogen bonding with Thr200 and Pro201.110  

(a) (b) 
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The sulfonic acid from the hydrolized sulfocoumarin derivative (Figure 13c; see 

discussion in paragraph 3.1) was found to anchor to the Zn-bound hydroxide ion, thus 

making this CA inhibition mechanism much more general than initially considered when 

phenols were discovered as inhibitors. It should be also noted that CAs belonging to other 

genetic families than the α- and β-ones were not yet investigated for this type of 

alternative inhibition mechanism. 

 

2.3.3 Carbonic Anhydrase inhibition by occlusion of the active site 

entrance. 

 

The third main CA inhibition mechanism consists in the active site entrance occlusion. 

These inhibitors bind further away from the metal ion compared to the zinc binders in 

Figure 8 and 9 or to the compounds anchoring to the zinc coordinated water molecule in 

Figure 14, basically at the entrance of the active site cavity, which is the most variable 

region between various isoforms as the 16 mammalian ones.1,2,90-94 Compounds acting by 

occluding the active site entrance possess a sticky group (SG) attached to a scaffold which 

can be aromatic, heterocyclic, or aliphatic (Figure 16). They may also incorporate a tail, 

which can extend away from the active site. 

 

 

 

Figure 16. Binding representation of compounds occluding the entrance to the active site. SG 

represents a sticky group, of the phenol, carboxylic acid or amide type. The compound binds at 

Thr199 

Glu106 
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the entrance of the active site cavity and a tail, if present, interacts with residues on the surface of 

the protein. 

 

This inhibition mechanism has been evidenced for the first time for coumarins 117,118 but 

thereafter other compounds such as the antiepileptic drug lacosamide 119 and substituted 

coumarins120-124 were observed to possess significant CA inhibitory properties probably 

sharing a common mechanism of action. The first compound with this interesting CA 

inhibition mechanism was the natural product coumarin (Figure 17b), isolated from the 

Australian plant Leionema ellipticum.117  

 

 

Figure 17. Coumarins (a,b) and their CA-mediated hydrolysis (c,d), respectively. (e) Binding of the 

coumarin a hydrolysis product (trans-2-hydroxy-cinnamic acid c, in yellow) and coumarin b hydrolysis 

product (cis- 2-hydroxycinnamic acid d, magenta) to the hCA II active site. The protein backbone is shown 

as green ribbon, the catalytic Zn(II) ion as violet sphere, with its three protein ligands (His94, 96, and 119, 

CPK colors) also evidenced. The proton shuttle residue (His64) is shown in red. 

 

Unexpectedly the electron density data for the adduct hCA II/coumaris revealed that the 

real enzyme inhibitors are the hydrolized forms in Figure 17c and 17d of coumarins in 

Figure 17a and 17b respectively and their formation is related to the α-CAs esterase 

activity. However, the rather bulky nature of the obtained hydrolysis products interferes 

with their binding in the neighbourhood of the metal ion. Thus, the obtained 2-

hydroxycinnamicacids may bind as cis isomers (17d118) or as trans-isomers (17c117) 

depending on how bulky the moieties present on the scaffold are. Indeed, for less bulky 

groups the trans isomer was observed, whereas for bulkier such groups the isomerization 

did not occur (Figure 17e).  

(e) 
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The most notable aspect of this inhibition mechanism is the fact that the inhibitors bind 

in an active site region which is the most variable between the various isoforms, i.e. the 

entrance to the cavity.1-3,20 This has important consequences for the drug design of CAIs, 

since compounds binding in that region should in principle interact differently with the 

various CAs and thus show isoform-selective inhibitory profiles. In fact, larger series of 

diversely substituted coumarin/thiocoumarin derivatives were investigated and showed a 

high level of isoform selective behavior against many isoforms such as CA IX,XII, XIII, 

XIV, etc.120-124 The replacement of the CO moiety of the coumarin lactone with a SO2 

group led to sulfocoumarins.115 Differently from coumarins, whose hydrolized forms bind 

at the entrance of the active site, as previousy mentioned, the hydrolized form of 

sulfocoumarins anchors to the Zn-bound water molecule. Likewise coumarins, many 

derivatives belonging to this bioisosteric class showed a very high degree of isoform 

selectivity toward the trans-membrane tumor-associated isoforms hCA IX and XII 

compared to the cytosolic ones hCA I and II. 115 
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Chapter 3. SBDD approaches, synthesis and biological evaluation of 

carbonic anhydrase inhibitors. 

 

The knowledge of most CA isoforms structural features, nowadays available, represents 

a valuable aid for exploring the binding ligand/target interactions. 

SBDD tools were used to evaluate and rationalize the experimental inhibitory profile 

measured for the synthesized and screened derivatives. Additionally, models were built 

by homology for those enzyme isoforms for which the 3D structure was not available. 

Methods belonging to molecular mechanics (MM), quantum mechanics (QM) as well as 

mixed approaches (QM/MM) were widely used to gain insight into the interaction 

behaviour of the planned CAIs and their enzymatic targets. 

The discussion of the research carried out and the results obtained during the three years 

PhD period will be herein presented according to the different projects they belong to. 

 

3.1 “Click chemistry” approach applied to the design of novel CAIs 

belonging to first, second and third classes of inhibitors. 

 

The copper-catalyzed azide−alkyne cycloadditions (CuAAC), better known as “Click 

Chemistry”, have acquired a prominent role in medicinal chemistry,125-129 thus becoming 

a versatile and useful synthetic tool to generate 1,4-disubstituted-1,2,3-triazoles to be used 

as biologically uncleavable linker between valuable molecular fragments and/or as 

moiety that can actively contribute to additional enzyme-inhibitor interaction points. The 

1,2,3-triazole ring is an amide bioisoster endowed with a moderate dipole character, 

hydrogen bonding capability, rigidity, stability in the in vivo environment and an aromatic 

character able to establish π-stacking interactions with appropriate aminoacid residues 

within the binding cavities. 

In the last years, click chemistry has often been used to obtain CAIs belonging to the 

sulfonamide or coumarin classes.125-128 For example, aromatic sulfonamides 

incorporating glycosyl moieties as well as aromatic-heteroaromatic or aliphatic groups 

by means of a triazole linker, were obtained and showed to be potent inhibitors against 

physiologically/pathologically relevant isoforms such as hCA I, II, IX, and XII.125,126 

Noteworthy, Pala et al. recently reported two subsets of benzene and tetrafluorobenzene 



CHAPTER 3. SBDD APPROACHES, SYNTHESIS AND BIOLOGICAL EVALUATION OF CARBONIC ANHYDRASE INHIBITORS  

 

25 

 

sulfonamides bearing aliphatic or aromatic moieties through the Click Chemistry 

approach.128 

During my PhD period, we continue the exploration of this type of derivatives, including 

a molecular flexibility element in the structure of compounds belonging to the 

sulfonamide, coumarin and sulfocoumarin type. 

 

Series A: sulfonamides 

 

Primary sulfonamides such as sulfanilamide, acetazolamide, ethoxzolamide and 

dichlorphenamide (Figure 7) are clinically used for almost 70 years as anti-glaucoma 

agents for systematic administration, although they show a range of side effects due to 

the lack of enzymatic as well as tissue selectivity. The second generation antiglaucoma 

drugs, such as dorzolamide and brinzolamide, act topically, thus leading to significant 

reduction of the side effects (Figure 7).130-134 

Glaucoma is a chronic, degenerative eye disease characterized by elevated intra ocular 

pressure (IOP), that causes irreversible damage to the optic nerve. The hCA II isoform, 

along with the IV and XII are largely expressed in the eye and involved in the disease.   

In the context of the “Click Chemistry approach” application, we primarily carried out a 

deeper investigation based on the benzenesulfonamide-containing 1,2,3-triazolyl 

moieties previously reported from Pala et al.128 in order to design new potent CAIs as 

potential candidates for the treatment of pathologies, such as glaucoma or tumors. 

Compounds of the phenyltriazolylbenzenesulfonamide (PTB)-type (Figure 18), were 

considered as analogues of SLC-0111 (Figure 18), which successfully completed Phase 

I clinical trials for the treatment of advanced, metastatic hypoxic tumors over-expressing 

hCA IX/XII.99-100 In fact, these compounds incorporate the 1,2,3-triazolyl moiety as 

bioisoster of the ureido group and were all characterized by the direct connections 

between three main molecular fragments: the benzenesulfonamide head (α), the triazolyl 

spacer (β) and the aromatic tailing portion (γ). PTB-based structures possess a rather low 

conformational freedom (Figures 18 and 19).  
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Figure 18. General structures of the designed benzenesulfonamides in the present study. 

 

Starting from these considerations new derivatives were rationally designed with the aim 

to investigate whether an enhanced flexibility between these three molecular fragments 

will produce better interactions within the CAs active sites, and thus will reinforce 

inhibitory properties, as well as the selectivity profiles for the different isoforms. The 

enhanced flexibility will reduce the molecular constrain and increase the degree of 

freedom, thus allowing the aromatic tail to better interact with the most energetically 

favourable enzymatic sub-pocket(s).100 

Prior to carry out the synthesis, docking experiments were performed to evaluate the 

binding interactions of the planned sulfonamides with the hCA II (PDB ID: 4Q6E, Figure 

19). As expected, poses coming from docking pointed out analogies in the binding mode 

of the lead PTB and the newly designed triazoles: the NH- moiety of the sulfonamide 

group was involved in coordination interaction with the zinc ion, and in hydrogen bond 

distance with OG1 atom of Thr199 (2.48Ǻ), whereas one oxygen atom of sulfonamide 

group formed another hydrogen bond with the backbone NH of Thr199 (1.94Ǻ). A π-π 

interaction was established between the triazole ring and the phenyl group of Phe131 side 

chain.  

By inspection of the reported poses it was clear that the presence of more flexible “tails” 

allowed a more extended network of interactions at the outer rim of the binding site 
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cavity. In addition, substituents on the triazole ring could locate both in the hydrophobic 

(red) and in the hydrophilic half (blue) of hCAII active site.  

 

Figure 19. Computed binding modes of PTB (green, a), first (A3, dark green) and second (A13, 

aquamarine) subset designed lead compounds (b) within hCA II active site (PDB 4Q6E). 

 

Once confirmed the rational, the two subsets of triazole derivatives were synthesized and 

investigated for the inhibition of the physiologically dominant, cytosolic isoforms hCA I 

and II, as well as the transmembrane, tumor-associated hCA IX and XII. In addition, we 

confirmed the predicted binding mode by means of high resolution X-ray crystal structure 

and subsequently expanded the investigation to all synthesized derivatives by docking 

them in hCA II and IX. Finally, considering the interesting water solubility the reported 

triazoles were endowed with, some of them were screened for their anti-glaucoma activity 

in an animal model of the disease. Indeed, water solubility is a basic requirement for a 

topical intra-ocular formulation. 

As shown in Figure 18, the enhanced “tail” flexibility was achieved by the introduction 

of a CH2X (X = O, S, NH) linker (φ) between β and γ (derivatives A3-A9) and α and β 

(derivatives A13-A17). In comparison to the reference PTB, a larger set of substituents 

on the aromatic tail has been explored, obtaining two novel sets of benzenesulfonamide 

not investigated as CAIs up to now. 



CHAPTER 3. SBDD APPROACHES, SYNTHESIS AND BIOLOGICAL EVALUATION OF CARBONIC ANHYDRASE INHIBITORS  

 

28 

 

 

Scheme 2. General synthetic procedure for compounds A3-A10, A13-A17. 

 

Two different synthetic strategies were used for obtaining the above-mentioned 

derivatives, both involving the application of the Click chemistry approach (Scheme 2). 

For the first subset (A3-A9), the key intermediate 4-azidobenzenesulfonamide A2 was 

obtained from sulfanilamide treated with NaNO2 and NaN3 in acid aqueous media. 

Reaction of A2 with the propargyl amino, thioether or ethers derivatives A18-A24 

afforded the first subset of triazoles, A3-A9, incorporating diverse aryl groups at the 

triazole-benzenesulfonamide moiety by means of the linker CH2X. A double 

propargylation which occurred at aniline NH2 suggested to react the dipropargyl derivate 

A25 with key intermediate A2 in order to obtain the novel double head, twin-tailed 

sulfonamide A10. 

For the second subset (A13-A17), starting from 4-hydroxy-benzenesulfonamide, the 

propargyl ether key intermediate A12 was obtained as alkyne to use in the “click 

chemistry”. Reaction of A12 with freshly prepared aromatic azides A26- A30 afforded 
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the second subset of triazoles, A13-A17, that on the contrary to the preceding one, 

incorporated diverse aryl-triazole tails appended to the zinc-binding group (ZBG) 

scaffold through a CH2O linker. 

The CA inhibitory activities of compounds A3-A10, and A13-A17 was investigated by 

means of the stopped flow carbon dioxide hydrase assay,135 in comparison to the lead 

compound PTB 128 and acetazolamide (AAZ) as standard CAI, against four 

physiologically significant isoforms, the cytosolic, hCA I and II, as well as the 

transmembrane, tumor-associated hCA IX and XII. The rational for the choice of these 

four isoforms is that hCA II and XII (upregulated in the eyes of glaucomatous 

patients)2,132-135 are targets for antiglaucoma drugs, whereas hCA IX (and XII) have been 

validated as targets for the treatment and prognosis of hypoxic cancers.2,48-54 Otherwise 

hCA I is one of the main off-target isoforms both for the antiglaucoma or anticancer CAIs 

therapeutic application.1,2 

The following SAR can be unveiled from the inhibition data shown in Table 2:  

(i) The cytosolic isoforms hCA I was moderately inhibited by most of the sulfonamides 

of the first subset with inhibition constants (KIs) ranging between 123.0 and 512.6 nM 

and comparable to the lead PTB (KI 342.0 nM) and to the reference AAZ (KI 250 nM). 

The only exceptions were derivative A9, which was an effective hCA I inhibitor (KI of 

7.9 nM), and the double head derivative A10 which resulted inactive (KI > 10000 nM). 

We may hypothesize that the presence of hydrophilic moieties in these molecular 

structures is well tolerated within the hCA I active site. Indeed, the substitution of the 

phenyl with a more hydrophilic pyridyl ring (A7) or the substitution of the oxymethylene 

linker with a strongly hydrophilic aminomethylene one (A9) increased the inhibitory 

activity up to 123.0 and 7.91 nM respectively. 

The sulfonamides belonging to the second subset showed a diminished hCA I inhibitory 

action. Indeed, only derivate A17 which incorporates a hydroxy group to the phenyl ring 

acted as a strong hCA I inhibitor, with KI of 92.8 nM, whereas the remaining compounds 

possessed inhibition constants ranging between 278.1 and 949.8 nM. Derivative A16 did 

not inhibit hCA I up to 10000 nM. 
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Table 2: Inhibition data of human CA isoforms hCA I, II, IX and XII with sulfonamides 

A3- A10, A13- A17 reported here and the standard sulfonamide inhibitor acetazolamide 

(AAZ) by a stopped flow CO2 hydrase assay.135 

 

 

 
         KI (nM) 

 
Compound  X R  hCA I  hCA II  hCA IX      hCA XII

 
A3  O H  349.9  1.0  2.1  1.1 

A4  O m-CH3  406.8  1.5  2.3  5.4 

A5  O m-OCH3 351.1  1.5  9.3  1.1 

A6  O p-OCH3 512.6  4.3  14.3  1.0 

A7  O Pyridyl-3-yl 123.0  1.4  17.2  6.0 

A8  S H  195.7  1.5  2.4  4.9 

A9  NH H  7.9  0.83  2.2  1.1 

A10  - -  >10000 >10000 12.1  10.2 

A13  - H  565.6  1.2  2.6  1.1 

A14  - m-OCH3 278.1  12.4  20.5  101.6 

A15  - p-F  949.8  2.6  16.2  3.2 

A16  - p-CF3  >10000 15.7  23.6  4.3 

A17  - p-OH  92.8  1.0  18.7  7.1 

PTB     342.0  43.9  25.9  6.0 

AAZ     250.2  12.0  25.2  5.7 

 
* Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 % of the 

reported values). 

 

ii) The physiologically dominant isoform hCA II was very potently inhibited by all the 

investigated compounds (KI values ranging between 0.83 and 15.7 nM, Table 1), with the 

exception of the double head derivative A10 which did not inhibit hCA II up to 10000 

nM. The definition of a proper SAR for hCA II is not feasible, considering that the 

remaining derivatives showed rather similar affinities. However, it could be stressed that 

the presence of a hydrophilic aminomethylene linker in the first subset of derivatives led 
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to the strongest inhibitor reported here (A9) with its subnanomolar activity of 0.83 nM 

for this isoform, whereas the presence of a para substituent on the phenyl ring, 

represented herein by the methoxy group of A6, reduced the inhibitory potency by four 

times. 

Within the second subset of derivatives, the incorporation of a methoxy or trifluoromethyl 

group in meta or para positions to the sulfamoyl ZBG, respectively, led to a ten-fold 

decrease of the inhibitory activity. Generally, all the investigated compounds (except 

derivative A10) were better inhibitors compared to the lead PTB or the clinically used 

AAZ (KI values of 43.9 and 12.1 nM), thus proving that compounds endowed with 

enhanced flexibility between their molecular fragments act as more effective hCA II 

inhibitors compared to the rigid compound PTB. 

iii) All the reported derivatives acted as very efficient inhibitors for the tumor-associated 

isoform hCA IX. The general inhibitory tendency was slightly less compact compared to 

the behaviour observed against hCA II, with KIs ranging between 2.1 and 23.6 nM. The 

data in Table 2 allowed us to draw a very clear-cut SAR: for both reported subsets, the 

derivatives bearing an unsubstituted phenyl ring are the most efficient inhibitors 

regardless on the nature of the XCH2 linker. Indeed derivatives A3, A8, A9 and A13 were 

low nanomolar hCA IX inhibitors, with KIs of 2.1, 2.4, 2.2 and 2.6 nM respectively. Only 

compound A4 represented the exception to this general rule with a KI of 2.34 nM, 

although it has a methyl substituent at position 3 of the aromatic tail. Conversely, for the 

first subset of derivatives, the insertion of a methoxy group on the ring or its substitution 

with a pyridyl moiety decreased the inhibitory potency to the range of 9.3-17.3 nM. 

Within the second subset of CAIs, the incorporation of p-F-, p -OH-, m-MeO- and p -CF3- 

moiety on the tail drove to KIs ranging between 16.2 and 23.6 nM. It should be also 

highlighted the potent inhibitory activity of the double head derivate A10 against this 

isoform with a K I of 12.1 nM, in comparison to its ineffective activity on the cytosolic 

isoforms hCA I and hCA II, making this compound selective for the tumor-associated 

over the cytosolic isoforms. 

All the reported derivatives were more potent inhibitors compared to the lead PTB or the 

clinically used AAZ (KI values of 25.9 and 25.0 nM), especially the unsubstituted 

compounds A3, A8, A9 and A13 which showed a more than ten times better inhibitory 
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activity, confirming the importance of the flexible features to better interact with the CA 

IX active site. 

iv) The reported derivatives showed a very efficient inhibitory activity also against the 

other tumor-associated isoform hCA XII (which is also involved in glaucoma). However 

in this case the outline of a straightforward SAR, as for CA IX, was not observed. Indeed 

within the first subset, compounds A3 and A9, unsubstituted on the external phenyl ring 

and compounds A5 and A6, incorporating a methoxy group respectively at the meta and 

para positions, acted as low nanomolar inhibitors with KIs ranging between 1.0 and 1.1 

nM. On the contrary, derivative A8, bearing a -CH2S- linker, showed in this case a five-

fold reduction in the inhibitory activity. The insertion of a methyl group at the meta 

position (A4) or the substitution of the phenyl ring with a pyridyl one (A7) reduced the 

activity by five and six times respectively. 

Conversely, for the second group of compounds, the unsubstituted derivative A13 acted 

as the most potent inhibitor with a KI of 1.1 nM, whereas the insertion of substituents on 

the phenyl ring generally reduced the inhibitory efficiency. In particular derivative A17, 

bearing a meta methoxy group showed a KI increased by a hundred times compared to its 

unsubstituted counterpart. 

Differently from the previously discussed isoforms, not all the new sulfonamides 

inhibited CA XII better than the lead PTB or the clinically used AAZ (KI values of 6.0 

and 5.7 nM). These data suggested that the enhancement of the molecular flexibility did 

not generally increase the interaction with the CA XII active site, but depending on the 

nature and position of the substituents on the external phenyl ring, a more intricate 

interaction was probably in act between the enzyme and the inhibitor. 

Finally it should be stressed the potent inhibitory activity of the double head derivate A10 

against this isoform too, with a KI of 10.2 nM. Although its inhibitory potency was 

slightly reduced in comparison to lead PTB or AAZ, this data was surprising and 

extremely interesting when merged with the KI of compound A10 against CA I, II and 

IX. In fact, A10 acted as a strong and selective inhibitor of the tumor-associated isoform 

hCA IX and XII over the cytosolic isoforms hCA I and II. 

 

An experimental validation of the docking estimated interactions mode was achieved by 

the X-ray crystallographic structures of the adducts formed by hCA II with compounds 
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A3 and A13 (at 1.0 Å atomic resolution), carried out by Dr. Marta Ferraroni, Università 

degli Studi di Firenze. 

The Fo-Fc electron density maps (Figure 20) show a well-defined density for all the atoms 

of the inhibitors A3 and A13 bound within the hCA II active site, which are coordinated 

to the Zn(II) ion by means of the sulfonamide moiety. The sulfonamide nitrogen 

coordinated to the zinc ion also makes a strong H-bond with the OH of Thr199. These 

interactions are common to all CA - sulfonamide adducts reported to date.2 The scaffold 

of the inhibitors occupied the entire available space inside the cavity and were oriented 

toward the hydrophobic part of the active site cleft, establishing strong van der Waals 

interactions. In particular the phenyl ring attached to the sulfonamide group made 

hydrophobic interactions with residues Val121 and Leu198. The 1,2,3-triazole ring forms 

hydrogen bonds with water molecules and in the inhibitor A13 an edge-to-face π- π 

stacking interaction with the phenyl group of the Phe131 side chain. Furthermore the 

terminal phenyl ring of inhibitors A3 and A13 forms strong hydrophobic interactions with 

Val135 and Phe131. 

 

 

Figure 20. Active site region in the hCA II-A3 (a) and A13 (b) complexes. The omit Fo-

Fc electron density maps (contoured at 2.0 σ) for the two inhibitors are also shown. 

Coordinates and structure factors for hCA II complexes with A3 and A13 have been 

deposited in the Protein Data Bank (PDB) accession code: 5LJQ and 5LJT. 

 

Indeed the superposition of the experimental X-ray and the in silico poses highlight a very 

good matching (Figure 21). 

(a) (b) 
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Figure 21. Docking (grey) vs. X-ray (green) orientation in hCA II active site for 

compounds A3 (a) and A13 (b). 

 

In order to gain a better understanding on the binding modes of all the synthesized 

compounds, docking studies were carried out for the overall of two subsets inhibitors A3-

A9 and A13-A17 with hCA II (PDB ID: 4Q6E) and hCA IX (PDB ID: 3IAI)67. In hCA 

II, all compounds were predicted to orient the aromatic sulfonamide moiety deeply into 

the catalytic cleft of the active site forming a hydrogen bond with the hydroxyl group of 

T199 side chain, while the NH- coordinates the zinc ion and the phenyl ring is 

neighboured by several hydrophobic residues (Val121, His94 and Leu198). The 1,2,3-

triazole ring, linked to the position 4 of the benzosulfonamide directly (first subset: 

compounds A3-A9), or through an oxymethylene linker (second subset: compounds A13-

A17), mostly forms edge-to-face π- π interactions with the phenyl group of the Phe131 

side chain. The flexible hydrophobic tail of the compounds is oriented towards the 

lipophilic half of the CA active site, in the region delimited by residues Phe131, Gly132, 

Val135, Gln136, Pro202 and Leu204 (Figure 22). 

 

 

 

(b) (a) 
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Figure 22. Representation of the binding orientation of compounds (a) A3-A9 and (b) 

A13-A17 in hCA II (PDB code 4Q6E). The hydrophobic half of the active site cleft is 

shown as a red surface, while the hydrophilic half as a blue one. 

 

As mentioned above, docking studies were also performed in the hCA IX active site (PDB 

ID: 3IAI).67 Compounds A3- A9 oriented themselves in quite similar poses as observed 

for hCA II. The triazole ring established hydrophobic interactions with Val131, whereas 

the tail aryl groups extended in a partly exposed pocket formed by hydrophobic residues. 

The different orientation of the aromatic tails could be correlated to the mutation of 

Phe131 replaced by Val131 in hCA IX active site. Conversely compounds A13- A17, 

which bear the aryltriazole moieties linked to benzenesulfonamide through an 

oxymethylene linker, extend their tails towards the hydrophilic region delimited by 

residues Asn62, His64, Gln67 and Gln92, where the triazole forms polar interactions with 

Gln67 and Gln92. The different orientation assumed by such moieties within hCA IX 

active site is likely due to the Phe131V CAII/IX mutation. In absence of the π- π 

interaction driving force the aromatic tails were not driven near the hydrophobic side 

anymore, but instead found good interaction points on the hydrophilic region (Figure 

23b). 

The different set of interactions established by the aromatic tails of the two subsets of 

compounds within hCA II and hCA IX active sites could explain the general reduced 

inhibitory activity against the tumor-associated isoforms compared to the cytosolic one. 

 

(a) (b) 



CHAPTER 3. SBDD APPROACHES, SYNTHESIS AND BIOLOGICAL EVALUATION OF CARBONIC ANHYDRASE INHIBITORS  

 

36 

 

 

Figure 23. Representation of the binding orientation of compounds (a) A3- A8 and (b) 

A13- A17 in hCAIX (PDB code 3IAI). The hydrophobic half of the active site cleft is 

shown as a red surface, while the hydrophilic half as a blue one. 

 

The intraocular pressure (IOP) lowering properties of some of the derivatives of this 

series, A3, A13 (for which the X-ray structures of the adducts with hCA II were reported) 

and A9 (which showed a unique sub-nanomolar inhibitory activity against hCA II) were 

measured in an animal model of glaucoma 135 by the group of Prof. Masini, Università 

degli Studi di Firenze.  

The three compounds showed a sufficient water solubility to be formulated as 1% eye 

drops at the neutral pH value (dorzolamide, DRZ, the clinically used drug is a 

hydrochloride salt with a pH of the eye drops of 5.5 which produces eye irritation and 

stinging as side effects).7b-d, 10b The compounds were administered to rabbits with high 

IOP, induced by the injection of 0.1 mL of hypertonic saline solution (5% in distilled 

water) into the vitreous of both eyes (Figure 24). DRZ hydrochloride was used as a 

standard drug, whereas the control experiments were done by using the vehicle 

(hydroxypropylcellulose at 0.05%). The selected derivatives were very potent inhibitors 

of isoforms hCA II (responsible for aqueous humor secretion; KI of 0.83-1.2 nM, Table 

1) and hCA XII (isoform that is overexpressed in the eyes of glaucomatous patients;17 KI 

of 1.1 nM, Table 1). 

(b) (a) 
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Figure 24. Drop of intraocular pressure (ΔIOP, mmHg) versus time (min) in hypertonic saline-

induced ocular hypertension in rabbits, treated with 50 μL of 1 % solution of compounds A3, A9 

and A13 and DRZ as the standard drug and vehicle. Errors were within 10−15% of the reported 

IOP values (from three different measurements for each of the four animals in the study group) 

and were statistically significant (p = 0.045 by the Student’s t test). 

 

As seen from the data of Figure 24, all three compounds proved to be more effective than 

DRZ, even if at different times post-administration. Indeed, a comparable behaviour to 

DRZ, which caused an IOP drop of 1.5 mm Hg at 60 min post-administration, emerged 

only for derivative A13, that effected an IOP drop increased to 2.5 mmHg after the same 

time. Another analogy between A13 and DRZ was the IOP rise in short-term, so that after 

4 h no IOP decrease was seen. Conversely for derivatives A3 and A9, the peak of IOP 

drop, that reached 3.0 and 2.0 mm Hg respectively, was at 2 h post-administration, 

whereas their IOP lowering activity after 1h was reduced in comparison to DRZ. In 

addition, while for compound A9 after 4 h no IOP decrease was seen, A3 showed the 

ability to protract its IOP lowering action up to the same time point. 

It should be mentioned that the animal model employed for these estimations is of 

normotensive rabbits, and this is why the absolute IOP drops are not very high. However 

the advantage of this model is that the measurements can be done rapidly and are highly 

reproducible. 

The sulfonamides of the series, designed in order to be endowed with an enhanced 

flexibility between their molecular fragments in comparison to their lead PTB, have been 

screened for the inhibition of four physiologically relevant CA isoforms: hCA I, II, IX, 

and XII. Hence, interesting SAR have been extrapolated and afterwards the X-ray crystal 
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structures of two of them bound to hCA II shed light on their inhibitory behaviour at the 

molecular level, which was in agreement with the results of the preliminary computations. 

The crystallographic results supported a deeper molecular modelling analysis concerning 

all the reported derivatives and both hCA II and hCA IX. Three of these compounds also 

showed highly effective in vivo antiglaucoma activity in an animal model of the disease 

being more effective compared to the clinically used drug dorzolamide, even if at 

different time post-administration.  

 

The data and results of this research were published in Nocentini, A. et al. J. Med. Chem. 

2016, 59, 10692-10704. The experimental procedures are reported in Chapter 4. 

 

 

Series B: coumarins 

 

The “Click Chemistry” approach was applied also to coumarins.118-124 Indeed, although a 

large number of synthetic approaches were reported to date for derivatizing coumarins in 

order to obtain CAIs, the “click chemistry” one has been not investigated in detail for this 

class of compounds. Again a flexibility element was introduced in the triazolic “tails” of 

the designed derivatives.  
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Scheme 3. General synthetic scheme of compounds B5-B18. 

  

Starting from 7-hydroxy-coumarin B1, the propargyl ether key intermediate B2 was 

obtained as an alkyne for the click chemistry. Reaction of B2 with aromatic azides (A2, 

A26-A34, in common with the synthetic pathway of sulfonamides of series A) afforded 

a first subset of triazoles, B5-B14, incorporating the coumarin ring and diverse aryl 

groups at the triazole moiety (Scheme 3).  

4-Methyl-7-amino-coumarin B3 was transformed into the corresponding azide B4 by 

diazotization followed by reaction with sodium azide, and was subsequently used for 

cycloaddition reactions with alkyne B2 (leading to a bis-coumarin derivative, B15) or 

propargyl derivatives A18, A23, A24 (in common with the synthetic pathway of 

sulfonamides of series A), leading to derivatives B16-B18 (Scheme 3). 
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The rationale for derivatizing the 7-hydroxy-/amino coumarins was furnished by earlier 

works in which it was shown that coumarins incorporating various functionalities in this 

position are effective and isoform-selective CAIs.118-124 Thus, compounds incorporating 

substituted-aromatic moieties either directly attached to the triazole ring (as in B5-B14) 

or via a CH2X linker (as in B16-B18, in which X = O, S or NH) were synthesized. For 

the first sub-group of derivatives (B5-B14), the aryl azides used incorporated various 3- 

or 4-substituted groups (halogens, OH, OMe, carboxyl, sulfamoyl, etc.) in order to 

delineate the structure-activity relationship (SAR) for the inhibition of various CA 

isoforms with the obtained derivatives. 

Coumarins B5-B18 were screened for the inhibition of four hCA isoforms involved in 

important physiologic/pathologic processes, i.e., the cytosolic, hCA I and II (off-targets 

in this case) and the transmembrane, tumor-associated hCA IX and XII (anticancer drug 

targets). 2,48-54 Table 3 shows inhibition data of coumarins B5-B18 and the sulfonamide 

acetazolamide AAZ (as standard inhibitor) against hCA I, II, IX and XII, after a period 

of 6 h of incubation of the enzyme and inhibitor solutions, which is used for assaying all 

coumarins as CAIs. 118-124 

The following SAR should be noted regarding the inhibition data of Table 3. 

(i) Isoform hCA I was moderately or poorly inhibited by coumarins 5-18 investigated 

here. Five derivatives (B9, B11-B14) showed KIs in the range of 172.8 -246.7 nM (the 

same range as the sulfonamide acetazolamide, AAZ) whereas the remaining ones were 

weaker, micromolar inhibitors (B6, B10, B16 and B17) or did not inhibit significantly the 

enzyme up until 10 µM (Table 3). The compounds showing some inhibitory activity, had 

the following substitution patterns at the aryl moiety linked to the triazole ring: 3-

methoxyphenyl, 4-trifluoromethylphenyl, 4-hydroxy-/carboxy-and sulfamoyl-phenyl. 

(ii) Isoform II, the physiologically dominant one was poorly inhibited by the new 

coumarins reported here except the carboxylate derivative B13 which showed KI of 99.6 

nM. The other derivatives did not inhibit significantly the enzyme up until 10 µM (Table 

3). Carboxylates may have a multitude of inhibition mechanisms towards CAs, as the 

COO- moiety may be a zinc-binding group, it may anchor to the zinc-coordinated water 

molecule or even promotes binding outside the active site.114 
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Table 3: Inhibition data of human CA isoforms hCA I, II, IX and XII with coumarins B5-

B18 reported here and the standard sulfonamide inhibitor acetazolamide (AAZ) by a 

stopped flow CO2 hydrase assay.135 

 

 

 
         KI (nM) 

Compound R  X hCAI  hCA II  hCA IX      hCA XII

 
B5 H  - >10000 >10000 24.5  4.8 

 B6 3-F  - 921  >10000 24.9  5.1 

 B7 3-Cl  - >10000 >10000 31.2  5.5 

B8 3-Br  - >10000 >10000 27.5  27.1 

 B9 3-OCH3    - 210.7  >10000 23.6  5.2 

 B10 4-F  - 1568  >10000 24.0  4.7 

 B11 4-CF3  - 239.5  >10000 23.0  5.5 

 B12 4-OH  - 242.5  >10000 26.9  5.3 

 B13 4-COOH    - 240.9  99.6  28.8  4.9 

 B14 4-SO2NH2  - 172.8  >10000 14.3  9.9 

B15 -  - >10000 >10000 22.8  37.8 

 B16 -  O 1243.2  >10000 33.1  5.0 

 B17 -  S 2137.9  >10000 29.6  5.1 

 B18 -  NH 246.7  9743  34.4  4.9 

 AAZ   250 12  25  5.7 

 

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 

% of the reported values). 

 (iii) The transmembrane isoform hCA IX was effectively inhibited by all coumarins 

reported here, with KIs in the range of 14.3 – 34.4 nM. It may be observed that the range 

of the inhibitory power is very small, meaning that all the substitution patterns explored 

in the paper lead to highly effective CAIs. 

(iv) A similar situation to what mentioned above for hCA IX has also been observed for 

the inhibition of hCA XII with the coumarins investigated here, which showed highly 

effective inhibitory action, with KIs in the range of 4.7 – 37.8 nM. Only the bis-coumarin 
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B15 was slightly less inhibitory (KI of 37.8 nM) whereas the remaining derivatives 

showed KIs < 10 nM (except one compound, B8, which has a KI of 27.1 nM). Overall, 

the coumarins reported here show excellent inhibitory action against both tumor-

associated isoforms hCA IX and XII. 

(v) As many coumarins, the derivatives investigated here are hCA IX/XII selective 

inhibitors over hCA I and II, which constitutes a very important feature for this class of 

compounds. Indeed, one of the main problems with CAIs is constituted by their wide 

range of side effects, mainly due to inhibion of the off target isoforms such as hCA I and 

II. 

The series of 7-substituted coumarins incorporating aryl-triazole moieties were prepared 

by click chemistry procedures and was assayed for the inhibition of the cytosolic, 

widespread human hCA I and II isoforms, and the transmembrane, tumor-associated ones 

hCA IX and XII, reporting selective low nanomolar inhibitory action against the 

transmembrane isoforms (KI of 14.3 – 34.4 nM against hCA IX and of 4.7 – 37.8 nM 

against hCA XII). Since many hypoxic tumors overexpress hCA IX/XII, and as these 

targets were recently validated for obtaining antitumor/antimetastatic agents, with one 

inhibitor that successfully completed Phase I clinical trials, the present findings constitute 

an interesting extension to the knowledge of non-sulfonamide, selective inhibitors of CA 

isoforms involved in serious pathologies. 

 

The data and results of this research were published in Nocentini, A. et al. Bioorg. Med. 

Chem. 2015, 23, 6955-66. The experimental procedures are reported in Chapter 4. 

 

Series C 

 

Finally, we applied the analogue concept to the sulfocoumarin scaffold, namely 1,2-

benzoxathiines-2,2-dioxides that were recently validated as a novel class of CAIs.115 As 

mentioned in paragraphs 2.3.2 and 2.2.3, the design of sulfocoumarins as CAIs was 

inspired by their corresponding bioisosters coumarins, whose inhibition mechanism has 

been previously depicted. Indeed the sulfocoumarins, as well as coumarins, undergo a 

CA-mediated hydrolysis within the active site cavity with the generation of the inhibitory 

species (Figure 25a). The inhibition mechanism of such hydrolysis products is different 



CHAPTER 3. SBDD APPROACHES, SYNTHESIS AND BIOLOGICAL EVALUATION OF CARBONIC ANHYDRASE INHIBITORS  

 

43 

 

at the molecular level when compared to the classical sulfonamide-based CAI.2 The 2-

hydroxyphenyl-ω-ethenyl sulfonic acids which are formed from the original 

sulfocoumarins, tightly bind to the zinc-coordinated water molecule by means of 

hydrogen bonding, whereas the scaffold of the inhibitor establishes additional favourable 

interactions within the cavity (Figure 25b). 

 

 

 

 

Figure 25 CA inhibition mechanism of sulfocoumarins. (a) The sulfocoumarin undergoes an 

enzyme-mediated hydrolysis with formation of the trans-2-hydroxy-phenyl-ω-ethenylsulfonic 

acid. (b) The sulfonic acid binds to the CA II active site, by anchoring of the sulfonic acid group 

to the zinc-coordinated water molecule. The Zn(II) ion (central larger sphere), its three His ligands 

(His94, 96 and 119), the water molecule coordinated to the zinc (small sphere) as well as active 

site residues Thr200 and Pro201 involved in the binding of the hydrolyzed sulfocoumarin are 

shown, as determined by X-ray crystallography (PDB file 4BCW).115 

 

In analogy to coumarins, the substitution pattern at the sulfocoumarins scaffold strongly 

influences the potency and selectivity profile against different human CA isoforms for 

this class of inhibitors.115,136-139 Indeed, in our previous reports115,137-139 we investigated a 

large series of sulfocoumarins bearing tetrazolyl, triazolyl or small moieties at position 6, 

which were shown to act as low nanomolar hCAIX/XII inhibitors, but do not inhibit hCAI 

and II. On the contrary, derivates bearing small substituents and benzyl esthers at the 7-

position of the scaffold act as low nanomolar hCAII inhibitors, but do not significantly 

inhibit hCAI, IX and XII.136 

6 

(b) 

(a) 

7 
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To date, sulfocoumarins incorporating bulky, flexible moieties at position 7 were not 

reported; thus, we performed the synthesis and evaluated the inhibition properties against 

four relevant hCA isoforms (hCAI, II, IX and XII) of a small series of 7-substituted 

sulfocoumarins bearing aryl-triazolyl moieties via a CH2O linker and synthesized by 

means of Click chemistry procedures (Scheme 4). 

 

 

Scheme 4. General synthetic scheme of compounds C2-C9 

 

The general strategy of Zalubovski’s group140,141 for the preparation of 6-substituted 

sulfocoumarins was recently validated for the synthesis of 7-substituted such derivates.140 

Reaction of 2,4-dihydroxybenzaldehyde C10 with benzylbromide afforded the benzyl 

derivate C11, which was treated with methanesulfonyl chloride followed by cyclization 

of the sulfonate C12, in presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), with 

formation of the racemic 4-hydroxy-7-benzyloxy-3,4-dihydrosulfocoumarin C13. The 

alcohol C13 was deprotected at the 7 position by hydrogenation, with formation of the 7-

hydroxy derivative C14, which by dehydration and alkylsulfonylation of the phenol group 

in presence of mesyl chloride led to C15. Hydrolysis of the methylsulfonate ester C15 in 

the presence of tetraethylammonium hydroxide led to the formation of 7-

hydroxysulfocoumarin C16, which was converted to the propargyl derivate C1 through 

reaction with the proper bromide (Scheme 5). Alkyne C1 was reacted with various freshly 

prepared arylazides (A26-A34, in common with the synthetic pathway of series A and B) 

in presence of copper(0) nanosized as catalyst128 to afford the 1,2,3-triazolyl derivates 

C2-C9 (Scheme 4). 
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Scheme 5. Synthesis of 7-propargyloxysulfocoumarin C1 

 

Sulfocoumarins C2-C9 were screened for the inhibition of four physiologically relevant 

human CA isoforms, the cytosolic hCAI and II and the trasmembrane tumor-associated 

hCAIX and XII. Table 1 shows inhibition data of sulfocoumarins C2-C9 and the 

sulfonamide acetazolamide AAZ (as standard inhibitor) against hCA I, II, IX and XII, 

after a period of 6 h of incubation of the enzyme and inhibitor solutions, which is used 

for assaying all sulfocoumarins as CAIs.  

The following SAR should be noted regarding the inhibition data of Table 4. 

(i) According to previous reports,115,136-139 isoform hCA I was not or poorly inhibited by 

sulfocoumarins C2-C9 investigated here. Compounds C3 and C6 are high micromolar 

inhibitors, whereas the remaining ones did not inhibit significantly the enzyme up until 

10 µM. 

(ii) The inhibition profiles shown by sulfocoumarins C2-C9 on the remaining three 

isoforms was quite surprising and unexpected. Indeed, although the 7-substituted 

sulfocoumarins reported earlier137 were effective and totally selective inhibitors for hCA 

II over the tumor-associated isoforms IX and XII, surprisingly derivates C2-C9 do not 

exhibit any inhibitory activity against the cytosolic isoform hCA II, but were low 

nanomolar inhibitors for the transmembrane isoforms (Table 4). It should be mentioned 

that the previously sinthesized derivates incorporated small moieties or benzyl esthers at 

the 7 position, whereas sulfocoumarins C2-C9 bear flexible and bulky aryl-triazolyl 

moieties via a CH2O linker. 
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Table 4: Inhibition data of human CA isoforms hCA I, II, IX and XII with sulfocoumarins 

C2-C9 reported here and the standard sulfonamide inhibitor acetazolamide (AAZ) by a 

stopped flow CO2 hydrase assay.135 

 

 

 
         KI (nM) 

 
 Compound  R  hCAI  hCA II  hCA IX      hCA XII

 
 C2   -  >10000 >10000 25.3  4.5 

 C3   3-Cl  2301  >10000 25.6  4.5 

 C4  3-Br  >10000 >10000 36.5  5.5 

 C5   3-OCH3 >10000 >10000 24.1  4.3 

 C6  4-F  984  >10000 26.8  5.5 

 C7  4-CF3  >10000 >10000 19.0  5.2 

 C8  4-OH  >10000 >10000 19.6  19.1 

 C9  4-COOH >10000 >10000 19.2  4.6 

 AAZ  -  250  12  25  5.7 

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 

% of the reported values). 

 (iii) As mentioned, the transmembrane isoforms hCA IX and XII were strongly inhibited 

by the new sulfocoumarins C2-C9, here reported, with KI values of 19.0-36.5 nM against 

hCAIX and 4.3-19.1 nM against hCAXII, respectively. These values were comparable 

with the clinically used sulfonamide AAZ (Table 4). The definition of a proper structure-

activity relationship (SAR) for hCA IX and hCA XII is not feasible, considering that all 

these compounds showed high and similar affinity for such these isoforms. Thus, the 

nature of the substituent R on the phenyl moiety has a weak influence on the inhibitory 

properties. On the contrary, these data demonstrate that the nature of the substituent at 

position 7 of the sulfocoumarins scaffold is a pivotal factor to address the selectivity 

profile of such derivates. 
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Therefore, unlike 7-substituted sulfocoumarins investigated earlier, which were potent 

and selective hCA II inhibitors and ineffective as hCA I, IX and XII inhibitors, 

compounds from this new series exhibit effective and selective inhibitory properties for 

the tumor-associated isoforms over hCAIX and XII. 

These results are of interest and highlight the need of an in-depth investigation of the 

inhibitory mechanism of such class of CAIs.  

 

The data and results of this research were published in Nocentini, A et al. J. Enzyme 

Inhib. Med. Chem. 2016, 31, 1226-33. The experimental procedures are reported in 

Chapter 4. 

 

3.2 Deciphering the mechanism of human Carbonic Anhydrase 

inhibition with sulfocoumarins (Serie D). 

 

As mentioned, the esterase activity shown by the α-CAs,2 recently allowed the discover 

of two novel classes of CAIs.115,117 In detail, the coumarins and their bioisoster 

sulfocoumarins represent two aromatic scaffold directly not able to inhibit the CA 

activity, but, on the other hand, showed to act as substrates for the esterase activity of the 

enzymes undergoing a CA-mediated hydrolysis. The formed cinnamic and sulfonic acids, 

respectively, inhibits the CAs. 115,117 The prodrug features of coumarin and sulfocoumarin 

were confirmed by the inhibitory activity registered after a 6h incubation time. 115,116,117 

The detailed reaction mechanism of the CA-mediated prodrug hydrolysis has not been 

established yet and its knowledge would be meaningfull to further design CAIs belonging 

to these prodrugs classes.  

In recent studies, we reported a variety of sulfocoumarins bearing electro-withdrawing 

(EW) or electro-donating (ED) groups at the 6- and 7- position, which showed different 

efficacy against the screened CA-isoforms. 136-140 The series of 6- and 7-substituted 

sulfocoumarins were implemented with compounds exhibiting groups endowed different 

electronic (EW or ED) or steric properties. 

The novel CA inhibitory profiles were integrated and compared with the previously 

reported ones. The inhibition profile of the benzo[e][1,2]oxathiine 2,2-dioxide arose as 

hard to rationalize by simple SAR study and pointed out a raising conviction that such an 
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isoform-selective efficacy might unlikely derive from simple enzyme-ligand interaction 

after the hydrolysis process, whereas it could pertain and involve the mechanism through 

which sulfocoumarin were hydrolysed by the different CAs esterase activity. 

 

Scheme 6. General synthetic procedure of sulfocoumarin D10-D12. 

 

 

Scheme 7. Synthetic procedure of sulfocoumarin D13-D14. 

 

The general strategy of designed by Zalubovski’s group and extended by us, as previously 

reported, 136-140 was exploited for the synthesis of the novel sulfocoumarins. Reaction of 

the proper 2-hydroxybenzaldehyde D1-D2 with mesyl chloride afforded the mesylates 

derivate D4-D6, which were treated with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 

with formation of the racemic 4-hydroxy-3,4-dihydrosulfocoumarin D7-D9 in mixture 

with their dehydration products D10-D12 (Scheme 7). The dehydration was concluded 

by treating the mixtures with POCl3 in pyridine. 7-NH2-sulfocoumarin D13 was obtained 

by reducing the correspondent nitro-derivative D12 with iron (0) and that was therefore 

converted to the chlorine compound D14 through Sandmeyer reaction with CuCl2 in 

presence of tert-butyl nitrite (Scheme 7). 

Sulfocoumarins D10-D14 were screened for the inhibition of four physiologically 

relevant human CA isoforms, the cytosolic hCAI and II and the trasmembrane tumor-

associated hCAIX and XII. The following SAR should be noted regarding the inhibition 

data of Table 5. 
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Table 5: Inhibition data of human CA isoforms hCA I, II, IX and XII with sulfocoumarins 

D reported here and the standard sulfonamide inhibitor acetazolamide (AAZ) by a 

stopped flow CO2 hydrase assay.135 

 

 

 
        KI (nM) a

 
 Compound R  hCAI  hCA II  hCA IX      hCA XII

 
 D10  H  >100000 >100000 432.2  69.5 

 6-NO2-sulfocoumarin b 92000  >100000 3770  3160 

 6-NH2-sulfocoumarin b 6780  8890  46.0  23.0 

 D11  6-Cl  >100000 >100000 136.3  89.5 

 D12  7-NO2  >100000 >100000 37.0  81.7 

 D13  7-NH2  >100000 >100000 33.5  38.4 

D14  7-Cl  >100000 >100000 33.7  60.9 

 AAZ  -  250  12  25  5.7 

 
a Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 % of the 

reported values). b From ref 115. 

 

(i) Not surprisingly, isoform hCA I and II were not significantly inhibited by 

sulfocoumarins D10-D14 investigated here up until 10 µM. 

(ii) Conversely transmembrane isoforms hCA IX and XII were strongly inhibited by the 

new sulfocoumarins D10-D14 in the low-medium nanomolar range, with KI values of 

33.5-432.2 nM against hCA IX and 38.4-89.5 nM against hCA XII, respectively.  

Considering the aforementioned hypothesis regarding the isoform-selectivity exhibited 

by sulfocoumarins, in the present study, we used the B3LYP hybrid density functional 

theory (DFT) to study and deduce the sulfocoumarin hydrolysis upon the CA esterase 

activity. 

Indeed, the computational studies represent a valid tool to provide insights into the 

enzymatic reaction mechanism, 142-147 The knowledge of such mechanism might further 

aid in the design of novel specific enzymatic modulators.  

 

6 

7 
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The ligand conformation present in the unique crystallographic structure of the 

sulfocoumarin/CA complex known to date (PDB ID 4BCW) 115 represents the final stage 

of the hydrolysis process. The sulfocoumarin is crystallized in the hydrolysed form, with 

the sulfonate anchored to the Zn(II) and hydroxide ions, and interacting with the NH of 

the Thr199 backbone. The phenol moiety establishes H-bond with Thr200 side chain.  

Quantum mechanics-based simulation (e.g. density functional theory, DFT) and the 

cluster approach, i.e. a simplified model system which enables to overcome the 

complexity of the enzyme overall142-146, was used to elucidate the catalysis pathway and 

the hydrolysis mechanism of the sulfocoumarin. 

The cluster model includes the essential elements involved in the reaction: (i) the Zn ion; 

(ii) the Zn-bound OH- (as present in the active form of the enzyme); (iii) three imidazole 

nuclei representative of the three side chains His residues; (iv) the truncated Thr199 

residue that established a H-bond with the sulfonate moiety; (v) an additional water 

molecule taken from the X-ray structure (only in the last two steps as described later). 

Docking simulation were used in order to position the not hydrolized sulfocoumarin into 

the binding cleft of the hCA II (pdb code: 4BCW). The docked pose was prepositioned 

in the model system, fully minimized at the DFT/B3LYP level of theory, LACVP* basis 

set, and then a transition state search with Jaguar was undertaken in the same experimental 

conditions. 

Starting from the fully minimized reactant and product structures, a guess at the transition 

state was built and optimized. Single point calculations have been carried out at the 

DFT/B3LYP level of theory, LACVP**+ basis set, and the nature of stationary points as 

true minima or first order saddle points was checked by frequency calculations and 

unscaled ZPE corrections were applied to the energy values. 

The reaction energy, computed as the difference between the product and reactant 

energies, was determined. In a similar fashion, the activation barrier was determined as 

the difference between the transition state energy and the energy of the reactants. 
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The CA esterase reaction that led to the hydrolysis of sulfocoumarin is a multistep process 

comprising four steps: 

 

Step 1: Nucleophilic attack of the hydroxide ion on the cyclic sulfonate (sulphur atom) 

and double bond protonation. 

 

Figure 26. Reaction path for the first step. Thr199 omitted for clarity 

The distance between the negative oxygen atom of the hydroxide present in the active 

form of the enzyme and the sulfonate ester sulphur atom (d= 3.87 Å) is proper to elicit a 

nucleophilic attack, which began the cycle opening alongside with the double bond 

protonation. This latter event is fundamental to offer the molecule the degree of freedom 

necessary to lose the planarity and ease the ring opening. The formed intermediate is a 

carbocation which was stabilized by resonance with the phenoxide ion deriving from the 

sulfonic ester.  

The activation barrier for the first step was calculated to be 36.77 kcal/mol 
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Step 2: Formation of the E geometric isomer, through intramolecular acid-base reaction. 

 

Figure 27. Reaction path for the second step. Thr199 omitted for clarity. 
 

The second step pertains the formation of the E geometric isomer. It is determined by a 

intramolecular acid-base reaction, where the phenoxide moiety act as a base to 

deprotonate the CH2 linked to the sulfur atom. The most energetically stable isomer (E) 

is formed.  

The activation barrier for this step was calculated to be 16.053 kcal/mol.  

 

Step 3: Entrance of an additional water molecule (pentameric zinc coordination pattern) 

 

 

Figure 28. Reaction path for the third step. Thr199 omitted for clarity. 

 

E-geometric 

isomer 
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The additional water molecule present in the built cluster model approaches the Zn ion, 

eliciting a reorganization of the coordination pattern components (imidazoles and 

sulfonate), by which an intermediate between a trigonal bipyramid (water oxygen and its 

opposite histidine nitrogen in apical positions) and a square pyramid (sulfonate oxygen, 

water oxygen, its opposite histidine nitrogen, and histidine nitrogen which forms a 2.15 

Å coordination bond defining the basal plane) is formed.  

The activation barrier for this step was calculated to be 0.373 kcal/mol. 

 

Step 4: Sulfonate exit and formation of the pseudo-tetrahedrical system  

 

Figure 29. Reaction path for the fourth step. Thr199 omitted for clarity. 

 

Finally, the sulfonate moiety slightly moves away from the Zn ion and the remaining 

components of the trigonal bipyramide rearrange forming a pseudo a tetrahedrical 

coordination system. The activation barrier for this step was calculated to be 9 kcal/mol. 

At least in the chosen model, the anchoring of the sulfonate to the coordinated water 

molecule does not allow it to totally depart from the inner part of the active site and restore 

the zinc bound hydroxide ion. Nevertheless, it could be possible that in the real active 

site, other residues and/or water molecules are involved to remove the product and 

deprotonate the coordinated water.  

A four-steps CA-mediated hydrolytic process was depicted for sulfocoumarins by means 

of QM computational methods applied to a cluster model of the CAs binding site. This 

study was carried out in collaboration with Prof. C. Bazzicalupi, University of Florence. 
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The transfer of hydrolysis reaction from the system model to the overall of CAs active 

sites is currently on going by means of mixed MM/QM methods. 

 

The experimental procedures are reported in Chapter 4. 

 

3.3 N-Nitrosulfonamides: a new chemotype for Carbonic Anhydrase 

inhibition (Series E). 

 

Nowadays the generally previous accepted theory148 that only unsubstituted sulfonamides 

may act as inhibitors has been extensively shown to be incorrect. If compared to the high 

number of tails appended at the aromatic ring incorporating the sulfonamide ZBG, 1-3,95,96 

only few modifications have been carried out on this group itself.149-152 Indeed this could 

seem counterproductive, considering that the negative charge on nitrogen and the 

presence of a proton on it themselves make this group the ideal ligand for CA, but on the 

other hand a such functionalization could lead to novel inhibition mechanisms.2 

It should be considered that secondary sulfonamides maintain the possibility to coordinate 

the Zn ion in the deprotonated form, as confirmed by X-ray crystallography. Di Fiore et. 

al demonstrated that N-hydroxy and N-methoxy sulfonamides are able to bind the Zn ion 

in the deprotonated form.152 An analogous inhibition mechanism has been identified for 

the cyclic secondary sulfonamide saccharin and its derivatives by several groups.153,154 

On the other hand, tertiary sulfonamides lose their acid peculiarity, paving the way to 

novel inhibition mechanism. Carradori et al 155-158 recently synthesized different series of 

tertiary sulfonamides, among which probenecid and saccharin derivatives, obtaining 

interesting and selective inhibition profiles, although the inhibition mechanisms of these 

compounds were not investigated yet in detail, as no X-ray crystallographic structures 

were obtained so far for adducts of these CAIs with various CA isoforms. 

Although few examples of N-nitro sulfonamide are present in literature,159,160 their CAs 

inhibitory properties have never been investigated and studied. Thus, it appeared to be 

stimulating to investigate a series of N-nitro aromatic sulfonamide, which showed strong 

as well as selective inhibitory activity on the tumor-associated isoform hCA IX over the 

cytosolic hCA II. In addition these derivatives were shown to inhibit the pathogenic 

fungal MgCA in the low micromolar range. 
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Scheme 8. General synthetic procedure for compounds E1-E8 

 

The rationale of this work relies on the salient features of the nitro moiety, a strongly 

electro-withdrawing (EW) group able to enhance the acidity of the sulfonamide, and thus 

the interaction with the positive zinc ion. Furthermore, it allows for two additional H-

bond acceptor atoms for possible interactions with active site residues.  

The general synthetic strategy reported by Minksztym159 for the chemoselective 

mononitration of aminosulfonamides (AS) has been applied and extended here (Scheme 

8). The strongly acidic reaction conditions deactivate the amino moiety against nitration 

ensuring the exclusive functionalization of the sulfonamide nitrogen. The presence of the 

amino group ensures the stability of the zwitterion adduct. In fact, in absence of a basic 

counterpart, the strong acid N-nitrosulfonamide is not stable and rapidly decomposes to 

the corresponding sulfonic acid releasing N2O.159 The presence of a basic function in such 

a molecule, not too distant from the substituted sulfonamide, stabilizes it through the 

formation of a zwitterion. The evidence for the formation of the zwitterion was found in 

the solid state by means of IR.159 

The synthesis was carried out treating the amino sulfonamides with NH4NO3 in 

concentrated H2SO4 (Scheme 8) and the obtained nitro derivatives were purified by means 

of crystallization in a polar solvent. The strong acidic character of the nitrosulfonamide 

reflects in the 1H NMR spectra, where the signals were located with the signals of residual 
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water contained in DMSO-d6. The 1H NMR spectrum the 4-(2-

aminomethyl)benzenesulfonamide N1-nitro derivative E5 further reveals  the presence of 

the zwitterion through a three protons broad signal at 8.19 ppm representing the 

ammonium positive moiety. In the case of 3-amino-4-hydroxybenzenesulfonamide A40, 

the more activated aromatic ring undergoes an additional nitration at the 5 position, 

affording derivative E7, which has two NO2 moieties in its molecule (Scheme 8).  

 

N1-Nitro sulfonamides E1-E8 were screened for the inhibition of the Malassezia globosa 

CA80 and two human (h) CA isoforms: the cytosolic hCA II and the tumor-associated 

hCA IX.  Table 6 shows inhibition data of compounds E1-E8 in addition to acetazolamide 

(AAZ) used as standard inhibitor and a clinically used drug. 

The following structure-activity relationship (SAR) can be extrapolated from the 

inhibition data shown in Table 6: 

(i) Most of the compounds of the series were efficient and selective inhibitors of the 

tumor-associated isoform hCA IX over the cytosolic one hCAII. Indeed, only derivatives 

E2, E6 and E8 exhibited low micromolar inhibitory activity against hCA II, whereas the 

remaining ones did not significantly inhibit the enzyme up to 50 µM inhibitor 

concentration. These data may suggest that the N-nitrosulfonamide group does not fit well 

within the hCA II active site, but the presence of some key elements on the molecular 

structure may improve the good contacts with the enzyme active site, thus leading to an 

increased inhibitory activity. Repositioning of the amino group in position 3 of the 

aromatic scaffold, a three carbon atoms alkyl substituent on the para amino moiety or the 

substitution of the benzene ring with the heterocyclic 1,3,4-thiadiazole, respectively 

contributed to make derivatives E2, E6 and E8 low micromolar inhibitors for hCA II (KI 

values spanning between 1.35 and 5.11 µM, Table 6).  
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Table 6: Inhibition data of human CA isoforms hCA II, IX, Malassezia globosa CA 

(MgCA) with N-nitrosulfonamides and the standard sulfonamide inhibitor acetazolamide 

(AAZ) by a stopped flow CO2 hydrase assay.135 

 

 

 

        KI (µM)

 
Compound  R   hCA II  hCA IX MgCA

 
E1   2-NH2   >50  0.42  0.66 

E2   3-NH2   5.11  >50  2.75 

E3   4-NH2   >50  8.19  0.71 

E4   4-N(CH3)2  >50  2.79  0.22 

E5   4-(CH2NH2)  >50  5.99  8.09 

E6       4-NHCH2C CH  1.35  2.00  3.49 

E7   -   >50  8.72  0.67 

E8   -   4.52  0.84   4.50 

AAZ     0.012  0.025  74.00 

 
* Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 

% of the reported values). 

(ii) As mentioned above, the tumor-associated isoform hCA IX was inhibited in the low 

micromolar range by all the new N1-nitro sulfonamides reported here with KIs ranging 

between 0.42 and 8.72 µM, with the exception of compound E2, which did not 

significantly inhibit the enzyme up to 50 µM inhibitor concentration. Thus, the peculiarity 

that enable derivative E2 as a micromolar inhibitor against hCA II, that is the amino group 

in meta position towards the N-nitro moiety, did not fit well within the hCA IX active 

site. Instead the analogue derivative incorporating an additional hydroxy and nitro group 

at the 4 and 5 positions of the benzene ring (derivative E7) acted as a micromolar inhibitor 

of hCA IX, with a KI of 8.72 µM. The definition of a proper SAR for hCA IX is not 

feasible at the moment, considering that the remaining derivatives showed similar 

affinities (Table 6). However, we can speculate that the presence of the aromatic amino 
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moiety in  position 2 with respect to the substituted sulfonamide or appended to a 

hetearomatic core is better tolerated within the active site cavity, as highlighted by the 

sub-micromolar KIs values of compounds E1 and E8. 

(iii) The fungal enzyme MgCA was effectively inhibited by all N-nitro sulfonamides E1-

E8 investigated here, with KIs ranging between 0.22 and 8.09 µM (Table 6). These values 

were from 10 to 300 times lower than the KI of the clinically used sulfonamide AAZ (KIs 

74.0 µM).80 The presence of small hydrophilic substituents at position 4 of the benzene 

ring (compounds E3, E4 and E7) positively influenced the MgCA inhibitory properties 

of this class of derivatives. Indeed, compounds E3 and E4, which incorporate at that 

position an unsubstituted or dimethyl substituted amino moiety, showed KIs of 0.71 - 0.22 

µM, whereas derivative E7, which incorporates a hydroxy moiety with an additional 

amino and nitro group in its ortho positions, showed a KI of 0.67 µM. Thus, all the N-

nitro sulfonamides reported here showed interesting inhibitory properties against this 

fungal enzyme, making them interesting candidates as lead molecules for fungal CAIs. 

Due to the promising inhibitory profile of the compounds E1-E8, computational 

investigations were undertaken in order to get more insight into the binding mode of the 

new class of CA inhibitors. 

Compouds E2, E3 and E8, chosen as representative of the overall series, were submitted 

to QM geometry optimization (B3LYP/6-31G*) and ESP charges computation prior to 

dock the molecules into hCA II (PDB 5JLT) and IX (PDB 3IAI)50 active site pockets. 

 

Figure 30. DFT-based geometry optimization. QM-ESP charges were derived  from a single 

point calculation (B3LYP/6-31G* level of theory)  
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Figure 31. Binding mode of N1-nitro derivate E2 and E8 within hCA II active site (a) and E3 and 

E8 within hCA IX binding site (b). 

 

Binding interaction mode of N-nitrosufonamides in hCAII (E2 and E8) and CAIX (E3 

and E8) was investigated by docking procedures using the calculated ESP atomic charges. 

Surprisingly, in none of the poses obtained, the negatively charged nitrogen atom of the 

sulfonamide group coordinates the Zn ion as expected. It is likely that the steric hindrance 

and,  mostly, the electronic properties of the nitro group prevent the canonical binding 

mode observed in other sulfonamide derivatives.  

Conversely the best pose obtained within both the II- and IX-CA active sites concerned a 

network of interactions not reported up to now. One of the negatively charged oxygen 

atoms of the nitro moiety coordinated the metal ion, whereas the other one acts as H-bond 

acceptor interacting with the NH of T199 backbone. This set of contacts was reinforced 

by an additional H-bond between one oxygen atom of sulfonamide group and Q92 side 

chain (Figure 31). The analogue set of interactions with a different ZBG positioning was 

found for E8 within hCA IX. The aromatic scaffolds establish additional hydrophobic 

contacts within the lipophilic cavity, whereas NH2 moieties are involved in H-bonds with 

the carbonyl group of Pro201. 

The series of N1-nitro aromatic sulfonamides, obtained by applying a selective 

sulfonamide nitration synthetic strategy153 was investigated for the inhibition of two hCA 

isoforms, the cytosolic hCA II and the transmembrane hCA IX, in addition to the fungal 

MgCA, reporting rather interesting inhibitory profiles and innovative binding mode 

according instead to computational studies. Therefore, the N-nitro sulfonamide moiety 

can be considered as a new chemotype for CA inhibition. Due to the ease of preparation, 

(b) (a) 
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additional series of derivatives should be prepared, in order to better understand the SAR 

for this under-investigated class of sulfonamides.  

Moreover, X-ray crystallographic studies are currently ongoing to validate the binding 

mode predicted by docking simulations. 

 

The data and results of this research were published in Nocentini, A et al. Bioorg. Med. 

Chem. 2016, 24, 3612-7. The experimental procedures are reported in Chapter 4. 

 

3.4 Structure-based evaluation of the binding mode of several 

chemotypes within the β-CA from the dandruff-producing fungi 

Malassezia globose (Series F, G, H, I). 

 

Dandruff represents a serious problem worldwide, being present in more than 50% of the 

population. It is characterized by an excessive shedding of dead skin cells from the 

scalp,161 leading to unpleasant and unesthetical consequences for the affected patient. 

This condition is triggered by several factors, including an increase in sebum production, 

irritation by pathogenic organisms, particularly fungi belonging to the genus Malassezia, 

as well as hereditary, susceptibility factors.161-162 Recently, inhibition of the β- CA found 

in these organisms was proposed as novel anti-dandruff strategies, using M. globosa as 

model organism.80 

Our group cloned and characterized MgCA,164 which was shown to be an effective 

catalyst for the physiologic reaction, CO2 hydration to bicarbonate and protons, and that 

its inhibition with sulfonamide containing compounds lead to growth defects of the 

fungus in vivo. Such results showed for the first time relevant anti-dandruff effects by 

targeting MgCA, which were equivalent to those of the standard azole drug 

ketoconazole.165 Our research group subsequently developed a different cloning and 

purification strategy for this enzyme,164 and showed that apart sulfonamides, anions and 

amino acids also constitute interesting modulators of its activity.163,164 However, one of 

the main drawbacks of this research was that few compounds tested so far showed an 

inhibitory efficacy with KIs under 100 nM (typically in the 60–90 nM range), and all of 

them were sulfonamides  which have permeability problems through biological 

membranes, and also may give rise to allergic reactions in some patients.164,165 Thus, 
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finding non-sulfonamide, effective CAIs targeting MgCA seems to be a challenge not 

very easy to address 

Hence, in the context of a project aimed to the identification of novel chemotypes for 

MgCA inhibition as anti-dandruff agents, we screened several hCAIs inhibitors present 

in our libraries. Moreover, we undertook a structure-based drug design program in order 

to investigate the interaction mode of such chemotypes within MgCA binding site.  

 

 

Figure 32. Sequence alignment of MgCA (target) and Can2 (PDB file 2W3N) 21 used as template. 

Asterisk marks identical amino acid residues. Residues with similar properties are marked with 

the sign ‘‘:”. In bold and underlined are the zinc ion ligands. The insertions or gaps in the sequence 

of Can2, file 2W3N, did not influence the secondary structures of the two proteins. 

 

Since the 3D structure of MgCA is not available, we built by homology a model taking 

as template the X-ray crystal structure of Can2, the β-CA from Cryptococcus 

neoformans.21 The sequence alignment from Figure 32, shows the conservation degree 

between MgCA and Can2. The residues which coordinate the catalytic zinc ion in MgCA, 

C47, H103, and C106, corresponds to C68, H124, and C127 in Can2. The fourth 

coordination site is occupied by a water molecule. Other important residues of the active 

site are conserved in the two enzymes (D49, R51, Q38, F66, F88 corresponding to C. 
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neoformans residues D70, R72, Q59, F87, Y109). The alignment of the Can2 residue 

Y109 corresponds to F88 in MgCA.  

Figure 33 reports the obtained MgCA homology model. The GMQE (Global Model Quality 

Estimation) score of 0.68 reflected a good quality of the model. Details on the homology 

built procedure are reported in Chapter 4. 

 

Figure 33. MgCA homology model coloured by Local Quality Score (Orange: 0.0 – Blue: 1.0). 

 

Several chemical scaffolds were taken into account as new chemotypes to be evaluated 

for their inhibitory profile against MgCA. In the following paragraphs four series of 

compounds will be described, namely DTCs, MTCs, phenols and benzoxaboroles. 

 

Series F: Dithiocarbammates (DTCs) 

 

The dithiocarbammates (DTCs) were found rather recently to act as zinc-binding CAIs, 

by using a combination of structure-based crystallographic and kinetic drug design 

approach.101 The CS2 moiety present in these compounds was shown to coordinate to the 

Zn(II) ion from the enzyme active site of human isoform hCA II, whereas the organic 

scaffold of the inhibitor participated in various favourable interactions with amino acid 

residues from the cavity.  
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A series of DTCs, which were reported earlier by our group as hCAIs, were investigated 

as inhibitors of MgCA.101,102 

 

Table 8. Inhibition of the human isoforms hCA I and II, and the fungal enzyme MgCA 

with DTCs F1–F21, and acetazolamide (AAZ) as standard drug, by a stopped-flow CO2 

hydrase assay.135 

      

No R    R1    KI (nM)* 

       hCA I  hCA II  MgCA 

F1 Me2N(CH2)2   H  85.9  35.8  2980 

F2 HO(CH2)3   H  706  41.7  3190 

F3 HO(CH2)4   H  295  24.3  6235 

F4 HO(CH2)5   H  66.5  17.3  383 

F5 Quinuclidin-3-yl  H  494  48.7  643 

F6  (R)-Quinuclidin-3-yl  H  240  18.9  490 

F7 (S)-Quinuclidin-3-yl   H  615  65.9  724 

F8  -(CH2)5-    252  30.1  773 

F9  -(CH2)3-CH(OH)CH2-   428  60.7  678 

F10  -(CH2)4-CH(COONa)-  485  80.1  2400 

F11  -(CH2)3-CH(COONa)CH2-  290  45.4  718 

F12  (R) -(CH2)3-CH(COONa)CH2-  496  80.5  577 

F13  (S) -(CH2)3-CH(COONa)CH2-  109  8.9  929 

F14  -(CH2)2-CH(COONa)(CH2)2-  337  78.7  556 

F15  -(CH2)3-CH(NHAc)CH2-  910  47.9  885 

F16  -(CH2)3-CH(NHBoc)CH2-  683  13.2  644 

F17  -CH(Me)CH2-O-(CH2)2-  434  60.2  660 

F18 -CH(COONa)CH2-O-(CH2)2-   84.7  78.5  4745 

F19 -(CH2)2N(CH2CONHC6H11)(CH2)2-  415  67.2  801 

F20 Ph(CH2)2   H  425  107  4625 

F21 H2NO2SC6H4(CH2)2  H  97.5  48.1  914 

AAZ  -   -  250  12.1  74000 

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of 

 5-10 % of the reported values) 

Two strong and one weak inhibitors from Table 8, i.e., compounds F4, F6 and F20, were 

selected as representative of the overall synthesized DTCs and docked within the 
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homology model built for MgCA (Figures 34). The compounds were all predicted to bind 

to the zinc ion with one sulphur atom of the dithiocarbamate moiety positioned in the 

fourth coordination site, since this binding mode has been observed for DTCs complexed 

to α-CAs, by means of X-ray crystallography (Figure 12). The coordination bond was 

observed to be reinforced by two H-bonds formed by a second sulphur atom and the 

residues S48 (chain B) and Q38 (chain A) (it should be stressed that MgCA is active as a 

homodimer, similarly to all β-CAs). The aliphatic tail of derivative F4 was observed to 

establish additional hydrophobic interactions with V71, L136, L132 (chain B) and F88 

(chain A), whereas its hydroxyl moiety was in H-bond distance with the backbone 

carbonyl group of S84 (chain A) (Figure 34a).  

 

 

Figure 34. Compounds F4 (a), F6 (b) and F20 (c) docked within the homology model built for 

MgCA. Monomers A and B of the enzyme are coloured in blue and green, respectively. 

The quinuclidine scaffold of compound F6 was observed to establish hydrophobic 

contacts with the same lipophilic residues mentioned above for DTC F4, whereas the 

positively charged amino function is involved in a π-cation interaction with F88 of chain 

(b) (a) 

(c) 



CHAPTER 3. SBDD APPROACHES, SYNTHESIS AND BIOLOGICAL EVALUATION OF CARBONIC ANHYDRASE INHIBITORS  

 

65 

 

A (Figure 34b). Despite the hydrophobic interactions with V71, L132 (chain B) and F88 

(chain A), derivative F20 showed a conformational strain within the catalytic cleft, 

determined by the phenethyl group which was not able to properly fit within the tight 

binding area of the active site (Figure 34c). This strain also affected the coordination bond 

of the dithiocarbamate moiety with the zinc ion, explaining its reduced inhibitory 

properties against MgCA compared to the other two inhibitors (Table 8).  

The data and results of this research were published in Vullo, D. et al. Bioorg. Med. Chem. 

2017, 25, 1260-1265. 

 

Series G: Phenols 

 

We continue our interest in finding alternative CAIs targeting MgCA by considering a 

panel of phenols, which were evaluated as inhibitor of MgCA (Table 9). 

Docking simulation were performed to unveil the interaction mode of phenols within the 

fungal enzyme. Differently from dithiocarbamates and sulfonamides, phenols belong to 

the second class of CAIs and bind to hCA II by anchoring to the zinc-bound water/ 

hydroxide ion109 that, together with the nitrogen atoms from H94, H96, H119, defines the 

tetrahedral coordination of the metal ion. (Figure 15a). Hence, the homology-built model 

of MgCA was integrated with the 3D coordinates of the Zn coordinated water molecule 

in 2W3Q and used as target for docking experiments. 

The computations were able to highlight a rather interesting inhibitory mechanism of 

phenols against the fungal enzyme MgCA. 

Indeed, all derivatives were predicted to anchor to the catalytic cleft establishing a wide 

network of H-bonds, as observed in the hCA II – phenol G1 complex X-ray crystal 

structure. The computations were done at pH of 7.4 ± 1.  At this pH value, all phenols are 

neutral except G9. The pKa value for this compound was found to be 7.86, thus making 

equilibrium with the phenoxide ion possibile.  
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Table 9: Inhibition data of MgCA, hCA I and II with phenols G1-G22 and the standard 

sulfonamide inhibitor acetazolamide (AAZ) by a stopped flow CO2 hydrase assay.135 

 

___________________________________________________________________________________ 

Phenol  R     KI (µM)* 

       MgCA  hCA I  hCA II 

_________________________________________________________________________ 

G1  H   65.0  10.2  5.5 

G2  2-OH   7.0  >100  5.5 

G3  3-OH   6.1  >100  9.4 

G4  4-OH   6.3  10.7  0.1 

G5  2,4-OH  7.4  >100  >100 

G6  3-NH2   3.9  4.9  4.7 

G7  4-NH2   32.0  >100  >100 

G8  4-NHCOCH3  2.5  10.0  6.2 

G9  4-CN   0.7  >100  0.1 

G10  2-COOH  6.6  9.9  7.1 

G11  4-COOH  4.9  9.8  10.6 

G12  4-CH2OH  6.1  68.9  95.3 

G13  3-NH2-4-Cl  44.9  6.3  4.9 

G14  4-NH2-2-Cl  >100  57.8  57.5 

G15  2,5-F   29.7  >100  >100 

G16  3,5-F   8.8  38.8  33.9 

G17  2,4,6-F   36.4  >100  >100 

G18  4-COOH-2-OH 6.5  1.1  0.5 

G19  2-COOH-3-OH 5.9  5.7  5.2 

G20  2-COOH-4-OH 4.5  4.2  4.1 

G21  4-(HOOCCH=CH) 3.3  1.1  1.0 

G22 2-OH-4-(HOOCCH=CH) 0.6  2.4  1.6 

AAZ -    74.0  0.25  0.012 

________________________________________________________________________ 

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 

% of the reported values) 
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Figure 35. (a) Schematic representation of the binding mode of phenol G1 into the MgCA active 

sites. (b) Hydrophobic surface of binding site receptor area; hydrophobicity increases from blue 

to brown. 

Docking experiment pointed out that the OH function acted as H-bond donor towards the 

Zn2+ bound hydroxide group which, in turn, was further stabilized by an additional 

hydrogen bond to the OD2 of B:D49. Moreover, common to all studied derivatives, an 

OA-O hydrogen bond was observed between the side chain hydroxyl group of B:S48, 

acting as donor, and the oxygen atom of the hydroxyl in position 1. The aromatic moiety 

accommodated in a hydrophobic cavity delimited by A:F66, B:V71 and B:L132 (Figure 

35a). This positioning was strengthened by π-π (face to face) and π-alkyl interactions with 

the side chains of A:F88 and A: V71, respectively, which sandwiched the aromatic 

portion. Substituted phenols displayed some additional interactions, both within the 

hydrophobic cleft and the catalytic cavity, which improved the inhibitory effectiveness 

as clearly shown by the data in Table 9. 

  

(b) (a) 
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Figure 36. Simulated binding modes of compounds (a) G6, (b) G5, (c) G16 within MgCA active 

site. Monomer A and B are coloured blue and green, respectively. 

Compounds G1, G5, G6, G8, G9, G12, G16 were taken as representatives of the tested 

phenol derivatives due the chemical features and size of the substituents appended at the 

aromatic ring. The aminic function of compound G6 was predicted to orient towards 

A:S84 forming a bifurcated hydrogen bond O…(H1-N, H2-N) with the backbone 

carbonyl of the residue (Figure 36a). Also the derivative G5 formed a three-center 

hydrogen bond involving the Zn2+ bound hydroxide group as acceptor and the hydroxyl 

in position 1 and 2 as donor groups (Figure 36b). Both fluorine atoms of compound G16 

established favorable halogen hydrophobic interactions with A:S84 and B:G107 (Figure 

36c). This latter residue was also in H-bond distance with the hydroxymethyl group of 

compound G12 (Figure 37b).  

The aromatic rings of derivatives G8, G9 and G12, bearing slightly bulky substituents in 

position 4, oriented in a slightly different way than those of the other studied compounds 

(Figure 37a). This reflected on a greater distance from the side chain of A:V71 and in a 

weakening of the π-alkyl interaction. However, the acetamidic and cyano groups of G8 

(b) (a) 

(c) 
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and G9 were able to go more in depth within the area of the hydrophobic pocket lined by 

residues B:L132, B:L136, B:A111 and B:G107 (Figure 37b). It is likely that substitutions 

of the aromatic ring with groups able to fit better this area leads to an improved inhibitory 

activity for this series of derivatives.  

 

Figure 37. (a) Schematic representation of the aligned derivatives G5, G6, G8, G9, G12, G16 in 

the hydrophobic pocket and (b) simulated binding modes of compounds G8, G9, G12 within 

MgCA active site. Monomer A and B are coloured blue and green, respectively.  

 

The data and results of this research were published in Entezari, H. Y. et al. Bioorg. Med. 

Chem. 2017, 25, 2577-2582. 

 

Series H: Monothiocarbammates (MTCs) 

 

Monothiocarbammates (MTCs), 104 derivatives of the DTCs (Series F), were also 

investigated and their inhibitory profile against MgCA compared to the one previously 

reported against hCA I and II. 104 Similarly to DTCs, MTCs possess a zinc-binding group 

which may coordinate effectively to the catalytical metal ion from the MgCA active site. 

 

 

 

 

 

 

(b) (a) 
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Table 10. hCA I, II and MgCA inhibition data with MTCs H1-H15 by a stopped-flow 

CO2 hydrase assay.135 

 

No.         KI * 

  R  R1         hCA I (nM)   hCA II(nM) MgCA(µM) 

 

H1  H     CH2CH2(3,4-di-MeO–C6H4) 891  26.7  14.1 

H2  H CH2CH2Ph   >2000  43.7  18.9 

H3  H   -N(CH2CH2)N(CH3)CH2CH2- >2000  35.0  7.81 

H4  n-Pr  n-Pr   >2000  46.7  1.85 

H5  n-Bu  n-Bu   909  >2000  7.52 

H6  i-Bu  i-Bu   681  43.0  8.61 

H7  Et  n-Bu   700  >2000  5.26 

H8  Me  CH2COOEt  827  44.5  9.16 

H9  Me  CH2Ph   >2000  >2000  7.61 

H10  –(CH2CH2)–O–(CH2CH2)–  569  >2000  7.65 

H11  –(CH2CH2)–NH–(CH2CH2)–  876  22.4  7.41 

H12 –(CH2CH2)–N(4–F–C6H4)–(CH2CH2)– 895  46.8  8.33 

H13 –(CH2CH2)–N(4–CF3–C6H4)–(CH2CH2)- >2000  43.6  4.22 

H14 –(CH2CH2)–N(3–Cl–C6H4)–(CH2CH2)– 686  >2000  15.9 

H15 –(CH2CH2)–N(CH2CONHC6H11)–(CH2CH2)– 949  45.9  6.13 

AAZ       250  12  74 

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 

% of the reported values). 

Docking simulations were performed to elucidate the binding mode of MTCs within the 

MgCA active site. Four inhibitors from Table 10 (compounds H2, H8, H9 and H10) 

endowed with acceptable inhibitory properties and a varied structure were selected as 

representatives of the synthesized MTCs. These derivatives were submitted to quantum 

mechanics optimization (B3LYP/6–31G) in order to compute the charge distribution and 

optimal geometry, prior to dock the molecules into the homology- built model of MgCA. 

According to previously reported evidence,104,166 points of high electron density surface 

are located close to the sulfur atom of the MTC (as in the DTCs previously investigated). 

The lowest energy docking solutions suggest that the fourth Zn coordination position can 

be occupied either by sulfur or oxygen atoms of the MTC inhibitor. However, based on 
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the findings obtained by QM calculations (Figure 38a) and on the previous spectroscopic 

and crystallographic studies,166 which agreed in indicating that the negative charge 

distribution is mainly localized on sulfur, poses were selected in which the sulphur atom 

binds in tetrahedral coordination geometry to the catalytic zinc ion from the enzyme 

active site.  

 

Figure 38. (a) ESP atomic charges of H2 derived from a B3LYP/6–31G. Red colour represents 

negative values of the electrostatic potential (b) Schematic representation of the binding mode of 

MTCs into the MgCA active site. 

The oxygen atom of the MTC moiety was, on the other hand, found in H-bond distance 

from residues S48(B) and Q38(A), depending on the selected pose (Figure 38b). The 

scaffold fragments of the four derivatives accommodate into a hydrophobic pocket 

defined by residues from both monomers. π–π interactions occur between the phenyl 

moieties of derivatives H2 and H9 and the side chain of F88(A). The benzyl and 

phenethyl tails of these derivatives were further stabilized by the π-alkyl interactions 

established with the aliphatic side chain of V71(B) and L132(B) (Figure 39a). These same 

three residues and L136(B) were involved in hydrophobic interactions with the ethyl 

group of the ester function of H8 (Figure 39b). CH-π interactions were also observed for 

the N-methyl group of the zinc-binding group moiety of H8 and H9 and the side chains 

of F66 and L93 from monomer A. Alkyl- and π-alkyl interactions were also observed for 

the morpholine ring of H10 and the side chains of V71(B) and F88(A), respectively 

(Figure 39c). Compared to the predicted binding mode of DTCs, which form H-bond with 

both S48 (chain B) and Q38 (chain A) residues, the oxygen atom of the MTC was able to 

bind only to the side chain OG atom of S48 or NE2 atom of Q38. Hence, it is reasonable 

to hypothesize that the shorter length of the CO bond (1.25 Å) compared to that of the CS 

(a) (b) 
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(1.75 Å) may contribute to the generally worse inhibitory profile of MTCs compared to 

DTCs. 

 

 

 

Figure 39. Docked orientations of compounds H2 and H9 (a); H8 (b) and H10(c) within MgCA 

active site. Monomer A and B are coloured blue and green, respectively. 

The data and results of this research were published in Nocentini, A. et al. J. Enzyme 

Inhib. Med. Chem. 2017, 32, 1064-1070. 

 

Series I: Benzoxaboroles. 

 

The last chemotype we investigated against MgCA was the benzoxaborole one. 

Benzoxaboroles were recently validated as efficient new and alternative class of CAIs, 

presenting interesting inhibition properties and a completely new binding mode to the 

hCA II active site.  

(b) 

(c) 

(a) 
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Figure 40. General structure of benzoxaborole I1 and its tetrahedral derivative I1-T. 

Two alternative ligand binding modes were found within the binding cleft of hCA II, both 

referring to the tetrahedral derivative I1-T.167 Figures 41b and 41c show the details of the 

two possibile coordination modes of I1-T to the catalytic zinc ion. 

 

Figure 41. (a) σA-Weighted |2Fo-Fc| map relative to the inhibitor molecule in the hCA II/I1 

adduct. The two possible coordination modes of the inhibitor are depicted. The zinc ion 

coordination is drawn in black for the histidines, in blue for binding mode A and in orange for 

binding mode B. (b) Details of the interactions of inhibitor I1 with the enzyme active site in 

binding mode A. (c) Details of the interactions of inhibitor I1 with the enzyme active site in 

binding mode B.  

In this contest, we screened the previously reported benzoxaboroles, 167 i.e. mainly ureas 

and thioureas, for the inhibition of MgCA and additionally against two other fungal β-

CAs, Can2 and CgNce103,75,77 by means the Stopped-Flow technique.135 

(b) 

(c) 

(a) 

6 
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Table 11. Inhibition data of hCA I, hCA II and β-CA isoforms, MgCA, Can2 and 

CgNce103 with benzoxaboroles I1-I23 and Tavaborole and the standard sulfonamide 

inhibitor Acetazolamide by a stopped flow CO2 hydrase assay.135 

 
  KI (nM)* 

Cmpds R= MgCA Can2 CgNce103 hCA I hCA II 

I1 H 109130 174 260 5690 8180 

I2 NO2 91276 88 89 6352 504 

I3 NH2 44603 93 244 9435 590 

I4 NHCONH-CH2Ph 58214 602 201 557 439 

I5 NHCONH-CH2-(3-

Cl,5-CH3-Ph) 

86833 400 79 570 276 

I6 NHCONH-Ph  63687 81 86 654 730 

I7 NHCONH-(4-Cl-Ph)  77855 92 81 3465 707 

I8 NHCONH-CH2-2-furyl 55637 283 96 613 841 

I9 NHCONH-(4-F-Ph) 76193 78 75 235 480 

I10 NHCONH-(4-CF3-Ph) 73614 84 96 487 456 

I11 NHCONH-(2,4,6-Cl-

Ph) 

98557 73 81 450 272 

I12 NHCONH-(2-OMe,5-

CH3-Ph) 

71221 248 78 98 89 

I13 NHCONH-(4-COCH3-

Ph) 

62187 65 203 288 797 

I14 NHCSNH-CH2CH2Ph 22531 676 467 639 1547 

I15 NHCSNH-(4-CH3-Ph) 24906 181 89 318 1253 

I16 NHCSNH-napht-2-yl 30625 573 339 548 1148 

I17 NHCSNH-(4-OCH3-

Ph) 

28765 89 86 514 1250 

I18 NHCSNH-(4-NO2-Ph) 8675 79 96 385 >10000 

I19 NHCSNH-CH2Ph 5346 537 334 380 1305 

I20 NHCSNH-(4-F-Ph) 30100 86 86 355 1500 

I21 NHCSNH-CH2-2--furyl 6095 236 229 258 2230 

I22 NHCSNH-(4-CF3-Ph) 49762 275 112 417 1838 

I23 NHCSNH-Ph 21319 198 97 532 1625 

Tavaborole 99022 89 72 2015 462 

Acetazolamide 76000 10 11 250 12 
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* Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 % of the 

reported values). 

Molecular modelling investigations were undertaken to in-depth investigate the 

interesting inhibitory profiles of the benzoxaboroles against the β-CAs from Malassezia 

globosa (MgCA) and Cryptococcus neoformans (Can2). A common feature of the studied 

compounds is the presence of the benzoxaborole core functionalized in position 6 by 

groups with different size and chemical properties. As the tetrahedral anionic form of 

benzoxaboroles was found to coordinate the hCA II zinc ion, the charged hydroxylated 

(e.g B(OH)2
-) forms of some representative derivatives in Table 11 were submitted to QM 

geometry optimization (B3LYP/6-31G*+) and ESP charges computation prior to dock the 

molecules into the homology-built model of MgCA and into the X-ray solved structure 

of Can2 (PDB 2W3N). The active pockets of these enzymes comprise residues from the 

two monomers (chain A and B) and share many common features, as well as some 

differences that modulate the inhibitory activities of the benzoxaboroles against the two 

fungal isoforms (Table 12). 

Table 12. Non-conserved residues in MgCA and Can2 within 6Å from the benzoxaborole 

core 

MgCA Can2 

A:S84 A:A105 

A:T87 A:N108 

A:F88 A:Y109 

A:A92 A:N113 

A:L93 A:V114 

B:S48 B:A69 

B:S105 B:G126 

B:V109 B:C130 

B:A110 B:I131 

B:H135 B:Y152 

 

Differently from the zinc-coordination geometries found in the X-ray structures of hCA 

II-benzoxaborole adducts, findings from docking within the MgCA and Can2 only 

revealed that the boron-bonded OH of derivatives in Table 11 occupied the fourth 

coordination position, so defining the tetrahedral coordination sphere of the Zn ion 
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(Figure 42). The coordination environment of the catalytic metal ion is completed by the 

side chains of two cysteine and a histidine residues (i.e. MgCA: C47, H103 and C106; 

Can2: C68, H124 and C127). 

The tendency of inhibitory efficacy of derivatives in Table 11, two orders of magnitude 

greater for Can2 than MgCA, is likely to depend on the different network of H-bonds to 

which the anionic form of the boronic ester moiety takes part. This network includes, 

together with others, residues that are mutated in the two enzymes and in particular 

B:S48/A69 and A:F88/Y109 (Table 12). Within the MgCA binding site (Figure 42a) the 

Zn-coordinated OH group was involved in three H-bonds, acting as bifurcated acceptor 

in the interaction with the backbone NH of B:G107 and B:G108 and as donor with the 

OD of B:D49. The second hydroxyl group was in H-bond distance with A:Q38 (O…HE), 

whereas the cyclic boronic ester oxygen accept the HG hydrogen atom from the B:S48 

side chain (Table 13). In addition to this set of interactions, the molecule is further 

stabilized by face to face π-π and π-alkyl interactions occurring with the side chains of 

A:F88, B:V71 and B:L132.  

 

Figure 42. Docking orientations of benzoxaborole I1 within (a) MgCA and (b) Can2 active sites. 

Monomer A and B are coloured light blue and green (MgCA) and blue and orange (Can2), 

respectively. H-bonds and π-π interactions are highlighted by yellow and blue dashed lines, 

respectively. 

 

 

 

 

(a) (b) 
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Table 13 Hydrogen bonds between benzoxaborole and β-CA isoforms MgCA and Can2 

 

   MgCA      Can2  

atoms     d(H…A) (Å)            atoms   d(H…A) (Å)

 

 
O1…HN B:G107  2.3 O1…HN B:G129   2.8 

O1…HN B:G108  2.8 O1-H…OD B:D70   2.8 

O1-H…OD  B:D49  3.1 O2…HH B:Y109   2.2 

O2… HE A:Q38  2.1 O2…HN B:G128   2.8 

O3…HG B:S48  2.5 O2…HE A:Q59   2.7 

    O2-H…OD B:D70   2.4 

    O2…HA B:G128   2.9 

O3…HE A:Q59   2.3 

 

The two residues mutation modifies the chemical features and the size of the Can2 

binding pocket which in turn cause a different position of the benzoxaborole scaffold if 

compared to what observed in MgCA (Figure 42b). The Zn-coordinated OH group mostly 

holds the same interactions described for the MgCA, whereas the second OH is H-bonded 

to the B:D70 (OH…OD) to which it donates the proton while accepts the HH and HE 

hydrogens from the B:Y109 and A:Q59, respectively. Additionally it gives rise either to 

conventional and non-conventional H-bonds with B:G128. The A:Q59 side chain donates 

the hydrogen HE to the cyclic boronic ester oxygen (Table 13). The aromatic portion of 

the ligand is sandwiched between the hydrophobic surface of B:Y109 on one side and 

B:V92 on the other, establishing π-π and π-alkyl contacts.  

The set of interactions described above applies to the benzoxaborole core of all the studied 

derivatives. Results from docking within MgCA indicate that the pendants at position 6 

point out towards the outer part of the binding site and all give rise to almost the same 

kind of interactions with the residues of the enzymatic counterpart (Figure 43a). This is 
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consistent with the inhibitory profile of derivatives in Table 11 that, as a matter of fact, 

do not vary considerably throughout the set of the synthesized compounds.  

 

Figure 43 (a) Predicted binding modes of (a) I2 (light blue) and I6 (green), within MgCA active 

site. The nitro group of I2 established lipophilic contacts with B:A111, B:L132 and B:G107. The 

ureido group of I6 was involved in three-centre H-bond with B:G107. Predicted binding modes 

of (b) I2 (light blue), I6 (green), I23 (yellow) and (c) I4 (orange), I11 (purple), D13 (blue) within 

CAN2 active site. Monomer A and B are coloured light blue and green (MgCA) and blue and 

orange (Can2), respectively. H-bonds and π-π interactions are highlighted respectively by yellow 

and blue dashed lines. 

Conversely, because of the orientations adopted by the benzoxaborole scaffold within 

Can2, the substituents in position 6 accommodate in an area lined by the residues A132, 

Q136, L149, V150, L153, I157, all belonging to the chain B (Figures 43b-c and 44). The 

NO2 and NH2 groups of derivatives I2 and I3, as well as Tavaborole, just face to this 

hydrophobic cleft (Figure 44). Instead, the aryl ureido/thioureido moieties of the 

remaining derivatives accommodate deeper into the hydrophobic pocket and their 

aromatic portions establish extensive van der Waals interactions with the surrounding 

residues (Figures 43b-c and 44). Within this pocket I13 positions its acetyl group at 

hydrogen bond distance from B:Q136. Due to the presence in I4 of the CH2 spacer 

between the urea and the aromatic tail, the position of this latter slightly differs from that 

(c) 

(a) (b) 
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of the other derivatives, moving away from the hydrophobic pocket and thus losing 

stabilizing interactions (Figure 43c). The replacement of the urea oxygen with a sulphur 

atom (I23) did not substantially modify the pose assumed by the compounds.   

 

Figure 44 Schematic representation of the binding mode of 6-substituted benzoxaboroles into the 

CAN2 active site. 

 

The data and results of this research were published in Nocentini, A. et al. ACS Med. 

Chem. Lett. 2017 DOI: 10.1021/acsmedchemlett.7b00369 

Concluding, the variety of hCAIs described in paragraph 3.4, all present in our libraries 

and belonging to different chemotypes, were screened as inhibitors of the β-CA from the 

fungus Malassezia Globosa. A homology model of MgCA was built using the crystal 

structure of Can2 as template in order to evaluate the binding mode of such chemotypes 

within MgCA. The large series of benzoxaboroles was tested additionally as inhibitors of 

CgNce103 and Can2 and their binding mode in this latter evaluated by means of 

computational investigations. 

The SBDD binding mode evaluation carried out to rationalize the inhibitory profile 

exhibited by four different chemotypes toward MgCA (also Can2 and CgNce103 for 

benzoxaboroles) shed light on the ligand/target interactions established at the molecular 

level and represents a starting point to further the research of non-sulfonamide, effective 

CAIs targeting MgCA or different fungal isoforms. 
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3.5 Nitrogenous bases-bearing benzenesulfonamides as Carbonic 

Anhydrase IX inhibitors (Serie J). 

 

Isoform IX (hCA IX) represents a validated anticancer drug target recognized as a marker 

of tumor hypoxia and prognostic factor for several types of cancers. In tumors, the activity 

of extracellular hCA IX, whose expression is strongly induced by hypoxia via the hypoxia 

inducible factor-1α (HIF-1α), maintains the external pH, supporting an acidic 

extracellular microenvironment suited for hypoxic tumor cell survival and proliferation, 

but detrimental to normal cells.2,48-54  Since hCA IX plays a crucial role in pH regulation 

in several tumors (e.g. breast, brain, colorectal, etc.) and expression is limited in normal 

tissues, this isozyme has become an attractive target for the design of antineoplastic 

therapies, as recently proposed by many groups.53 Hence, it is not surprising that hCA IX 

has been the main focus of the last decade of research over other hCA isoforms.  

The purine and pyrimidine scaffolds are among the most abundant N-based heterocycles 

in nature and have been involved in many metabolic and cellular processes.168,169 The 

pyrimidine and purine moieties are considered privileged structures in drug discovery 

with a wide array of synthetic accessibility and ability to confer drug-like properties to 

the compound libraries based on them.168-171 Thus, nitrogenous bases such as uracil and 

adenine are components of a number of useful drugs and are associated with many 

biological, pharmaceutical, and therapeutic activities.168-171 In particular, pyrimidine and 

purine were widely used as anti-tumor pharmacophores in medicinal chemical research, 

considering their ability to interfere with DNA function in diverse manners. 168,169 

Modified pyrimidine nucleosides were among the first chemotherapeutic agents 

introduced into the medical treatment of cancer.170 Antiviral and anti-tumor actions are 

two of the most widely reported activities of uracil analogues.168 Moreover, many 

pyrimidine-like scaffolds have been developed that exhibit potent anti-tumor cytotoxic 

activity in vitro against different human cell lines, interfering with DNA synthesis in the 

case of tumors or RNA/DNA synthesis in antiviral activity.171 
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Scheme 9. General synthetic procedure for uracil derivatives J3-J12. 

 

 

Scheme 10. General synthetic procedure for adenine derivatives J15-J29. 

 

Hence, we report two novel series of derivatives combining the benzenesulfonamide ZBG 

pharmacophore with uracil and adenine scaffolds.  

The rationale of the presented work is the incorporation of the purine/pyrimidine 

pharmacophore as the tail of a classical CAI with a benzenesulfonamide ZBG scaffold. 

Uracil and adenine moieties were used to modulate the interaction with the different CA 

isozymes and exploit their intrinsic anti-tumor effect in parallel and synergic to the 

inhibition of hCA IX. Indeed, molecular hybridization, which covalently combines two 
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or more drug pharmacophores into a single molecule, have proven to be an effective tool 

for designing novel entities as potent antitumor agents.172-174 It should also be stressed 

that such scaffolds confer drug like properties to the compounds in which they are present 

and exhibit enhanced solubility in water due to their polar nature.168 

The uracil and adenine moieties were incorporated at various positions of the 

benzenesulfonamide scaffold by means of different length spacer of the ether, amide and 

its bioisoster triazole types, to elicit diverse positioning of the purine and pyrimidine 

groups within the CAs binding pockets. The bioisosteric amide/triazole substitution was 

pursued due to the anticancer activity of 1,2,3-triazoles and their derivatives reported in 

the literature in addition to the in vivo stability of this linker.175 It should be stressed that 

uracil and adenine were appended at the compounds’ tails through the N1 and N9 

moieties, respectively, in order to maintain the pharmacophore and the connection by 

which such nitrogenous bases are incorporated in nucleotides and nucleic acids.168,169 

The triazole derivatives (J11-J12, J15-J16) were prepared through analogue synthetic 

strategies both for the uracil and adenine scaffold, consisting in “Click Chemistry”, 

between N1-propargyluracil (J8) and the N9-propargyladenine (J14) and freshly 

prepared azides of sulfanilamide and metanilamide (Scheme 9,10). 

Conversely, different synthetic pathways had to be designed for the amide-bearing 

derivatives considering the diverse reactivity of these nitrogenous bases. For the 

pyrimidine ring, it was feasible to obtain the 1-carboxymethyl derivative (J2) in one step 

with good yields and no need of protection by reacting uracil with bromoacetic acid in 

NaOH(aq) environment. The carboxy intermediate was activated in situ with 1-hydroxy-

7-azabenzotriazole or N-hydroxysuccinimmide in the presence of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide and 4-dimethylaminopyridine and subsequently 

coupled with different amino benzenesulfonamides to give the uracil bearing compounds 

J3-J7. 

The synthetic pathway planned for adenine involves the selective and fast protection of 

its amino group with DMF diethyl acetal (J17), followed by SN1 reaction with the 

chloroacetamido derivatives of amino-benzenesulfonamides (J18-J21) (Scheme 10). The 

obtained intermediates bearing the N-protected adenine (J22-J25) were evaluated for 

their CA inhibitory activity and thereafter submitted to an acidic treatment to free the 

sulfonamide group and produce the planned adenine-incorporating derivatives (J26-J29). 
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The CA inhibitory activities of the compounds, in addition to acetazolamide (AAZ) as 

standard inhibitor, were measured against four isoforms hCA I II, IV, and IX by a stopped 

flow CO2 hydrase assay.135  

The following structure–activity relationship (SAR) were obtained from the inhibition 

data reported in Table 14.  

(i) The inhibitory profile of the screened derivatives against the four CA isoforms was 

dependent on the length and positioning of the spacer at the benzenesulfonamide scaffold 

more than on the nature of both the spacer and the nitrogenous base. In this context, the 

para-substitution at the benzenesulfonamide scaffold was more favourable than meta (J3, 

J7, J11, J15, J22 and J26) in inducing effective CA inhibitory properties. Moreover, in 

the case of the amidic linker at position 4, a direct or two carbon spacer between the amide 

and the benzene ring led to better inhibitory profiles over a single carbon atom connection 

in the uracil derivatives (J4 and J6) and to a lesser extent for adenines (J23, J25, J27 and 

J29). 

(ii) Weak hCA I inhibitory potency can be ascribed to most of the adenine- and uracil-

bearing compounds reported, with KIs ranging between 256.2 and 9840.2 nM. Within the 

pyrimidine subset, derivatives J4, J6 and J12, incorporating a direct or two carbon atoms 

spacer amide or triazole linker at the 4 position of the ZBG scaffold, respectively, were 

weak nanomolar inhibitors (KIs of 645.5, 658.9 and 256.2 nM). The adenines showed a 

similar tendency such that the derivatives with the privileged spacer were the best hCA I 

inhibitors, whereas the m-substituted J15, J22 and J26 did not inhibit the isozyme to 10 

µM. It is worth highlighting the better effectiveness of the free amine adenines than the 

N-protected derivatives. Furthermore, compounds J12 (first series) and J16 (second 

series), incorporating the triazole linker at the 4-position, were the best hCA I inhibitors.  

(iii) Isoform II was greatly affected by most sulfonamide-bearing nitrogenous bases, with 

KIs spanning in the subnanomolar to medium nanomolar range (0.85-889.2 nM), except 

for compound J7, incorporating the spacer at the 3-position of the scaffold and an 

additional OH group in para, which inhibited hCA II in the micromolar range (KI 4357.7 

nM). 
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Table 14: Inhibition data of human CA isoforms hCA I, II, IV and IX with sulfonamides 

reported here and the standard sulfonamide inhibitor acetazolamide (AAZ) by a stopped 

flow CO2 hydrase assay.135 

 

 
        KI (nM) 

 
Compound   meta/para n hCAI  hCA II  hCA IV        hCA IX

 

J3  m  0 7966.7  704.3  2940.3           3121.2 

J4  p  0 645.5  17.7  469.6  25.7 

J5  p  1 1565.7  495.4  1180.7  405.2 

J6  p  2 658.9  42.1  1780.0  46.0 

J7       m, 4-OH  0 9840.2  4357.7  2296.5  439.2 

J11  m  - 4871.0  388.1  299.5  460.3 

J12  p  - 256.2  0.85  386.7  4.8 

J15  m  - >10000 655.3  311.1             1310.1 

J16  p  - 410.9  5.6  211.4  1.9 

J22  m  0 >10000 756.2  3837.7           2805.5 

J23  p  0 966.3  30.7  395.4  40.0 

J24  p  1 4721.4  87.0  1164.6  165.8 

J25  p  2 1962.6  57.8  1974.3  112.7 

J26  m  0 >10000 889.2  3347.0  428.5 

J27  p  0 666.6  8.4  156.1  16.9 

J28  p  1 977.1  59.2  277.4  45.2 

J29  p  2 811.8  8.2  2246.9  11.4 

AAZ  -  - 250  12  74  25 

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 % of the 

reported values). 
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 Further details may be inferred from the results reported for hCA I, but two orders of 

magnitude below. Indeed, the para-substituted compounds J4, J6 and J12 were the most 

potent within the uracil series, showing KI values ranging between 0.85 and 42.1 nM. The 

equally substituted adenines, both N-protected (J23-J25) or not (J16, J27-J29) within 

the second series (KIs in the range 30.7-87.0 nM and 5.6-59.2 nM, respectively) 

confirmed the efficacy of this substitution pattern, being the most active within their 

subsets. A methylene linker between the amide and benzene ring consistently reduced the 

CA inhibition efficacy in the uracil series, and slightly influenced the adenines. Again, 

the triazoles J12 (KI of 0.85 nM) and J16 (KI of 5.6 nM) possessed the most efficient hCA 

II inhibitory properties. 

(iv) The reported hCA IV inhibitory profiles of the sulfonamides deviate from the general 

tendency observed for the other isoforms tested. Beside the 3-substituted amides J3, J7, 

J22 and J26 that showed ineffective inhibition (KIs in the range 2296.5-3837.7 nM), 

compounds J4, J23 and J27, which incorporate the amide group directly appended at the 

benzene ring, were the most efficient amide-bearing compounds, regardless the uracil or 

adenine moiety present in their molecules. Inversely, the amides of methyl-

aminobenzenesulfonamide (J5, J24 and J28) were better hCA IV inhibitors than the 

ethylaminobenzenesulfonamide derivatives (J6, J25 and J29), with the biggest extent in 

case of the free amine adenines J28 and J29, with a ratio approaching 10 (KIs of 277.4 

and 2246.9 nM, respectively). The uracil (J11-J12) and adenine (J15-J16) compounds 

bearing a triazole linker inhibited hCA IV in the medium nanomolar range, regardless of 

the positioning at the benzene ring (KIs in the range 211.4-386.7 nM).  

(v) The targeted tumor-associated isoform hCA IX was potently inhibited by most 

sulfonamides reported with binding affinities comparable to hCA II. Therefore, the 

general tendencies described above were also applicable for this isoform. The 3-

substituted derivatives were shown to act as the weakest hCA IX inhibitors, regardless of 

the nature of the tails (KIs in the range 428.5-3121.2 nM). The data in Table 14 

demonstrates triazoles J12 and J16 as the most efficacious in inhibiting the isozyme (KIs 

of 4.8 and 1.9 nM). The addition of a carbon atom spacer between the amide moiety and 

the benzene ring decreased the hCA IX inhibition for the uracil bearing derivative J5 

(from 25.7 to 405.2 nM) and adenines J24 (from 40.0 to 165.8 nM) and J28 (from 16.9 

to 45.2 nM). Conversely, the increase of the spacer to two carbon atoms improved the 
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inhibitory potency, mostly for the NH2 free adenine J29 (KI of 11.4 nM). It is worth 

mentioning the KIs reported for the free adenines J27-J29 (Kis in the range 40.0-165.8 

nM) were lower than the N-protected ones J23-J25 (Kis in the range 16.9-45.2 nM). 

Compound 32 bearing the adenine moiety through an ether linker was a potent hCA IX 

inhibitor, with a KI of 31.1 nM. 

Some of the reported derivatives (e.g. J5, J7, J16, J26, J28) exhibited a preferential 

inhibitory profile for the tumor-associated isoform hCA IX over the ubiquitous hCA II. 

Noteworthy, more than two-fold IX/II selectivity was observed for adenine J26. We focus 

on the three-fold selectivity shown by the potent triazole J16 and on the ten-fold IX/II 

selective efficacy of 3-amido-4-hydroxy uracil bearing compound J7 though it exerted its 

action only in the high nanomolar range.  

 

Figure 45. Superimposition of compound J29 in complex with hCA II and hCA IX-

mimic. The overlay is shown in a surface representation of hCA II (gray) with inhibitor 

shown as sticks (green in hCA II and yellow in hCA IX-mimic). Hydrophobic and 

hydrophilic active site residues are labelled and colored orange and purple, respectively. 

 

In collaboration with the group of Prof. McKenna from University of Florida, the crystal 

structures of hCA II and hCA IX-mimic were each solved in complex with compound 

J29 to a resolution of 1.6 Å (Figures 45, 46). The benzenesulfonamide ZBG was observed 

to displace the zinc-bound solvent, binding directly to the catalytic zinc. The orientation 

of this pharmacophore was conserved in both isoforms (Figure 45) with a hydrogen bond 
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between the oxygen of the sulfonamide and the amide of T199 (3.1 Å) (Figure 46A, B). 

The tail of compound J29 therefore dictates the differences in binding between CA 

isoforms.  

In complex with hCA II, the free amine of the adenine ring in J29 forms a weak hydrogen 

bond with the carbonyl oxygen of G132 (3.5 Å). The tail is further supported by van der 

Waals interactions with residues Q92, F131, V135, L198, and P202 (Figure 46A). In CA 

IX-mimic, the decrease in steric hindrance of residue V131 in relation to F131 of hCA II 

allows the rotation of the adenine ring to form two hydrogen bonds with an active site 

solvent molecule that is anchored to Q92 (3.0 Å). The bonds between the carbonyl oxygen 

and N7 of adenine in compound J29 with this water molecule are 2.6 and 3.1 Å, 

respectively. Similar to hCA II, binding of J29 in the hCA IX active site is further 

stabilized by van der Waals interactions with residues Q67, V131, V135 and L198 (Figure 

46B). 

 

Figure 46. Active site interactions of compound J29. A. HCA II (gray) and B. hCA IX-

mimic (pale cyan) in complex with J29 (green and yellow, respectively). Hydrogen bonds 

are shown as black dashes with distances labelled in angstroms. 

 

Compound J29 exhibited approximately 80 and 200-fold selectivity for both hCA II 

and hCA IX over hCA I and hCA IV, respectively (Table 14). The hCA I active site 

contains larger, aromatic residues H67, F91, H200, and Y204 that may cause steric 
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hindrance with the nitrogenous base of the compound tail. In hCA II and hCA IX-mimic, 

side chains of the alpha helix containing residues 126-136 stabilize the tail of the inhibitor 

through hydrogen bonds and van der Waals interactions. However, in CA IV, this helix is 

replaced by a loop that extends away from the active site, decreasing the number of 

possible interactions with the inhibitor.  

In collaboration with the group of Prof. Ghelardini from University of Firenze, some 

selected compounds (J4, J27 and J29), chosen among those possessing the best CA 

inhibitory profile, were tested (30 – 300 µM) to evaluate their effects on viability of 

human colon cancer HT-29 cells. Measurements were performed after 16 and 48 h 

incubation in both normoxic and hypoxic conditions. The efficacy of tested compounds 

is represented in Figure 47. After 16 h incubation in normoxic condition, J27, J29 were 

significantly active (300 µM) inducing cell mortality by about 10-15%. Hypoxia favored 

J27 activity at all concentration tested. Incubation prolonged up to 48 h, highlighted the 

efficacy of J4 and J27, particularly in hypoxic condition (25-30% cell viability decrease). 

Compound J4 showed the best potency.  

It is worth commenting on the trend of the cytotoxic effect shown by the screened 

derivatives. Indeed, compounds J27 and J29 showed comparable cytotoxic effect both 

after 16 and 48 h in normoxia. It is reasonable to ascribe the small observed effect to 

alternative, not yet identified, mechanisms of action beyond hCA IX inhibition (hCA IX 

is not upregulated in these cells), which are likely to be related to the adenine 

pharmacophore.  

In hypoxic conditions, derivative J27 uniquely maintained its anti-proliferative activity 

after 16 h, whereas J29 totally lost the efficacy shown in normoxia. Whereas after 48 h 

in hypoxia, the cytotoxic profile was distinctly different due to the strong upregulation of 

hCA IX. Indeed, the uracil-bearing J4, which showed total inactivity up to now, aroused 

with the best efficacy herein reported. Conversely, J29 slightly lost its efficacy after a 

prolonged hypoxia. Therefore, both in normoxic and hypoxic conditions, derivative J29 

exhibits a cytotoxic efficacy that likely relies on an adenine-related alternative mechanism 

of action. In contrast, since compound J4 show greater efficacy after prolonged hypoxia, 

it is reasonable to ascribed their relevant anti-proliferative activity to the inhibition of the 

over-expressed hCA IX. 
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Figure 47. HT-29 cells (1.104/well) were treated with of compounds J4, J27and J29 (30 

- 300 μM). Incubation was allowed for 16 and 48 h in normoxic (20% O2) and hypoxic 

conditions (0.1% O2). Cell viability was measured by the reduction of 3-(4,5-

dimethylthiozol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as an index of 

mitochondrial compartment functionality. Formazan crystals produced by the reaction 

were dissolved in DMSO and the absorbance measured at 550 nm. Control condition was 

arbitrarily set as 100% and values are expressed as the mean ± S.E.M. of three 

experiments. *P<0.05, **P<0.01 and ***P<0.001 in comparison to control (0 μM). 

 

Two series of nitrogenous bases-bearing benzenesulfonamides were obtained according 

to the molecular hybridization design approach. The incorporation of the 

purine/pyrimidine pharmacophore as the tail of a classical CAI with a 

benzenesulfonamide ZBG scaffold was considered both to modulate the interaction with 

CA isozymes and exploit an intrinsic anti-tumor effect in parallel and synergic to the 

inhibition of hCA IX. The compounds were investigated for their inhibition of cytosolic 

hCA I and II and transmembrane hCA IV and IX. In addition, X-ray crystallography 

demonstrates the binding mode of a nitrogenous base within the active site of hCA II and 

a hCA IX-mimic. Finally, the most effective compounds were evaluated for their anti-

proliferative activity against HT-29 colon cancer cell lines.  
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The data and results of this research were published in ACS Med. Chem. Lett. 2017, 8, 

1314−1319. 

3.6 In vitro evaluation and computational studies on novel 4/3-((4-oxo-

5-(2-oxoindolin-3-ylidene)thiazolidin-2-ylidene)amino) 

benzenesulfonamides (series K). 

 

Over the last few years, isatin (1H-indole-2,3-dione) stood out as a promising tail 

scaffold to design compounds with interesting inhibitory activity profiles towards 

different carbonic anhydrase isoforms. Numerous studies have developed diverse 

isatin-based derivatives as potent CA inhibitors.176-179 Moreover, isatin, as a 

privileged scaffold, is endowed with excellent anticancer profile180,181 and represents 

an important pharmacophore in two clinically approved anticancer drugs: Sunitinib 

(Sutent®) and Nintedanib (Ofev®).182,183 Consequently, design and synthesis of 

various effective isatin-based anticancer agents have attracted considerable attention 

in the current medical era.184-186 Several research groups explored the anti-

proliferative activity of many isatin-thiazolidine/thiazolidinone analogs.190-193 

Taking the above into account, the group of Prof. W.M. Eldehna from Kafrelsheikh 

University, (Kafrelsheikh, Egypt) reported novel 4/3-((4-oxo-5-(2-oxoindolin-3-

ylidene)thiazolidin-2-ylidene)amino)benzenesulfonamides (K4a-m and K7a-g) 

(Figure 48), with the prime aim of combining a strong hCAIX inhibition together with 

the intrinsic anti-tumor activity of the isatin scaffold. My contribution to this work dealt 

with the evaluation in vitro of their inhibitory activity against a panel of hCA I, II, IV 

and IX isoforms, using stopped-flow CO2 hydrase assay as well as with computational 

studies to investigate the inhibitory profiles of the reported derivatives against hCA II 

and IX.  

Furthermore, compounds K4a-m and K7a-g were evaluated for their anti-proliferative 

activity against breast cancer MCF-7 and colorectal cancer Caco-2 cell lines. 

Compound K4c, which highlighted the best anti-proliferative efficacy was further 

investigated for its apoptosis induction potential in MCF-7 cells, to gain mechanistic 

insights into the anti-proliferative activity of the newly prepared sulfonamides.  
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Figure 48. Structures of isatin derivatives of the present study 

 

Sulfonamides K3a-b, K4a-m and K7a-g were evaluated for their ability to inhibit the 

physiologically relevant hCA isoforms, hCA I, II, IV and IX by the stopped-flow CO2 

hydrase assays,135 in comparison to the clinically used acetazolamide (AAZ) as 

standard CAI.  

The following structure–activity relationship (SAR) can be compiled from the 

inhibition data reported in Table 15: 

 (i) The cytosolic isoform hCA I was moderately inhibited by most of the sulfonamides 

with inhibition constants (KIs) ranging in the high nanomolar - low micromolar range, 

in detail, between 513.7 and 9269.7 nM, except for the p-substituted precursor K3a 

which arose as the best hCA I inhibitor with a KI of 91.9 nM. 

(ii) The physiologically dominant isoform hCA II was very potently inhibited by most 

of the p-substituted derivatives K3a, K4a-h, K7a-7f (KI values ranging between 1.8 

and 69.6 nM, Table 15), apart from the N-unsubstituted 5-Br and 5,7-(CH3)2 isatin-

bearing derivatives K4d and K4h, which exhibited a slightly reduced inhibitory 

efficacy (KI values of 210.5 and 466.0 nM). The incorporation of a methyl group on the 

isatin core (K7a-c) did not substantially interfere with the derivatives hCA II inhibitory 

potency, whereas an analogue benzylic substitution (K7d-f) led to a three-fold to 

twenty-fold efficacy enhancement likened to the N-unsubstituted compounds (K4a-4g). 

Conversely, it is noteworthy that all the m-substituted derivatives (K4i-m) were found 

to possess a generally ten-fold diminished hCA II inhibition efficacy (KIs ranging 

between 176.4 and 598.2 nM) in comparison to their p-substituted analogues. Likewise, 

the meta-substituted precursor K3b (KI of 73.2 nM) was forty times less potent than 

K3a (KI of 1.8 nM). On the other hand, the N-benzyl moiety furnished the 3-substituted 

K7g with a comparable inhibitory potency likened to the 4-substituted N-benzyl 

analogues (K7d-f). 
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Table 15. Inhibition data of human CA isoforms hCA I, II, IV and IX with sulfonamides 

K3a-b, K4a-m and K7a-g and the standard sulfonamide inhibitor acetazolamide (AAZ) 

by a stopped flow CO2 hydrase assay.135 

 

Cmpd p/m X R 
                                         KI (nM)* 

hCA I hCA II hCA IV hCA IX 

K4a p H - 630.8 23.0 >10000 47.0 

K4b p 5-F - 513.7 7.1 4290.5 26.6 

K4c p 5-Cl - 2290.4 69.6 3256.1 62.4 

K4d p 5-Br - 3611.4 210.5 2986.4 66.6 

K4e p 5-OCH3 - 2881.6 24.3 >10000 23.1 

K4f p 5-CH3 - 4243.7 57.4 2864.4 72.1 

K4g p 5-NO2 - 2883.7 35.7 3682.3 34.1 

K4h p 5,7-(CH3)2 - 7602.0 466.0 4751.0 100.1 

K4i m H - 2662.6 273.8 1972.7 16.1 

K4j m 5-Cl - 728.5 598.2 395.5 62.0 

K4k m 5-Br - 718.7 416.0 235.0 15.9 

K4l m 5-OCH3 - 3424.4 176.4 2526.6 24.7 

K4m m 5-NO2 - 884.2 506.6 441.9 48.0 

K7a p H H 4001.7 43.5 4712.2 146.3 

K7b p 5-Cl H 923.9 38.4 3040.7 123.3 

K7c p 5-Br H 872.7 17.8 2634.0 38.9 

K7d p H C6H5 5630.7 8.3 3299.6 117.5 

K7e p 5-Cl C6H5 881.1 2.6 4305.8 90.6 

K7f p 5-Br C6H5 9269.7 59.8 2897.3 321.1 

K7g m H C6H5 856.4 18.2 2244.6 169.8 

K3a p  - 91.9 1.8 348.3 4.5 

K3b m  - 741.4 73.2 101.9 17.7 

AAZ - - - 250 12 74 25 

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of 

 5-10 % of the reported values). 

(iii) The data reported in Table 15 ascribed to the most reported sulfonamides poor 

efficacy in inhibiting the trans-membrane isoform hCA IV. Indeed, the p-substituted 
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derivatives K4a-h, K7a-f were shown to inhibit such isozyme in the micromolar range 

(KIs ranging between 2634.0 and 4751.0 nM), except K4a and K4e which did not 

inhibit hCA IV up to 10000 nM. It is worth highlighting that the 3-substituted K4i-m 

showed a generally improved inhibitory profile against hCA IV, in particular 

derivatives K4j, K4k and K4m (KIs of 395.5, 235.0 and 441.9 nM), which were 

endowed with electro-withdrawing substituents at the 5- position of the isatin scaffold 

(respectively 5-Cl, 5-Br, 5-NO2). The precursors K3a and K3b, devoid of the isatin 

core appended at the oxothiazolidin-2-ylidene moiety, arose among the best inhibitors 

against such trans-membrane isozyme, again with the 3-substitution preferred to the 4-

substituted one (KIs of 348.3 vs 101.9 nM). 

(iv) The target tumor-associated isoform hCA IX was effectively inhibited by all the 

isatin-bearing sulfonamides herein reported. Furthermore, the inhibition profiles were 

found to be rather flat, since the measures KIs ranged between 15.9 and 169.8 nM, aside 

from derivative K7f whose efficacy raised at slightly higher concentration (KI of 321.1 

nM). It is worth stressing the comparable inhibitory effectiveness of the N-unsubstituted 

3- and 4- pendant bearing derivatives (although slightly heightened for derivatives K4i-

4m; KIs ranging between 16.1 and 62.0 nM), unlike arose for the cytosolic hCA II.  

The incorporation of a methyl or benzyl group on the isatin N atom elicit a worsening 

of effectiveness against hCA IX both for the p-substituted derivatives K7a-7f (except 

K7c, 5-Br; KI of 38.9 nM) and the m-pendant bearing K7g (KI 169.8 nM). Finally, the 

isatin-devoid precursor K3a and K3b inhibited hCA IX in the low nanomolar range 

with KIs of 4.5 and 17.7 nM. 

(v) The inhibitory profiles reported in Table 15 undeniably ascribed to the m-substituted 

amminobenzenesulfonamide K4i-4m a rather selective hCA IX/II inhibitory efficacy. 

Indeed, it is satisfying to note that such compounds displayed a selectivity ratio hCA 

IX/hCA II which spanned from 7.1 and 26.2. Considering that isoform hCA IX is a 

validated target for the diagnosis and treatment of cancers, discovery of selective 

inhibitors represents a promising step to unveil a more effective cancer therapy devoid 

of the classical side effects owing to hCA I/II inhibition. 

The inhibitory profiles of the derivatives in Table 15 were further investigated carrying 

out docking and Molecular Mechanics Generalized Born Surface Area (MM-GBSA) 
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calculation to predict their binding mode and free energy as inhibitors of the hCA II (PDB  

5LJT) and IX (PDB 5FL4)176 isoforms.  

As it could be foreseen, all docking solutions oriented the benzenesulfonamide moieties 

deeply into the active site region of both the isozymes. Indeed, it is worth highlighting 

that all the reported derivatives were found to inhibit both hCA II and IX in the nanomolar 

range. In detail, the sulfonamide established two hydrogen bonds with the T199 residue, 

its negatively charged nitrogen atom coordinated the zinc ion and the phenyl ring was 

involved in several hydrophobic contacts (V121, H94 and L198). 

Despite the different size of the hydrophobic pocket in hCA II and hCA IX isoforms, 

mainly due to the F131/V131 mutation, the tails of the 4-substituted derivatives K3a, 

K4a-4h and K7a-7f located comparably within the two isozyme binding sites (Figures 

49a and 50a). In detail, the eterocyclic tails were found to lie in the hydrophobic areas 

defined by F131, I91, V121, Q92 and V131, L91, V121 in hCA II and hCA IX, 

respectively. The C=O moiety of the oxothiazolidin-2-ylidene was involved in a three-

centre H-bond involving the HE/Q92 and HD/N67 (hCA II) or HE/Q71 (hCA IX) 

hydrogen atoms as donor groups. The isatin scaffolds was stabilized by edge-to-face and 

π-alkyl hydrophobic interactions occurring with F131 (V131 in hCA IX) and I91. X-

substitution on the isatin benzene ring did not substantially affect ligands positioning 

within the hydrophobic pockets, although they differently interacted with the residues 

nearby (Figure 49b and 50b). It is worth noting that the contacts involving the N-methyl 

and N-benzyl groups of derivatives K7a-7f within the aforementioned hydrophobic 

regions contributed in increasing the inhibitory efficacy against the cytosolic isozyme, 

whereas they had no, or at least little, influence on the inhibitory efficacy of the hCA IX.  
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Figure 49. (a) Simulated binding modes of compounds K4a (4-substituted, grey) and K4i 

(3-substituted, acquamarine) within hCA II active site; (b) 4-substituted   and (c) 3-

substituted  benzenesulfonamides docked within hCA II active site. 

 

Conversely, docking solutions found for the 3- substituted derivatives K3a, K4i-4m and 

K7g identified two cavities, which differ depending on the enzyme isoform considered, 

within which the N-pendant on the amminobenzensulfonamide moieties locate (Figures 

49a and 50a). In hCA IX, the pocket defined by V131, L91, Q67, S69 and Q92 is roomy 

enough to accommodate the N-pendant, though rotated by 90° (Figure 50a). Again the 

endocyclic carbonyl of the oxothiazolidin-2-ylidene acts as H-bond acceptor to HE/Q67 

which, in turn, is involved in weak C-H…π H-bonds with V121 and L91 (Figure 50a). The 

isatin benzene ring additional formed π-alkyl hydrophobic interactions with S69. 

 

 

Figure 50. (a) Simulated binding modes of compounds K4a (4-substituted, grey) and K4i 

(3-substituted, acquamarine) within hCA IX active site; (b) 4-substituted and (c) 3-

substituted benzenesulfonamides docked within hCA IX active site. 

 

In hCA II, the N-pendant of the amminobenzensulfonamide was oriented towards N62 

and H64, and was engaged in several H-bonds (Figure 49a). The imine nitrogen act as H-

(a) (b) (c) 

(a) 
(b) (c) 
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bond acceptor from HG/T200, the carbonyl of the oxothiazolidin-2-ylidene was part of 

bifurcated H-bonds with donor being HE/Q92 and HD/N67, whereas the C=O of the isatin 

accepts the HE/H64. The isatin benzene ring formed additional π- alkyl hydrophobic 

contacts with L60. The introduction of a benzyl group on the nitrogen atom of the isatin 

provided the 3-substituted compound K7g with an inhibitory efficacy against hCA II 

comparable to the one observed for the 4-substituted N-benzyl derivatives K7d-7f. Again, 

the type and nature of the X-substitution at the isatin benzene ring did not substantially 

affect ligands positioning within both the isozymes binding pockets. 

Analysing the results obtained from docking simulations, it is possible to assume that 

switching the substituents from the para to the meta position caused the increase in the 

steric hindrance that, together with a torsional strain, prevent the eterocyclic tails of the 

3-substituted derivatives to lie within the hCA II hydrophobic cavity, thus worsening the 

inhibitory efficacy of the compounds against such isoform. 

Basing on the enzyme-inhibitor complexes obtained from molecular docking, ΔG binding 

energy were calculated using the MM-GBSA approach, either or not defining a 4Å shell 

from the ligands within which hCA II and hCA IX residues were relaxed during the 

computations (Table 16). 

For all derivatives, but K7d-f in the case of hCA II, the ranking of the ligands based on 

the calculated MM-GBSA ΔGbinding values substantially agreed with ranking based on 

experimental inhibition data. As far as it concerns the hCA IX isoform, the ΔG binding 

values found reflected the experimental inhibition data in Table15 (Figure 51). In the case 

of hCA II, a better agreement was achieved not considering the K7d-f (featured by the 

N-benzyl substitution at the isatine scaffold).  

Within the here considered congeneric series of sulfonamides, the MM-GBSA approach 

has shown good success in rank-ordering the inhibitor potencies of the studied 

compounds making it possible to prioritize derivatives for synthesis as inhibitors against 

hCA II and hCA IX enzyme isoforms. 

Moreover, all sulfonamides were examined by the group of Prof. Eldehna for their anti-

proliferative activity against breast cancer MCF-7 and colorectal cancer Caco-2 cell 

lines. In particular, compound K4c was the most potent derivative against MCF-7 (IC50 

= 3.96 ± 0.21), while K4j was the most active member against Caco-2 cells (IC50 = 5.87 

± 0.37). Interestingly, compound K4c provoked the intrinsic apoptotic mitochondrial 
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pathway in MCF-7 cells, evidenced by the enhanced expression of the pro-apoptotic 

protein Bax and the reduced expression of the anti-apoptotic protein Bcl-2, and the up-

regulated active caspase-3 and caspase-9, cytochrome C and p53 levels. 

 

Table 16. Results of the MM-GBSA calculation on hCA II (5LJT) and hCA IX (5FL4)  

 
        ΔGexp (kcal/mol)

 

 Compound  5LJT  5LJT 4Ȧ (a) 5FL4  5FL4 4Ȧ(a) 

 
K3a   -33.965 -42.301 -34.196 -34.543 

K3b   -37.229 -39.449 -37.523 -36.224 

K4a   -48.294 -51.442 -51.102 -54.033 

 K4b   -47.054 -51.073 -49.334 -54.442 

 K4c   -53.238 -58.898 -56.486 -59.021 

 K4d   -52.393 -61.659 -55.364 -56.322 

 K4e   -52.470 -58.807 -54.195 -55.507 

 K4f   -51.247 -59.706 -55.772 -57.587 

 K4g   -49.431 -58.535 -53.066 -56.657 

 K4h   -51.580 -59.519 -56.823 -59.265 

 K4i   -49.434 -52.147 -47.805 -46.780 

 K4j   -54.111 -54.874 -51.015 -52.226 

 K4k   -54.057 -56.809 -51.408 -57.458 

 K4l   -52.317 -52.146 -50.098 -53.287 

 K4m   -52.289 -52.928 -49.969 -49.812 

 K7a   -50.096 -52.559 -53.794 -58.783 

 K7b   -54.387 -63.293 -59.336 -56.696 

 K7c   -52.935 -62.923 -58.048 -60.361 

 K7d   -58.443 -71.069 -60.630 -70.339 

 K7e   -62.064 -69.749 -59.418 -64.349 

 K7f   -61.063 -69.790 -58.381 -63.488 

 K7g   -53.362 -58.269 -54.903 -56.508 
(a) Residues within 4Å from the ligand were treated as flexible 
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Figure 51. MMGBSA ΔG binding energy vs. pKi values of series K derivatives. Because 

of the absence of the isatine moiety, derivatives K3a and K3b, were not considered. 

Energy values were computed (a) not allowing residues to relax and (b) defining an 

enzyme flexible region (4Å from the ligand). 

 

The data and results of this research were published in Eldehna, W.M. et al. Eur. J. Med. 

Chem. 2017,139, 250-262. The experimental procedures are reported in Chapter 4. 

 

3.7. Projects under further investigation. 

 

Some relevant projects I worked on in this three-years PhD period are currently under 

further and detailed investigations. Two of them were started during stages I attended 

during my PhD period. The discussion about these projects will be only mentioned 

briefly, reporting only some key points, without going into details of structures, synthesis 

and in vitro screenings. 
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Stage at the laboratory of Prof. Silviu T. Balaban in the Institut des sciences 

moléculaires de Marseille, Aix-Marseille Universitè. 

 

During my second PhD year, I attended a stage guest of Prof. Balaban and his group in 

Marseille. Their research focuses on the design of fluorescent probes or dyes for a variety 

of applications, mainly light-harvesting. I had the opportunity to learn much about 

fluorescence study and apply this to the evaluation of novel fluorescent probes-bearing 

CAIs. 

Fluorescence emission by organic molecules is a phenomenon strictly dependent on the 

surrounding microenvironment. The formation of discrete host/guest complexes of 

fluorescent dyes with macrocyclic structures has been widely documented and was 

generally found to elicit a consistent change in the micro-environmental parameters, 

which subsequently perturbs the fluorescence phenomenon. Fluorescence probes and 

their supramolecular complexes possess a variety of potential analytical, environmental 

and mostly biological applications as diagnostics and imaging tools.196 

During the stage, I designed and synthesize a set of 4-[4-(dimethylamino)styryl]pyridium 

based fluorescent dyes bearing classical zinc binding groups such as the sulfonamides, 

sulfamates and sulfamides to address their spectrum of action to the inhibition of the CAs. 

The proper pyrillium salts were used as precursors (Figure 53).197  

 

 

Figure 53. General structures and design of fluorescent dyes CAIs. 

 

The reported derivatives were evaluated for their inhibition profiles against four 

physiologically relevant hCAIs: i.e. I, II, IV and XII. The synthesized dyes demonstrated 

to possess diverse inhibitory potency depending on the nature of the exhibited ZBG and 

n=2-6 
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on the length of the spacer between the fluorescent core and the ZBG itself. Moreover, I 

studied the formation of supramolecular host/guest biological complexes by means of 

UV-vis absorption and fluorescence emission measurements, which were carried out for 

all the reported derivatives alone and in presence of the ubiquitous isoforms hCA I and 

hCA II. Changes in the spectroscopic properties of the dyes after incubation with the two 

enzymatic isoforms were measured and correlated to the inhibitory profiles of the 

evaluated derivatives and mostly to the length of the spacer between the ZGB and the 

fluorescent portion, which elicits different micro-environment for the different probes. 

The X-ray crystal structures of four of the aforementioned host-guest CA-inhibitors 

complexes were obtained in collaboration with Dr. Tom Peat

 
(CSIRO, Australia) and 

provided for a valid explanation for the spectroscopic changes the dyes revealed upon 

their binding to human carbonic anhydrase isoforms. To validate this innovative proof of 

concept, additional studies are currently ongoing in collaboration with Prof. Ilies from 

Temple University, Philadelphia. 

 

Hypoxia activated nitrobenzenesulfonamides 

 

Hypoxia, a state of low oxygen, is a common feature of solid tumors and is associated 

with disease progression as well as resistance to radiotherapy and certain 

chemotherapeutic drugs.198 Bioreductive prodrugs can be designed for selective 

activation under low oxygen conditions typical of many solid tumors. These hypoxia-

activated prodrugs can target and kill hypoxic cells. Hypoxia-activated prodrugs are 

deactivated or masked cytotoxins that undergo biotransformation following reductive 

metabolism by endogenous human cellular oxidoreductases. This activation step is 

catalysed by a variety of oxidoreductases and differs depending on the bioreductive drug 

class. Five classes of bioreductive compounds that can undergo enzymatic reduction to 

active species have been developed. Several nitroaromatic compounds have been 

evaluated in clinical trials, including the nitroimidazoles.182 

As mentioned, hCA IX and XII are over-expressed in hypoxic tumour, where they play a 

main role in their growth, tuning the pH to support an extracellular hypoxic 

microenvironment suited for hypoxic tumor cell survival and proliferation.  
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In this project I designed and synthesized novel derivatives with the aim to endow them 

with the ability of both inhibiting the tumour-associated hCA isoforms and being bio-

reduced by oxidoreductases in hypoxic condition.  

As the “tail” approach 1-3,95,96 is widely and successfully applied in designing new CAIs, 

varied molecular “tails” were appended to a nitrobenzenesulfonamide scaffold (Figure 

54). 

 

 

 

Figure 54. General structures of hypoxya-activated nitrobenzenesulfonamides 

 

The series of twenty derivatives was evaluated for their inhibition profiles against four 

hCAs, I, II, IX and XII. Some selected compounds, chosen among those possessing the 

best CA inhibitory profile, were tested (30 – 300 µM) to evaluate their effects on viability 

of human colon cancer HT-29 cells after 16 and 48 h incubation in both normoxic and 

hypoxic conditions. According to ration design, several derivatives demonstrated a 

strongly enhanced efficacy in hypoxic conditions. X-ray crystallography and 

computational studies are currently ongoing to evaluate the binding mode the nitro-

derivatives with hCA II and IX.  

Since nitroimidazole derivatives are widely studied for the treatment of Neglected 

tropical diseases such as Leishmaniasis and Chagas diseases caused by protozoan 

Leishmania donovani and Trypanosoma cruzi,84,86 I screened the synthesized nitro-

derivatives for the inhibition of the CAs from these two pathogens (paragraph 2.1.1). The 

measured inhibition in the micromolar range lead us to further evaluate their efficacy in 

vitro against the two protozoans in collaboration with Prof. A. Vermelho, from 

Universidade Federal do Rio de Janeiro. 
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Stage at the laboratory of Prof. Jean-Yves Winum in Institut des Biomolécules Max 

Mousseron in Montpellier. 

 

Finally, during my third PhD year, I attended a stage, guest of Prof. Jean-Yves Winum 

and his group in Montpellier. There I focused on the synthesis of novel benzoxaboroles 

to further explore the SAR of this new chemotype, only recently validated as CAI. As the 

“Click Chemistry” approach has been not investigated in detail for this class of 

compounds, we proceeded with its evaluation, reporting a new set of derivatives, which 

were screened for the inhibition of human and pathogenic CA. Their binding mode within 

such isoforms is currently under investigation. 

 

Regarding the enzymatic assays reported in Chapter 3, I performed those of Series D, I, 

J and K.  

Moreover, other studies in which I was involved regarded the computational evaluation 

of the binding behaviour of different molecular systems, as well as the inhibitory profile 

evaluation for derivatives of our collaborators by means of the Stopped Flow Assay.135 

The data and results of these studies were reported in: 
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Eldehna, W.M., et al. Eur. J. Med. Chem. 2017, 127, 521-530. 

Fares, M. et al. Bioorg. Med. Chem. 2017, 25, 2210-2217. 

Bibi, D, et al. Neurochem. Res. 2017, 42,1972-1982. 

Zhang, Z. et al. J. Enzyme Inhib. Med. Chem. 2017, 32, 722-730. 

Akocak, S. et al. Bioorg. Med. Chem. 2017, 25, 3093-3097. 

Angeli, A. et al. Bioorg. Med. Chem. 2017, 25, 5373-5379. 
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Fragai, M. et al. J. Med. Chem. 2017, 60, 9003-9011. 
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Chapter 4. Experimental section 

 

General Protocols 

 

Chemistry  

 

Anhydrous solvents and all reagents were purchased from Sigma-Aldrich, Alfa Aesar and 

TCI. All reactions involving air- or moisture-sensitive compounds were performed under 

a nitrogen atmosphere using dried glassware and syringes techniques to transfer solutions. 

Nuclear magnetic resonance (1H-NMR, 13C-NMR, 19F-NMR) spectra were recorded 

using a Bruker Advance III 400 MHz spectrometer in DMSO-d6 or CDCl3. Chemical 

shifts are reported in parts per million (ppm) and the coupling constants (J) are expressed 

in Hertz (Hz). Splitting patterns are designated as follows: s, singlet; d, doublet; t, triplet; 

q, quadruplet; sept, septet; m, multiplet; bs, broad singlet; dd, double of doubles, appt, 

apparent triplet, appq, apparent quartet. The assignment of exchangeable protons (OH 

and NH) was confirmed by the addition of D2O. Analytical thin-layer chromatography 

(TLC) was carried out on Merck silica gel F-254 plates. Flash chromatography 

purifications were performed on Merck Silica gel 60 (230-400 mesh ASTM) as the 

stationary phase and ethyl acetate/n-hexane or MeOH/DCM were used as eluents. 

Melting points (mp) were measured in open capillary tubes with a Gallenkamp 

MPD350.BM3.5 apparatus and are uncorrected. HPLC was performed by using a Waters 

2690 separation module coupled with a photodiode array detector (PDA Waters 996) and 

as column a Nova-Pak C18 4 μm 3.9 mm × 150 mm (Waters), silica-based reverse phase 

column. Sample was dissolved in acetonitrile 10%, and an injection volume of 45 μL was 

used. The mobile phase, at a flow rate of 1 mL/min, was a gradient of water + 

trifluoroacetic acid (TFA) 0.1% (A) and acetonitrile + TFA 0.1% (B), with steps as 

follows: (A% : B%), 0−10 min 90:10, 10−25 min gradient to 60:40, 26:28 min isocratic 

20:80, 29−35 min isocratic 90:10. TFA 0.1% in water as well in acetonitrile was used as 

counterion. All compounds reported here were >96% HPLC pure. The solvents used in 

MS measures were acetone, acetonitrile (Chromasolv grade), purchased from Sigma-

Aldrich (Milan - Italy), and mQ water 18 MΩ, obtained from Millipore's Simplicity 

system (Milan-Italy). The mass spectra were obtained using a Varian 1200L triple 
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quadrupole system (Palo Alto, CA, USA) equipped by Electrospray Source (ESI) 

operating in both positive and negative ions. Stock solutions of analytes were prepared in 

acetone at 1.0 mg mL-1 and stored at 4°C. Working solutions of each analyte were freshly 

prepared by diluting stock solutions in a mixture of mQ H2O/ACN 1/1 (v/v) up to a 

concentration of 1.0 g mL-1 The mass spectra of each analyte were acquired by 

introducing, via syringe pump at 10 L min-1, of the its working solution. Raw-data were 

collected and processed by Varian Workstation Vers. 6.8 software. 

 

Carbonic Anhydrase Inhibition  

 

α-CAs 

 

An Applied Photophysics stopped-flow instrument has been used for assaying the CA 

catalysed CO2 hydration activity. Phenol red (at a concentration of 0.2 mM) has been used 

as indicator, working at the absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5) 

as buffer, and 20 mM Na2SO4 (for maintaining constant the ionic strength), following the 

initial rates of the CA-catalyzed CO2 hydration reaction for a period of 10-100 s.135 The 

CO2 concentrations ranged from 1.7 to 17 mM for the determination of the kinetic 

parameters and inhibition 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 inhibitor (0.1 mM) were prepared in distilled-deionized water and 

dilutions up to 0.01 nM were done thereafter with the assay buffer. Inhibitor and enzyme 

solutions were preincubated together for 15 min (sulfonamides) or 6h (coumarins and 

sulfocoumarins) at room temperature prior to assay, in order to allow for the formation of 

the E-I complex. The inhibition constants were obtained by non-linear least-squares 

methods using PRISM 3 and the Cheng-Prusoff equation, as reported earlier,1-3,95,96 and 

represent the mean from at least three different determinations. All CA isofoms were 

recombinant ones obtained in-house as reported earlier.1-3,95,96 
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β-CAs 

 

An Applied Photophysics stopped-flow instrument has been used for assaying the CA 

catalyzed CO2 hydration activity.135 Bromothymol blue (at a concentration of 0.2 mM) 

has been used as indicator, working at the absorbance maximum of 557 nm, with 10–20 

mM TRIS (pH 8.3) as buffer, and 20 mM NaBF4 for maintaining constant the ionic 

strength, following the initial rates of the CA catalyzed CO2 hydration reaction for a 

period of 10–100 s. The CO2 concentrations ranged from 1.7 to 17 mM for the 

determination of the kinetic parameters and inhibition 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 inhibitor (10 mM) were prepared in 

distilled-deionized water and dilutions up to 0.01M were done thereafter with the assay 

buffer. Inhibitor and enzyme solutions were preincubated together for 15 min at room 

temperature prior to assay, in order to allow for the formation of the E-I complex. The 

inhibition constants were obtained by non-linear least-squares methods using the Cheng-

Prusoff equation whereas the kinetic parameters for the uninhibited enzymes from 

Lineweaver-Burk plots, as reported earlier, 12,80,86 and represent the mean from at least 

three different determinations determinations. MgCA was a recombinant protein, 

obtained and purified by a diverse procedure as the one reported earlier.12,80,86 

 

Modeling  

 

Hardware  

 

• Workstation SO Linux  

▪ Distribution: Linux version 3.2.0-4-amd64 - gcc version 4.6.3 (Debian 4.6.3-14) 

▪ Intel® 2x CPU Xeon® 6-core E5-2620v2 @ 2.10 GHz (1200 MHz) 15MB 

▪ 4x DDR3-1600 ECC 8GB module 

 

Software 
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• Schrödinger Suite Release 2016-1, Schrödinger, LLC, New York, NY, 2016 

www.schroedinger.com 

▪ Maestro v.10.5;  

▪ Epik, v.3.5;  

▪ Impact, v.7.0;  

▪ Prime, v.4.3;   

▪ Macromodel v. 11.1. 

▪ Glide, v.7.0;   

▪ Jaguar, v.9.1;   

• Swiss-PdbViewer, v. 4.1; 

• BioEdit; v. 7.2.6. 

 

All crystal structures used for computational studies were prepared according to the 

Protein Preparation module in Maestro - Schrödinger suite, assigning bond orders, adding 

hydrogens, deleting water molecules, and optimizing H-bonding networks. Finally, 

energy minimization with a root mean square deviation (RMSD) value of 0.30 was 

applied using an Optimized Potentials for Liquid Simulation (OPLS_2005) force 

field.199a-c,200 

 

This procedure was applied to the following structures (PDB ID): 

4Q6E, 5LJT, 3IAI, 5FL4, 4BCW, 2W3N and MgCA homology built model (paragraph 

4.4.3). 

 

3D ligand structures were prepared by Maestro,199a evaluated for their ionization states at 

pH 7.4 ± 0.5 (α-CAs) or ± 1.0 (β-CAs) with Epik. 199b OPLS-2005 force field in 

Macromodel199g was used for energy minimization for a maximum number of 2500 

conjugate gradient iterations and setting a convergence criterion of 0.05 kcal mol-1Å-1. 

Grids for docking were centred in the centroid of the complexed ligand. Docking studies 

were carried out with the program Glide.199f The standard precision (SP) mode of the 

GlideScore function was applied to evaluate the predicted binding poses. 

 



  CHAPTER 4. EXPERIMENTAL SECTION 

 

107 
 

For compounds of the series E, H and I, the atomic electrostatic charges of the ligands 

were computed with Jaguar 199g fitting them to an electrostatic potential calculated at the 

B3LYP/ 6–31G*+ level of theory. ESP atomic charges were used in docking simulations. 

 

For compounds of the series K, the best three poses for each compound were re-docked 

by means of Prime MM-GBSA calculations199d with a VSGB solvatation model.201 

 

Figures were generated with Maestro.199a 

 

4.1. “Click chemistry” approach applied to the design of novel CAIs 

belonging to first, second and third classes of inhibitors (Series A, B, C) 

 

4.1.1 Chemistry. 

 

The general chemistry protocols are reported at the beginning of the experimental section. 

 

Sulfonamides (series A) - General synthetic procedure of compounds A3-A10, A13-

A17.128 

 

The appropriate alkyne A12, A18-A24 (1.0 eq) was added to a suspension of aryl azide 

A2, A26-A30 (1.1 eq) in H2O/tert-BuOH 1/1 (4 ml) at r.t., followed by copper (0) 

nanosized (0.1 eq) and TEA HCl or TMACl (1.0 eq). The suspension was stirred at r.t. or 

60°C until starting materials were consumed (TLC monitoring), then quenched with H2O 

(20 ml) and the formed precipitate was filtered-off and washed with H2O. The residue 

was purified by silica gel column chromatography eluting with ethyl acetate in n-hexane 

or alternatively was dissolved in a minimal amount of acetone, the obtained solution was 

filtered through Celite 521® and then concentrated under vacuo to give a residue that was 

triturated with Et2O to afford the titled compounds A3-A10, A13-A17. 

 

Synthesis of 4-(4-phenoxymethyl-[1,2,3]triazol-1-yl)-benzenesulfonamide A3. 
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Compound A3 was obtained according the general procedure earlier reported using prop-

2-ynyloxy-benzene A18 (1.0 eq), 4-azido-benzenesulfonamide A2 (0.12 g, 1.1 eq) in tert-

ButOH/H2O 1/1 (4 ml), triethylamine hydrochloride (1.0 eq) and copper nanosize (0.1 

eq). The reaction mixture was stirred for 27h at r.t. to give the titled compound A3 as a 

light yellow solid. 

4-(4-Phenoxymethyl-[1,2,3]triazol-1-yl)-benzenesulfonamide A3: 72% yield; m.p. 

200-202°C; silica gel TLC Rf 0.22 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-

d6): 5.29 (s, 2H, CH2), 7.01 (t, J = 7.2, 1H), 7.12 (d, J = 7.6, 2H), 7.37 (t, J = 7.6, 2H), 

7.57 (s, 2H, exchange with D2O, SO2NH2), 8.07 (d, J = 8.8, 2H), 8.19 (d, J = 8.8, 2H), 

9.10 (s, 1H); δC (100 MHz, DMSO-d6): 61.7, 115.6, 121.3, 121.9, 124.0, 128.4, 130.5, 

139.5, 144.8, 145.3, 158.9; m/z (ESI positive) 331.0 [M+H]+ 

 

Synthesis of 4-(4-m-tolyloxymethyl-[1,2,3]triazol-1-yl)-benzenesulfonamide A4. 

 

Compound A4 was obtained according the general procedure earlier reported using 1-

methyl-3-prop-2-ynyloxy-benzene A19 (1.0 eq), 4-azido-benzenesulfonamide A2 (0.12 

g, 1.1 eq) in tert-ButOH/H2O 1/1 (4 ml), triethylamine hydrochloride (1.0 eq) and copper 

nanosize (0.1 eq). The reaction mixture was stirred for 24h at r.t. to give the titled 

compound A4 as a yellow solid. 

4-(4-m-Tolyloxymethyl-[1,2,3]triazol-1-yl)-benzenesulfonamide A4: 68% yield; m.p. 

176-178°C; silica gel TLC Rf 0.13 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-

d6): 2.33 (s, 3H, CH3), 5.27 (s, 2H, CH2), 6.83 (d, J = 7.6, 1H), 6.91 (d, J = 7.6, 1H), 6.94 

(s, 1H), 7.23 (t, J = 7.6, 1H), 7.57 (s, 2H, exchange with D2O, SO2NH2), 8.07 (d, J = 8.8, 

2H), 8.19 (d, J = 8.8, 2H), 9.09 (s, 1H); δC (100 MHz, DMSO-d6): 22.1, 61.8, 112.6, 

116.3, 121.3, 122.7, 124.0, 128.5, 130.3, 139.5, 140.0, 144.8, 145.4, 158.9; m/z (ESI 

positive) 345.0 [M+H]+  

 

Synthesis of 4-[4-(3-methoxy-phenoxymethyl)-[1,2,3]triazol-1-yl]-benzenesulfonamide 

A5. 

 

Compound A5 was obtained according the general procedure earlier reported using 1-

methoxy-3-prop-2-ynyloxy-benzene A20 (1.0 eq), 4-azido-benzenesulfonamide A2 (0.12 
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g, 1.1 eq) in tert-ButOH/H2O 1/1 (4 ml), triethylamine hydrochloride (1.0 eq) and copper 

nanosize (0.1 eq). The reaction mixture was stirred for 17h at r.t. to give the titled 

compound A5 as a yellow solid. 

4-[4-(3-Methoxy-phenoxymethyl)-[1,2,3]triazol-1-yl]-benzenesulfonamide A5: 70% 

yield; m.p. 159-161°C; silica gel TLC Rf 0.14 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 3.78 (s, 3H, CH3), 5.28 (s, 2H, CH2), 6.60 (dd, J = 2.0, 8.0, 1H), 6.68 (s, 1H), 

6.70 (dd, J = 2.0, 8.0, 1H), 7.25 (t, J = 8.0, 1H), 7.59 (s, 2H, exchange with D2O, 

SO2NH2), 8.07 (d, J = 8.8, 2H), 8.19 (d, J = 8.8, 2H), 9.11 (s, 1H); δC (100 MHz, DMSO-

d6): 56.1, 61.9, 102.0, 107.7, 107.8, 121.3, 124.0, 128.5, 131.0, 139.5, 144.9, 145.2, 160.1, 

161.5; m/z (ESI positive) 361.0 [M+H]+ 

 

Synthesis of 4-[4-(4-methoxy-phenoxymethyl)-[1,2,3]triazol-1-yl]-benzenesulfonamide 

A6. 

 

Compound A6 was obtained according the general procedure earlier reported using 1-

methoxy-4-prop-2-ynyloxy-benzene A21 (1.0 eq), 4-azido-benzenesulfonamide A2 (0.12 

g, 1.1 eq) in tert-ButOH/H2O 1/1 (4 ml), triethylamine hydrochloride (1.0 eq) and copper 

nanosize (0.1 eq). The reaction mixture was stirred for 24h at r.t. to give the titled 

compound A6 as a yellow solid. 

4-[4-(4-Methoxy-phenoxymethyl)-[1,2,3]triazol-1-yl]-benzenesulfonamide A6: 68% 

yield; m.p. 209-210°C; silica gel TLC Rf 0.18 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 3.74 (s, 3H, CH3), 5.22 (s, 2H, CH2), 6.92 (d, J = 8.8, 2H), 7.05 (d, J = 8.8, 

2H), 7.58 (s, 2H, exchange with D2O, SO2NH2), 8.06 (d, J = 8.0, 2H), 8.19 (d, J = 8.0, 

2H), 9.09 (s, 1H); δC (100 MHz, DMSO-d6): 56.3, 62.4, 115.6, 116.7, 121.3, 123.9, 128.5, 

139.5, 144.8, 145.5, 152.9, 154.6; m/z (ESI positive) 361.0 [M+H]+  

 

Synthesis of 4-(4-((pyridin-3-yloxy)methyl)-1H-1,2,3-triazol-1-yl)benzenesulfonamide 

A7. 

 

Compound A7 was obtained according the general procedure earlier reported using 2-

prop-2-ynyloxy-pyridine A22 (1.0 eq), 4-azido-benzenesulfonamide A2 (0.12 g, 1.1 eq) 

in tert-ButOH/H2O 1/1 (4 ml), triethylamine hydrochloride (1.0 eq) and copper nanosize 
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(0.1 eq). The reaction mixture was stirred for 48h at r.t. to give the titled compound A7 

as a yellow solid. 

4-[4-(Pyridin-2-yloxymethyl)-[1,2,3]triazol-1-yl]-benzenesulfonamide A7: 51% 

yield; m.p. 277-280d; silica gel TLC Rf 0.09 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 5.29 (s, 2H, CH2), 6.31 (t, J = 6.4, 1H), 6.45 (d, J = 9.4, 1H), 7.48 (t, J = 9.4, 

1H), 7.55 (s, 2H, exchange with D2O, SO2NH2), 7.90 (d, J = 6.4, 1H), 8.04 (d, J = 8.8, 

2H), 8.17 (d, J = 8.8, 2H), 8.89 (s, 1H); δC (100 MHz, DMSO-d6): 44.1, 106.5, 120.6, 

121.2, 123.2, 128.4, 139.4, 140.1, 141.2, 144.8, 152.8, 162.1; m/z (ESI negative) 330.0 

[M−H]- 

 

Synthesis of 4-(4-phenylsulfanylmethyl-[1,2,3]triazol-1-yl)-benzenesulfonamide A8. 

 

Compound A8 was obtained according the general procedure earlier reported using prop-

2-ynylsulfanyl-benzene A23 (1.0 eq), 4-azido-benzenesulfonamide A2 (0.12 g, 1.1 eq) in 

tert-ButOH/H2O 1/1 (4 ml), triethylamine hydrochloride (1.0 eq) and copper nanosize 

(0.1 eq). The reaction mixture was stirred for 24h at r.t. to give the titled compound A8 

as a yellow solid. 

4-(4-Phenylsulfanylmethyl-[1,2,3]triazol-1-yl)-benzenesulfonamide A8: 63% yield; 

m.p. 202-204°C; silica gel TLC Rf 0.62 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 4.43 (s, 2H, CH2), 7.25 (t, J = 7.2, 1H), 7.37 (t, J = 7.6, 2H), 7.45 (d, J = 7.6, 

2H), 7.53 (s, 2H, exchange with D2O, SO2NH2), 8.04 (d, J = 8.4, 2H), 8.12 (d, J = 8.4, 

2H), 8.82 (s, 1H); δC (100 MHz, DMSO-d6): 28.1, 121.1, 122.6, 127.0, 128.4, 129.8, 

130.0, 136.4, 139.4, 144.7, 146.2; m/z (ESI positive) 347.0 [M+H]+  

 

Synthesis of 4-(4-phenylaminomethyl-[1,2,3]triazol-1-yl)-benzenesulfonamide A9. 

 

Compound A9 was obtained according the general procedure earlier reported using 

phenyl-prop-2-ynyl-amine A24 (1.0 eq), 4-azido-benzenesulfonamide A2 (0.12 g, 1.1 eq) 

in tert-ButOH/H2O 1/1 (4 ml), triethylamine hydrochloride (1.0 eq) and copper nanosize 

(0.1 eq). The reaction mixture was stirred for 20h at r.t. to give the titled compound A9 

as a yellow solid. 
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4-(4-Phenylaminomethyl-[1,2,3]triazol-1-yl)-benzenesulfonamide A9: 78% yield; 

m.p. 221-223°C; silica gel TLC Rf 0.57 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 4.42 (d, J = 5.6, 2H, CH2), 6.20 (t, J = 5.6, 1H, exchange with D2O, NH) , 

6.59 (t, J = 7.2, 1H), 6.71 (d, J = 8.0, 2H), 7.12 (t, J = 8.0, 2H), 7.57 (s, 2H, exchange 

with D2O, SO2NH2), 8.04 (d, J = 8.4, 2H), 8.16 (d, J = 8.4, 2H), 8.85 (s, 1H); δC (100 

MHz, DMSO-d6): 39.5, 113.3, 117.1, 121.0, 122.2, 128.5, 129.8, 139.6, 144.6, 148.3, 

149.2; m/z (ESI positive) 330.0 [M+H]+  

 

Synthesis of N,N-di-(1-(4-sulfamoylphenyl)-[1,2,3]triazol-4-yl-methyl)-aniline A10. 

 

Compound A10 was obtained according the general procedure earlier reported using 

phenyl-di-prop-2-ynyl-amine A25 (1.0 eq), 4-azido-benzenesulfonamide A2 (0.12 g, 2.2 

eq) in tert-ButOH/H2O 1/1 (4 ml), triethylamine hydrochloride (2.0 eq) and copper 

nanosize (0.2 eq). The reaction mixture was stirred for 72h at r.t. to give the titled 

compound A10 as a yellow solid. 

N,N-Di-(1-(4-sulfamoylphenyl)-[1,2,3]triazol-4-yl-methyl)-aniline A10: 65% yield; 

m.p. 253-254°C; silica gel TLC Rf 0.14 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 4.83 (s, 4H, 2 x CH2) , 6.59 (t, J = 7.6, 1H), 6.96 (d, J = 7.8, 2H), 7.16 (t, J 

= 7.8, 2H), 7.52 (s, 4H, exchange with D2O, 2 x SO2NH2), 8.05 (d, J = 8.4, 4H), 8.17 (d, 

J = 8.4, 4H), 8.94 (s, 2H); δC (100 MHz, DMSO-d6): 46.6, 113.9, 117.8, 121.1, 122.5, 

128.4, 130.0, 139.6, 144.7, 147.2, 148.6; m/z (ESI negative) 564.0 [M−H]- 

 

Synthesis of 4-(1-phenyl-1H-[1,2,3]triazol-4-ylmethoxy)-benzenesulfonamide A13. 

 

Compound A13 was obtained according the general procedure earlier reported using 4-

prop-2-ynyloxy-benzenesulfonamide A12 (0.05g, 1.0 eq), phenylazide A26 (1.1 eq) in 

tert-ButOH/H2O 1/1 (3.5 ml), tetramethylamonium chloride (1.0 eq) and copper nanosize 

(0.1 eq). The reaction mixture was stirred at 60°C for 2.5h and the obtained residue was 

purified by silica gel column chromatography eluting with 50% ethyl acetate in n-hexane 

to afford A13 as a white solid. 

4-(1-Phenyl-1H-[1,2,3]triazol-4-ylmethoxy)-benzenesulfonamide A13: 70% yield; 

m.p. 200-202°C; silica gel TLC Rf 0.24 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 5.38 (s, 2H, CH2), 7.26 (s, 2H, exchange with D2O, SO2NH2) 7.28 (m, 2H, 
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overlap with signal at 7.26), 7.55 (t, J = 7.6, 1H), 7.65 (t, J = 7.6, 2H), 7.81 (d, J = 8.4, 

2H), 7.95 (d, J = 7.6, 2H), 9.03 (s, 1H); δC (100 MHz, DMSO-d6): 62.3, 115.7, 121.1, 

124.0, 128.6, 129.8, 130.9, 137.5, 137.6, 144.3, 161.2; m/z (ESI positive) 331.0 [M+H]+. 

 

Synthesis of 4-[1-(3-methoxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-

benzenesulfonamide A14. 

 

Compound A14 was obtained according the general procedure earlier reported using 4-

prop-2-ynyloxy-benzenesulfonamide A12 (0.05g, 1.0 eq), 1-azido-3-methoxybenzene 

A27 (1.1 eq) in tert-ButOH/H2O 1/1 (3.5 ml), tetramethylamonium chloride (1.0 eq) and 

copper nanosize (0.1 eq). The reaction mixture was stirred at 60°C for 3h and the obtained 

residue was purified by silica gel column chromatography eluting with 50% ethyl acetate 

in n-hexane to afford A14 as a white solid. 

4-[1-(3-Methoxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-benzenesulfonamide A14 

72% yield; m.p. 184-186°C; silica gel TLC Rf 0.21 (EtOAc/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6): 3.90 (s, 3H, CH3), 5.37 (s, 2H, CH2), 7.11 (d, J = 6.8, 1H), 7.27 (s, 2H, 

exchange with D2O, SO2NH2), 7.28 (m, 2H, overlap with signal at 7.27), 7.54 (m, 3H), 

7.82 (d, J = 8.8, 2H), 9.05 (s, 1H); δC (100 MHz, DMSO-d6): 56.6, 62.3, 106.7, 113.1, 

115.5, 115.7, 124.1, 128.6, 131.8, 137.6, 138.5, 144.2, 161.1, 161.2; m/z (ESI positive) 

361.0 [M+H]+. 

 

Synthesis of 4-[1-(4-fluoro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-benzenesulfonamide 

A15. 

 

Compound A15 was obtained according the general procedure earlier reported using 4-

prop-2-ynyloxy-benzenesulfonamide A12 (0.05g, 1.0 eq), 1-azido-4-fluorobenzene A28 

(1.1 eq) in tert-ButOH/H2O 1/1 (3.5 ml), tetramethylamonium chloride (1.0 eq) and 

copper nanosize (0.1 eq). The reaction mixture was stirred at 60°C for 2h and the obtained 

residue was purified by silica gel column chromatography eluting with 50% ethyl acetate 

in n-hexane to afford A15 as a white solid. 

4-[1-(4-Fluoro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-benzenesulfonamide A15: 

70% yield; m.p. 211-213°C; silica gel TLC Rf 0.29 (EtOAc/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6): 5.37 (s, 2H, CH2), 7.27 (s, 2H, exchange with D2O, SO2NH2), 7.28 (m, 
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2H, overlap with signal at 7.27), 7.51 (t, J = 8.4, 2H), 7.81 (d, J = 8.4, 2H), 8.00 (m, 2H), 

9.00 (s, 1H); δF (376 MHz, DMSO-d6): -112.97 (s, 1F); δC (100 MHz, DMSO-d6): 62.2, 

115.8, 117.8 (d, J2
CF = 23.1), 123.6 (d, J3

CF = 8.8), 124.4, 128.7, 134.1, 137.6, 144.3, 

161.2, 162.7 (d, J1
CF = 244.5); m/z (ESI positive) 349.0 [M+H]+. 

 

Synthesis of 4-[1-(4trifluoromethyl-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-

benzenesulfonamide A16. 

 

Compound A16 was obtained according the general procedure earlier reported using 4-

prop-2-ynyloxy-benzenesulfonamide A12 (0.05g, 1.0 eq), 1-azido-4-

trifluoromethylbenzene A29 (1.1 eq) in tert-ButOH/H2O 1/1 (3.5 ml), 

tetramethylamonium chloride (1.0 eq) and copper nanosize (0.1 eq). The reaction mixture 

was stirred at 60°C for 1.5h and the obtained residue was purified by silica gel column 

chromatography eluting with 50% ethyl acetate in n-hexane to afford A16 as a white 

solid. 

4-[1-(4-Trifluoromethyl-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-

benzenesulfonamide A16: 69% yield; m.p. 198-199°C; silica gel TLC Rf 0.16 (EtOAc/n-

hexane 50 % v/v); δH (400 MHz, DMSO-d6): 5.36 (s, 2H, CH2), 7.23 (s, 2H, exchange 

with D2O, SO2NH2), 7.24 (m, 2H, overlap with signal at 7.23), 7.78 (d, J = 8.8, 2H), 8.00 

(d, J = 8.6, 2H), 8.18 (d, J = 8.6, 2H), 9.14 (s, 1H); δF (376 MHz, DMSO-d6): -61.03 (s, 

3F); δC (100 MHz, DMSO-d6): 62.2, 115.8, 121.6, 124.3, 124.7 (d, J1
CF = 270.6), 128.2 

(q, J3
CF = 3.8), 128.6, 129.8 (q, J2

CF = 32.2), 137.6, 140.3, 144.7, 161.2; m/z (ESI positive) 

399.0 [M+H]+. 

 

Synthesis of 4-[1-(4-Hydroxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-

benzenesulfonamide A17. 

 

Compound A17 was obtained according the general procedure earlier reported using 4-

prop-2-ynyloxy-benzenesulfonamide A12 (0.05g, 1.0 eq), 1-azido-4-hydroxybenzene 

A30 (1.1 eq) in tert-ButOH/H2O 1/1 (3.5 ml), tetramethylamonium chloride (1.0 eq) and 

copper nanosize (0.1 eq). The reaction mixture was stirred at 60°C for 1h and the obtained 
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residue was purified by silica gel column chromatography eluting with 60% ethyl acetate 

in n-hexane to afford A17 as a white solid. 

4-[1-(4-Hydroxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-benzenesulfonamide A17: 

49% yield; m.p. 229-231°C; silica gel TLC Rf 0.09 (EtOAc/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6): 5.34 (s, 2H, CH2), 6.97 (d, J = 8.8, 2H), 7.26 (m, 2H, overlap with 

signal at 7.27), 7.27 (s, 2H, exchange with D2O, SO2NH2), 7.71 (d, J = 8.8, 2H), 7.81 (d, 

J = 8.8, 2H), 8.84 (s, 1H), 10.02 (s, 1H, exchange with D2O, OH); δC (100 MHz, DMSO-

d6): 62.3, 115.8, 117.0, 123.0, 123.9, 128.6, 129.6, 137.6, 143.9, 158.8, 161.3; m/z (ESI 

positive) 347.0 [M+H]+. 

 

General synthetic procedure of alkynes A12, A18- A24202 

 

Propargyl bromide (1.2 eq) was added to a suspension of the proper phenol, thiophenol 

or aniline (0.5 g, 1.0 eq) and K2CO3 (2.0 eq) in dry DMF (4 ml) under a nitrogen 

atmosphere and that was stirred at r.t. until starting material was consumed (TLC 

monitoring). The reaction mixture was quenched with H2O (20 ml) and extracted with 

Et2O or EtOAc (25 ml). The organic layer was washed with brine (4x15ml), dried over 

Na2SO4 filtered-off and concentrated under vacuo to give the titled compounds A18- A24. 

 

Synthesis of prop-2-ynyloxy-benzene A18. 

 

Compound A18 was obtained according the general procedure earlier reported. The 

reaction mixture was stirred at r.t. for 2h to give the titled compound A18. 

Prop-2-ynyloxy-benzene A18: 74% yield; silica gel TLC Rf 0.68 (EtOAc/n-hexane 20 % 

v/v); δH (400 MHz, CDCl3): 2.58 (t, J = 2.4, 1H), 4.76 (d, J = 2.4, 2H), 7.06 (m, 3H), 7.37 

(t, J = 8.8, 2H); δC (100 MHz, CDCl3): 56.1, 75.8, 79.0, 115.3, 121.9, 129.8, 157.9. 

Experimental in agreement with reported data.202 

 

Synthesis of 1-methyl-3-prop-2-ynyloxy-benzene A19. 

 

Compound A19 was obtained according the general procedure earlier reported. The 

reaction mixture was stirred at r.t. for 2h to give the titled compound A19. 
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1-Methyl-3-prop-2-ynyloxy-benzene A19: 81% yield; silica gel TLC Rf 0.48 (EtOAc/n-

hexane 20 % v/v); δH (400 MHz, DMSO-d6): 2.45 (s, 3H, CH3), 2.52 (t, J = 2.4, 1H), 4.69 

(d, J = 2.4, 2H), 6.81 (m, 3H), 7.20 (t, J = 7.2, 1H); δC (100 MHz, CDCl3): 21.9, 56.0, 

75.7, 79.1, 112.0, 116.1, 122.8, 129.5, 139.9, 157.9. 

Experimental in agreement with reported data.203 

 

Synthesis of 1-methoxy-3-prop-2-ynyloxy-benzene A20. 

 

Compound A20 was obtained according the general procedure earlier reported. The 

reaction mixture was stirred at r.t. for 2h to give the titled compound A20. 

1-Methoxy-3-prop-2-ynyloxy-benzene A20: 78% yield; silica gel TLC Rf 0.78 

(EtOAc/n-hexane 50 % v/v); δH (400 MHz, CDCl3): 2.53 (t, J = 2.4, 1H), 3.80 (s, 3H, 

CH3), 4.68 (d, J = 2.4, 2H), 6.57 (m, 3H), 7.20 (t, J = 7.4, 1H); δC (100 MHz, CDCl3): 

55.6, 56.2, 75.8, 78.9, 101.9, 107.2, 107.6, 103.2, 159.2, 161.2. 

Experimental in agreement with reported data.203 

 

Synthesis of 1-methoxy-4-prop-2-ynyloxy-benzene A21. 

 

Compound A21 was obtained according the general procedure earlier reported. The 

reaction mixture was stirred at r.t. for 2h to give the titled compound A21. 

1-Methoxy-4-prop-2-ynyloxy-benzene A21: 71% yield; silica gel TLC Rf 0.65 

(EtOAc/n-hexane 50 % v/v); δH (400 MHz, CDCl3): 2.51 (t, J = 2.4, 1H), 3.78 (s, 3H, 

CH3), 4.64 (d, J = 2.4, 2H), 6.85 (d, J = 9.2, 2H), 6.93 (d, J = 9.2, 2H); δC (100 MHz, 

CDCl3): 56.0, 56.9, 75.6, 79.2, 114.9, 116.5, 152.0, 154.8. 

Experimental in agreement with reported data.204 

 

Synthesis of 2-prop-2-ynyloxy-pyridine A22. 

 

Compound A22 was obtained according the general procedure earlier reported. The 

reaction mixture was stirred at r.t. for 3h to give to an oil that was purified by silica gel 

column chromatography eluting with 5% MeOH in DCM to afford A22. 
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2-Prop-2-ynyloxy-pyridine A22: 50% yield; silica gel TLC Rf 0.49 (MeOH/CH2Cl2 

10 % v/v); δH(400 MHz, CDCl3): 2.49 (t, J = 2.4, 1H), 4.76 (d, J = 2.4, 2H), 6.25 (t, J = 

6.8, 1H), 6.61 (d, J = 9.2, 1H), 7.35 (m, 1H), 7.64 (d, J = 6.8, 1H); δC (100 MHz, CDCl3): 

31.3, 41.2, 73.5, 79.0, 116.6, 121.0, 129.6, 147.5. 

Experimental in agreement with reported data.204 

 

Synthesis of prop-2-ynylsulfanyl-benzene A23.  

 

Compound A23 was obtained according the general procedure earlier reported. The 

reaction mixture was stirred at r.t. for 2h to give the titled compound A23. 

Prop-2-ynylsulfanyl-benzene A23: 96% yield; silica gel TLC Rf 0.61 (EtOAc/n-hexane 

10 % v/v); δH (400 MHz, CDCl3): 2.30 (t, J = 2.4, 1H), 3.67 (d, J = 2.4, 2H), 7.32 (m, 

1H), 7.39 (t, J = 7.6, 2H), 7.52 (m, 2H); δC (100 MHz, CDCl3): 22.9, 71.9, 80.2, 127.3, 

129.3, 129.4, 130.4. 

Experimental in agreement with reported data.205 

 

Synthesis of phenyl-prop-2-ynyl-amine A24 and phenyl-di-prop-2-ynyl-amine A25.  

 

Compound A24 and compound A25 were obtained according the general procedure 

earlier reported. The reaction mixture was stirred at r.t. for 4h and the obtained oil was 

purified by silica gel column chromatography eluting with 5% EtOAc in petroleum ether 

to afford the titled compounds A24 and A25 as two yellow liquids. 

Phenyl-prop-2-ynyl-amine A24: 35% yield; silica gel TLC Rf 0.76 (EtOAc/n-hexane 

20 % v/v); δH (400 MHz, DMSO-d6): 2.24 (t, J = 2.4, 1H), 3.96 (d, J = 2.4, 2H), 6.78 (d, 

J = 7.4, 2H), 6.85 (t, J =7.4, 1H), 7.31 (t, J =7.4, 2H); δC (100 MHz, CDCl3): 34.4, 72.1, 

80.8, 114.5, 119.7, 129.6, 146.3. 

Experimental in agreement with reported data. 206 

Phenyl-di-prop-2-ynyl-amine A25: 19% yield; silica gel TLC Rf 0.88 (EtOAc/n-hexane 

20 % v/v); δH (400 MHz, DMSO-d6): 2.27 (t, J = 2.4, 2H), 4.14 (d, J = 2.4, 4H), 6.93 (t, 

J = 7.6, 1H), 7.02 (d, J =7.6, 2H), 7.24 (t, J = 7.6, 2H); δC (100 MHz, CDCl3): 41.1, 73.4, 

79.1, 116.5, 120.8, 129.6, 147.6. 

Experimental in agreement with reported data.207 
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Synthesis of 4-prop-2-ynyloxy-benzenesulfonamide A12. 

 

Compound A12 was obtained according the general procedure earlier reported. The 

reaction mixture was stirred at 60°C for 5h and then was quenched with H2O (20 ml). The 

obtained suspension was stirred overnight at r.t.. The formed precipitate was filtered-off 

and purified by silica gel column chromatography eluting with 50 % EtOAc in n-hexane 

to afford the title compound A12. 

4-Prop-2-ynyloxy-benzenesulfonamide A12: 71% yield; m.p. 131-132°C; silica gel 

TLC Rf 0.47 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 3.66 (t, J = 2.4, 1H), 

4.94 (d, J = 2.4, 2H), 7.17 (d, J = 8.8, 2H), 7.26 (s, 2H, exchange with D2O, SO2NH2), 

7.80 (d, J = 8.8, 2H); δC (100 MHz, DMSO-d6): 56.7, 79.6, 79.7, 115.9, 128.6, 137.8, 

160.4. 

Experimental in agreement with reported data.208 

 

General synthetic procedure of phenylazides A2, A26- A34, B4.209 

 

The proper aniline (0.5g, 1.0eq) was dissolved in a 4M HCl aqueous solution (5 ml) at 

0°C. NaNO2 (1.2 eq) was slowly added and the resulting solution was stirred at the same 

temperature for 0.5h. Then NaN3 (1.5 eq) was added portion-wise and the mixture was 

stirred at r.t. for 0.5h. Reaction mixture was filtered-off or extracted with Et2O (2 x 15 

ml) and the combined organic layers were dried over Na2SO4, filtered-off and the solvent 

evaporated in vacuo to afford the corresponding phenylazide which was used without 

further purification. 

 

Synthesis of 4-azido-benzenesulfonamide A2. 

 

Compound A2 was obtained according the general procedure earlier reported. 

Sulfanilamide was treated with NaNO2 and NaN3 in a HCl 2M aqueous solution and the 

formed precipitate was filtered-off to afford the titled compound A2 as a yellow solid. 

4-Azidobenzenesulfonamide A2: 60% yield; m.p. 120-121°C; silica gel TLC Rf 0.47 

(EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 7.33 (d, J = 8.8, 2H), 7.41 (s, 2H, 
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exchange with D2O, SO2NH2), 7.87 (d, J = 8.8, 2H); δC (100 MHz, DMSO-d6): 120.5, 

128.6, 141.5, 143.9. 

Experimental in agreement with reported data.128 

 

Synthesis of phenylazide A26. 

 

Compound A26 was obtained according the general procedure earlier reported.  

Phenylazide A26: 60% yield; silica gel TLC Rf 0.76 (EtOAc/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6):7.12 (d, J = 7.6, 2H), 7.20 (t, J = 7.6, 1H), 7.42 (t, J = 7.6, 2H); δC (100 

MHz, DMSO-d6): 120.0, 126.1, 131.0, 140.3. 

Experimental in agreement with reported data.209 

 

Synthesis of 3-methoxyphenylazide A27. 

 

Compound A27 was obtained according the general procedure earlier reported.  

3-Methoxyphenyl azide A27: 74% yield; silica gel TLC Rf 0.78 (EtOAc/n-hexane 50 % 

v/v); δH (400 MHz, DMSO-d6): 3.80 (s, 3H, CH3), 6.66 (t, J = 2.4, 1H), 6.74 (ddd, J = 

0.8, 2.4, 8.2, 1H), 6.81 (ddd, J = 0.8, 2.4, 8.2, 1H), 7.36 (t, J = 8.2, 1H); δC (100 MHz, 

DMSO-d6): 56.3, 105.7, 112.0, 112.1, 131.7, 141.5, 161.5. 

Experimental in agreement with reported data.209 

 

Synthesis of 4-fluorophenylazide A28. 

 

Compound A28 was obtained according the general procedure earlier reported.  

4-Fluorophenylazide A28: 89% yield; silica gel TLC Rf 0.79 (EtOAc/n-hexane 50 % 

v/v); δH (400 MHz, DMSO-d6): 67.19 (m, 2H), 7.29 (t, J = 8.8, 2H); δF (376 MHz, DMSO-

d6): -117.77 (s, 1F); δC (100 MHz, DMSO-d6): 117.7 (d, J2
CF = 23), 121.8 (d, J3

CF = 9.0), 

136.4, 160.3 (d, J1
CF = 241.0). 

Experimental in agreement with reported data.210 

 

Synthesis of 4-trifluoromethyl-phenyl azide A29. 
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Compound A29 was obtained according the general procedure earlier reported.  

4-Trifluoromethylphenylazide A29: 67% yield; silica gel TLC Rf 0.84 (EtOAc/n-

hexane 50 % v/v); δH (400 MHz, DMSO-d6): 7.35 (d, J = 8.8, 2H), 7.78 (d, J = 8.8, 2H); 

δF (376 MHz, DMSO-d6): -56.18 (s, 3F); δC (100 MHz, DMSO-d6): 120.8, 125.0 (d, J1
CF 

= 269.6), 126.2 (q, J2
CF = 32.0), 130.0, 144.7. 

Experimental in agreement with reported data.211 

 

Synthesis of 4-hydroxy-phenyl azide A30. 

 

Compound A30 was obtained according the general procedure earlier reported. 

4-Hydroxyphenylazide A30: 46% yield; silica gel TLC Rf 0.84 (EtOAc/n-hexane 50 % 

v/v); δH (400 MHz, DMSO-d6): 6.84 (d, J = 8.8, 2H), 6.97 (d, J = 8.8, 2H), 9.56 (bs, 1H, 

exchange with D2O, OH); δC (100 MHz, DMSO-d6): 117.5, 121.1, 130.6, 156.0. 

Experimental in agreement with reported data.212 

 

Coumarins (series B) - General synthetic procedure of compounds B5-B18.128 

 

The appropriate alkyne A18, A23-A24 (previously reported in series A experimental 

section) or B2 (1.0 eq) was added to a suspension of aryl azide A2, A26-A30 (previously 

reported in series A experimental section) or A31-A34 (1.1 eq) in H2O/tert-BuOH 1/1 

(3.5 ml) at r.t., followed by copper (0) nanosized (0.1 eq) and TMACl (1.0 eq). The 

suspension was stirred at 60°C until starting materials were consumed (TLC monitoring), 

then quenched with H2O (20 ml) and the formed precipitate was filtered-off and washed 

with H2O. The solid was dissolved in a minimal amount of acetone, the obtained solution 

was filtered through Celite 521® and then concentrated under vacuo to give a residue that 

was triturated with Et2O or DCM to afford the titled compounds B5-B18. 

 

Synthesis of 7-(1-phenyl-1H-[1,2,3]triazol-4-ylmethoxy)-chromen-2-one B5. 

 

7-(1-Phenyl-1H-[1,2,3]triazol-4-ylmethoxy)-chromen-2-one B5 was obtained according 

the general procedure earlier reported using phenylazide A26 (1.1eq), 7-(prop-2-

ynyloxy)-2H-chromen-2-one B2 (0.05g, 1.0 eq) in tert-ButOH/H2O (1/1, 3.5 ml), 
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tetramethylamonium chloride (1.0 eq) and copper nanosize (0.1 eq). The reaction mixture 

was stirred for 5h to give the titled compound B5 as a white solid. 

7-(1-Phenyl-1H-[1,2,3]triazol-4-ylmethoxy)-chromen-2-one B5: 74 % yield; m.p. 172-

175°C; silica gel TLC Rf 0.52 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 

5.41 (s, 2H, CH2), 6.35 (d, J = 9.6, 1H), 7.11 (dd, J = 2.4, 8.6 , 1H), 7.25 (d, J = 2.4, 1H), 

7.56 (t, J = 7.6, 1H), 7.66 (t, J = 7.6, 2H), 7.70 (d, J = 8.6, 1H), 7.96 (d, J = 7.6, 2H), 

8.05 (d, J = 9.6, 1H), 9.05 (s, 1H); δC (100 MHz, DMSO-d6): 63.0, 102.6, 113.6, 113.7, 

113.8, 121.2, 124.1, 129.8, 130.5, 130.9, 138.0, 144.1, 145.2, 156.2, 161.2, 162.0; m/z 

(ESI positive) 320.0 [M+H]+. 

 

Synthesis of 7-[1-(3-fluoro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B6. 

 

7-[1-(3-Fluoro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B6 was obtained 

according the general procedure earlier reported using 3-fluorophenylazide A31 (1.1 eq), 

7-(prop-2-ynyloxy)-2H-chromen-2-one B2 (0.05g, 1.0 eq) in tert-ButOH/H2O (1/1, 3.5 

ml), tetramethylamonium chloride (1.0 eq) and copper nanosize (0.1 eq). The reaction 

mixture was stirred for 1.5h to give the titled compound B6 as a white solid. 

7-[1-(3-Fluoro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B6: 77 % 

yield; m.p. 158-160°C; silica gel TLC Rf 0.45 (Ethyl acetate/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6): 5.42 (s, 2H, CH2), 6.36 (d, J = 9.6, 1H), 7.11 (dd, J = 2.4, 8.6 , 1H), 

7.25 (d, J = 2.4, 1H), 7.42 (m, 1H), 7.71 (m, 2H), 7.86 (m, 1H), 7.91 (m, 1H), 8.05 (d, J 

= 9.6, 1H), 9.10 (s, 1H); δF (376 MHz, DMSO-d6): -110.52 (s, 1F); δC (100 MHz, DMSO-

d6): 62.5, 102.5, 108.1 (d, J 2
CF = 26.3), 113.6, 113.7, 113.8, 116.4 (d, J 2

CF = 21.0), 117.0, 

124.2, 130.5, 132.8 (d, J 3
CF = 9.0), 138.6 (d, J 3

CF = 10.4), 144.3, 145.1, 156.2, 161.2, 

161.9, 162.8 (d, J 1
CF =262.7 ); m/z (ESI positive) 338.0 [M+H]+. 

 

Synthesis of 7-[1-(3-chloro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B7. 

 

1-Azido-3-chlorobenzene A32 (1.1 eq) and 7-(prop-2-ynyloxy)-2H-chromen-2-one B2 

(0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 
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mixture was stirred at 60°C for 3.5h and then treated as described in general procedure to 

afford B7 as a white solid. 

7-[1-(3-Chloro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B7: 77 % 

yield; m.p. 182-183°C; silica gel TLC Rf 0.41 (Ethyl acetate/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6): 5.41 (s, 2H, CH2), 6.36 (d, J = 9.6, 1H), 7.10 (dd, J = 2.4, 8.6 , 1H), 

7.24 (d, J = 2.4, 1H), 7.66 (m, 3H), 7.97 (d, J = 8.1, 1H), 8.05 (d, J = 9.6, 1H), 8.11 (d, J 

= 2.0, 1H), 9.12 (s, 1H); δC (100 MHz, DMSO-d6): 62.5, 102.3, 113.6, 113.7, 113.8, 119.7, 

120.9, 124.3, 129.6, 130.5, 132.6, 135.1, 138.5, 144.3, 145.2, 156.2, 161.1, 161.9; m/z 

(ESI positive) 354.0 [M+H]+. 

 

Synthesis of 7-[1-(3-bromo-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B8. 

 

1-Azido-3-bromobenzene A33 (1.1 eq) and 7-(prop-2-ynyloxy)-2H-chromen-2-one B2 

(0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5 ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 6h and then treated as described in general procedure to 

afford B8 as a white solid. 

7-[1-(3-Bromo-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B8: 78 % 

yield; m.p. 170-172°C ; silica gel TLC Rf 0.41 (Ethyl acetate/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6): 5.41 (s, 2H, CH2), 6.36 (d, J = 9.6, 1H), 7.10 (dd, J = 2.4, 8.6, 1H), 

7.24 (d, J = 2.4, 1H), 7.61 (t, J = 8.2, 1H), 7.71 (d, J = 8.6, 1H), 7.76 (d, J = 8.2, 1H), 

8.02 (d, J = 8.2, 1H), 8.05 (d, J = 9.6, 1H), 8.23 (s, 1H), 9.12 (s, 1H); δC (100 MHz, 

DMSO-d6): 62.5, 102.6, 113.6, 113.7, 113.8, 120.1, 123.4, 123.7, 124.3, 130.5, 132.5, 

132.8, 138.5, 144.3, 145.2, 156.0, 161.1, 161.9; m/z (ESI positive) 398.0 [M+H]+. 

 

Synthesis of 7-[1-(3-methoxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one 

B9. 

 

1-Azido-3-methoxybenzene A27 (1.1 eq) and 7-(prop-2-ynyloxy)-2H-chromen-2-one B2 

(0.05, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 



  CHAPTER 4. EXPERIMENTAL SECTION 

 

122 
 

mixture was stirred at 60°C for 2.5h and then treated as described in general procedure to 

afford B9 as a white solid. 

7-[1-(3-Methoxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B9: 81 % 

yield; m.p. 131-133°C; silica gel TLC Rf 0.36 (Ethyl acetate/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6): 3.89 (s, 3H, CH3), 5.40 (s, 2H, CH2), 6.36 (d, J = 9.6, 1H), 7.11 (m, 

2H), 7.24 (d, J = 2.4, 1H), 7.54 (m, 3H), 7.70 (d, J = 8.6, 1H), 8.05 (d, J = 9.6, 1H), 9.07 

(s, 1H); δC (100 MHz, DMSO-d6): 56.6, 62.7, 102.6, 106.6, 113.1, 113.6, 113.7, 113.8, 

115.5, 124.2, 130.5, 131.8, 138.5, 144.0, 145.2, 156.2, 131.1, 161.2, 162.0; m/z (ESI 

positive) 350.0 [M+H]+. 

 

Synthesis of 7-[1-(4-fluoro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B10. 

 

7-[1-(4-fluoro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B10 was 

obtained according the general procedure earlier reported using 1-azido-4-fluorobenzene 

A28 (1.1 eq), 7-(prop-2-ynyloxy)-2H-chromen-2-one B2 (0.05g, 1.0 eq) in tert-

ButOH/H2O 1/1 (3.5 ml), tetramethylamonium chloride (1.0 eq) and copper nanosize (0.1 

eq).The reaction mixture was stirred for 7.5h to give the titled compound B10 as a white 

solid. 

7-[1-(4-Fluoro-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B10: 68 % 

yield; m.p. 201-203°C; silica gel TLC Rf 0.34 (Ethyl acetate/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6): 5.40 (s, 2H, CH2), 6.36 (d, J = 9.2, 1H), 7.10 (dd, J = 2.4, 8.6, 1H), 

7.24 (d, J = 2.4, 1H), 7.51 (m, 2H), 7.70 (d, J = 8.6, 1H), 8.00 (m, 2H), 8.05 (d, J = 9.2, 

1H), 9.02 (s, 1H); δF (376 MHz, DMSO-d6): -112.94 (s, 1F); δC (100 MHz, DMSO-d6): 

62.4, 102.4, 113.5, 113.6, 113.7, 117.6 (d, J 2
CF = 23.1), 123.4 (d, J 3

CF = 8.8), 124.3, 130.7, 

133.9 (d, J 4
CF = 2.9), 144.0, 145.1, 156.1, 161.0, 161.8, 162.5 (d, J 1

CF = 244.4); m/z (ESI 

positive) 338.0 [M+H]+. 

 

Synthesis of 7-[1-(4-trifluoromethyl-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-

one B11. 

 

7-[1-(4-trifluoromethyl-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B11 

was obtained according the general procedure earlier reported using 1-azido-4-
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trifluoromethylbenzene A29 (1.1 eq), 7-(prop-2-ynyloxy)-2H-chromen-2-one B2 (0.05g, 

1.0 eq) in tert-ButOH/H2O 1/1 (3.5 ml), tetramethylamonium chloride (1.0 eq) and copper 

nanosize (0.1 eq). The reaction mixture was stirred for 2.5h to give the titled compound 

B11 as a white powder. 

7-[1-(4-Trifluoromethyl-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one 

B11: 70 % yield; m.p. 185-187°C; silica gel TLC Rf 0.50 (Ethyl acetate/n-hexane 50 % 

v/v); δH (400 MHz, DMSO-d6): 5.43 (s, 2H, CH2), 6.35 (d, J = 9.6, 1H), 7.10 (dd, J = 2.4, 

8.6 , 1H), 7.24 (d, J = 2.4, 1H), 7.70 (d, J = 8.6, 1H), 8.05 (m, 3H), 8.22 (d, J = 8.4, 2H), 

9.19 (s, 1H); δC (100 MHz, DMSO-d6): 62.5, 102.6, 113.7, 113.7, 113.8, 121.6, 123.9 (d, 

J 1
CF = 270.6), 124.4, 128.2 (q, J 3

CF = 3.4), 129.8 (d, J 2
CF = 32.7), 130.5, 140.2, 144.5, 

145.2, 156.2, 161.2, 161.9; m/z (ESI positive) 388.0 [M+H]+. 

 

Synthesis of 7-[1-(4-hydroxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one 

B12. 

 

1-Azido-4-hydroxybenzene A30 (1.1 eq) and 7-(prop-2-ynyloxy)-2H-chromen-2-one B2 

(0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 1.5h and then treated as described in general procedure to 

afford B12 as a white solid. 

7-[1-(4-Hydroxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B12: 77 % 

yield; m.p. 241-242°C; silica gel TLC Rf0.21 (Ethyl acetate/n-hexane 50 % v/v); δH (400 

MHz, DMSO-d6): 5.37 (s, 2H, CH2), 6.35 (d, J = 9.6, 1H), 6.98 (d, J = 8.6, 2H), 7.10 

(dd, J = 2.4, 8.6 , 1H), 7.24 (d, J = 2.4, 1H), 7.70 (m, 3H), 8.05 (d, J = 9.6, 1H), 8.85 (s, 

1H), 10.00 (s, 1H, exchange with D2O, OH); δC (100 MHz, DMSO-d6): 62.6, 102.6, 113.6, 

113.7, 113.8, 117.0, 123.0, 124.0, 129.6, 130.5, 143.7, 145.2, 156.2, 158.8, 161.2, 162.0; 

m/z (ESI positive) 336.0 [M+H]+. 

 

Synthesis of 7-[1-(4-carboxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one 

B13. 
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1-Azido-4-carboxybenzene A34 (1.1 eq) and 7-(prop-2-ynyloxy)-2H-chromen-2-one B2 

(0.05, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 12h and treated as described in general procedure to afford 

B13 as a white solid. 

7-[1-(4-Carboxy-phenyl)-1H-[1,2,3]triazol-4-ylmethoxy]-chromen-2-one B13: 55 % 

yield; m.p. 290-292°C d; silica gel TLC Rf 0.34 (MeOH/CH2Cl2 10 % v/v); δH (400 MHz, 

DMSO-d6): 5.42 (s, 2H, CH2), 6.36 (d, J = 9.2, 1H), 7.10 (dd, J = 2.4, 8.6 , 1H), 7.25 (d, 

J = 2.4, 1H), 7.71 (d, J = 8.6, 1H), 8.05 (d, J = 9.2, 1H), 8.15 (m, 4H), 9.16 (s, 1H), 13.34 

(bs, 1H, exchange with D2O, COOH); m/z (ESI negative) 362.17 [M−H]−. 

 

Synthesis of 4-[4-(2-oxo-2H-chromen-7-yloxymethyl)-[1,2,3]triazol-1-yl]-

benzenesulfonamide B14. 

 

4-Azidobenzenesulfonamide A2 (1.1 eq) and 7-(prop-2-ynyloxy)-2H-chromen-2-one B2 

(0.05, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 2.5h and then treated as described in general procedure to 

afford B14 as a light yellow solid. 

4-[4-(2-Oxo-2H-chromen-7-yloxymethyl)-[1,2,3]triazol-1-yl]-benzenesulfonamide 

B14: 80 % yield; m.p. 279-281°C; silica gel TLC Rf 0.43 (MeOH/CH2Cl2 10 % v/v); δH 

(400 MHz, DMSO-d6): 5.43 (s, 2H, CH2), 6.36 (d, J = 9.2, 1H), 7.10 (dd, J = 2.4, 8.6, 

1H), 7.25 (d, J = 2.4, 1H), 7.59 (s, 2H, exchange with D2O, SO2NH2), 7.71 (d, J = 8.6, 

1H), 8.06 (m, 3H), 8.19 (d, J = 8.8, 2H), 9.15 (s, 1H); δC (100 MHz, DMSO-d6): 62.5, 

102.6, 113.7, 113.8, 113.9, 121.4, 124.4, 128.5, 130.5, 139.4, 144.5, 144.9, 145.2, 156.3, 

161.2, 161.9; m/z (ESI negative) 397.0 [M−H]-. 

 

Synthesis of 4-methyl-7-[4-(2-oxo-2H-chromen-7-yloxymethyl)-[1,2,3]triazol-1-yl]-

chromen-2-one B15. 

 

4-Methyl-7-[4-(2-oxo-2H-chromen-7-yloxymethyl)-[1,2,3]triazol-1-yl]-chromen-2-one 

B15 was obtained according the general procedure earlier reported using 7-azido-4-
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methyl-2H-chromen-2-one B4 (1.1 eq) and 7-(prop-2-ynyloxy)-2H-chromen-2-one B2 

(0.05g, 1.0 eq) in tert-ButOH/H2O 1/1 (3.5ml), tetramethylamonium chloride (1.0 eq) and 

copper nanosize (10 % mol). The reaction mixture was stirred for 6h to give a solid that 

was purified by silica gel column chromatography eluting with ethyl acetate in n-hexane 

from 20 % to 50 % to afford the title compound B15 as a yellow solid. 

4-Methyl-7-(4-((2-oxo-2H-chromen-7-yloxy)methyl)-1H-1,2,3-triazol-1-yl)-2H-

chromen-2-one B15: 88 % yield; silica gel TLC Rf 0.32 (EtOAc/n-hexane 50% v/v); δH 

(400 MHz, DMSO-d6) 2.11 (s, 3H, CH3), 5.44 (s, 2H, CH2), 6.35 (d, J = 9.6, 1H), 6.53 

(d, J = 1.2, 1H), 7.11 (dd, J = 2.4, 8.4, 1H), 7.25 (d, J = 2.4, 1H), 7.71 (d, J = 8.4, 1H), 

8.06 (m, 4H), 9.22 (s, H); δC (100 MHz, DMSO-d6) 32.2, 62.5, 102.6, 108.0, 108.6, 113.7, 

113.9, 115.8, 116.6, 120.6, 124.4, 128.2, 130.5, 139.3, 144.5, 145.2, 153.7, 154.3, 156.2, 

160.3, 161.0, 161.9; m/z (ESI positive) 402.0 [M+H]+. 

 

Synthesis of 4-methyl-7-(4-phenoxymethyl-[1,2,3]triazol-1-yl)-chromen-2-one B16). 

 

7-Azido-4-methyl-2H-chromen-2-one B4 (1.1 eq) and prop-2-ynyloxy-benzene A18 

(0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 2h and then treated as described in general procedure to 

afford B16 as a yellow solid. 

4-Methyl-7-(4-phenoxymethyl-[1,2,3]triazol-1-yl)-chromen-2-one B16: 70 % yield; 

m.p. 208-209°C; silica gel TLC Rf 0.40 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 2.51 (s, 3H, CH3), 5.30 (s, 2H, CH2), 6.53 (d, J = 1.2, 1H), 7.02 (t, J = 7.6, 

1H), 7.13 (d, J = 7.6, 2H), 7.37 (t, J = 7.6, 2H), 8.06 (m, 3H), 9.18 (s, 1H); δC (100 MHz, 

DMSO-d6): 19.0, 61.8, 108.5, 115.6, 115.7, 116.5, 120.5, 121.9, 124.0, 128.2, 130.5, 

139.4, 145.3, 153.7, 154.5, 158.9, 160.3; m/z (ESI positive) 334.0 [M+H]+. 

 

Synthesis of 4-methyl-7-(4-phenylsulfanylmethyl-[1,2,3]triazol-1-yl)-chromen-2-one 

B17. 

 

7-Azido-4-methyl-2H-chromen-2-one B4 (1.1 eq) and prop-2-ynylsulfanyl-benzene A23 

(0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 



  CHAPTER 4. EXPERIMENTAL SECTION 

 

126 
 

mixture was stirred at 60°C for 2h and then treated as described in general procedure to 

afford B17 as a yellow solid. 

4-Methyl-7-(4-phenylsulfanylmethyl-[1,2,3]triazol-1-yl)-chromen-2-one B17: 68 % 

yield; m.p. 178-179°C; silica gel TLC Rf 0.44 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 2.51 (s, 3H, CH3), 4.44 (s, 2H, CH2), 6.52 (d, J = 1.2, 1H), 7.24 (t, J = 7.6, 

1H), 7.37 (t, J = 7.6, 2H), 7.45 (d, J = 7.6, 2H), 8.00 (m, 3H), 8.94 (s, 1H); δC (100 MHz, 

DMSO-d6): 19.0, 28.1, 108.3, 115.6, 116.3, 120.3, 122.6, 127.0, 128.2, 129.3, 130.2, 

136.4. 139.3, 146.2, 153.7, 154.6, 160.4; m/z (ESI positive) 350.0 [M+H]+. 

 

Synthesis of 4-Methyl-7-(4-phenylaminomethyl-[1,2,3]triazol-1-yl)-chromen-2-one B18. 

 

7-Azido-4-methyl-2H-chromen-2-one B4 (1.1 eq) and phenyl-prop-2-ynyl-amine A24 

(0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 2.5h and then treated as described in general procedure to 

afford B18 as a yellow solid. 

4-Methyl-7-(4-phenylaminomethyl-[1,2,3]triazol-1-yl)-chromen-2-one B18: 85% 

yield; m.p. 197-200°C; silica gel TLC Rf 0.30 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, 

DMSO-d6): 2.51 (s, 3H, CH3), 4.43 (d, J = 6.0, 2H, CH2), 6.20 (t, J = 6.0, 1H, exchange 

with D2O, NH), 6.52 (d, J = 1.2, 1H), 6.60 (t, J = 7.8, 1H), 6.71 (d, J = 7.8, 2H), 7.12 (t, 

J =7.8, 2H), 8.03 (m, 3H), 8.94 (s, 1H); δC (100 MHz, DMSO-d6): 19.0, 39.5, 108.2, 

113.3, 115.5, 116.2, 117.1, 120.2, 122.3, 128.2, 129.8, 139.5, 148.3, 149.2, 153.7, 154.6, 

160.4; m/z (ESI positive) 333.0 [M+H]+. 

 

Synthesis of 7-prop-2-ynyloxy-chromen-2-one B2. 

 

Propargyl bromide (1.2 eq) was added to a suspension of compound B1 (0.5 g, 1.0 eq) 

and K2CO3 (2.0 eq) in dry DMF (4 ml) under a nitrogen atmosphere and that was stirred 

at r.t. until starting material was consumed (TLC monitoring). The reaction mixture was 

quenched with H2O (20 ml) and extracted with Et2O or EtOAc (25 ml). The organic layer 

was washed with brine (4x15ml), dried over Na2SO4, filtered-off and concentrated under 

vacuo to give the titled compounds B2. 
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7-Prop-2-ynyloxy-chromen-2-one B2: 73% yield; m.p. 118-119°C; silica gel TLC Rf 

0.56 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 3.69 (t, J = 2.4, 1H), 4.97 

(d, J = 2.4, 2H), 6.36 (d, J = 9.6, 1H), 7.03 (dd, J = 2.4, 8.6, 1H), 7.09 (d, J = 2.4, 1H), 

7.70 (d, J = 8.6, 1H), 8.04 (d, J = 9.6, 1H); δC (100 MHz, DMSO-d6): 57.0, 79.4, 79.8, 

102.7, 113.7, 113.8, 113.9, 130.4, 145.1, 156.0, 161.0, 161.1. 

Experimental in agreement with reported data. 213 

 

Synthesis of 7-azido-4-methyl-chromen-2-one B4 

 

7-Azido-4-methyl-chromen-2-one B4 was obtained according the general procedure 

reported earlier for aromatic azides (in series A experimental section). 7-Amino-4-

methyl-coumarin B3 was treated with NaNO2 and NaN3 in a HCl 2M aqueous solution 

and the formed precipitate was filtered-off to afford the title compound B4 as a yellow 

solid. 

7-Azido-4-methyl-chromen-2-one B4: 88% yield; m.p. 122-124°C; silica gel TLC Rf 

0.57 (EtOAc/n-hexane 20 % v/v); δH (400 MHz, DMSO-d6): 2.46 (d, J = 1.2, 3H, CH3), 

6.38 (d, J = 1.2, 1H), 7.18 (m, 2H), 7.83 (d, J = 8.4, 1H); δC (100 MHz, DMSO-d6): 19.0, 

107.7, 114.1, 116.5, 117.7, 127.9, 144.2, 153.8, 155.0, 160.4.  

Experimental in agreement with reported data.214 

 

Synthesis of 3-fluorophenylazide A31 

 

3-Fluorophenylazide A31 was obtained according to the general procedure reported 

earlier for aromatic azides (in series A experimental section).  

3-Fluorophenyl azide A31: 62% yield; silica gel TLC Rf 0.81 (EtOAc/n-hexane 50 % 

v/v); δH (400 MHz, DMSO-d6): 7.06 (m, 3H), 7.46 (q, J = 7.2, 1H); δF (376 MHz, DMSO-

d6): -110.52 (s, 1F); δC (100 MHz, DMSO-d6): 107.6 (d, J 2
CF = 25.0), 112.8 (d, J 2

CF = 

21.0), 116.2, 132.5 (d, J 3
CF = 9.0), 142.5 (d, J 3

CF = 9.0), 163.7 (d, J 1
CF = 245.0). 

Experimental in agreement with reported data.215 

 

Synthesis of 3-chlorophenylazide A32 
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3-Chlorophenylazide A32 was obtained according to the general procedure reported 

earlier for aromatic azides (in series A experimental section).  

3-Chlorophenyl azide A32: 86% yield; silica gel TLC Rf 0.84 (EtOAc/n-hexane 50 % 

v/v); δH (400 MHz, DMSO-d6): 7.14 (dd, J = 2.2, 8.0, 1H), 7.24 (t, J = 2.2, 1H), 7.30 (d, 

J = 2.2, 1H), 7.46 (t, J = 8.0, 1H); δC (100 MHz, DMSO-d6): 118.9, 120.1, 126.0, 132.4, 

135.1, 142.2.  

Experimental in agreement with reported data.215 

 

Synthesis of 3-bromophenylazide A33 

 

3-Bromophenylazide A33 was obtained according to the general procedure reported 

earlier for aromatic azides (in series A experimental section). 

3-Bromophenylazide A33. 88% yield; silica gel TLC Rf 0.83 (EtOAc/n-hexane 50 % 

v/v); δH (400 MHz, DMSO-d6): 7.18 (dt, J = 1.6, 7,2, 1H), 7.38 (m, 3H); δC (100 MHz, 

DMSO-d6): 119.3, 122.8, 123.5, 128.9, 132.7, 142.3.  

Experimental in agreement with reported data.215 

 

Synthesis of 4-azidobenzoic acid A34 

 

4-Azidobenzoic acid A34 was obtained according the general procedure reported earlier 

for aromatic azides (in series A experimental section). 4-Aminobenzoic acid was treated 

with NaNO2 and NaN3 in a 4M HCl aqueous solution and the formed precipitate was 

filtered-off to afford the title compound A34 as a yellow solid. 

4-Azidobenzoic acid A34: 73% yield; m.p. 188-190°C d; silica gel TLC Rf 0.71 

(EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 7.25 (d, J = 8.4, 2H), 7.99 (d, J 

= 8.4, 2H), 13.02 (bs, 1H, exchange with D2O, COOH); δC (100 MHz, DMSO-d6): 120.2, 

128.3, 132.2, 144.9, 167.6.  

Experimental in agreement with reported data.216 

 

Sulfocoumarins (series C) - General Synthetic procedure of compounds C2-C9.128 
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7-Prop-2-ynyloxy-benzo[e][1,2]oxathiine 2,2-dioxide C1 (1.0 eq) was added to a 

suspension of aryl azide A26-A34 (previously reported in series A and B experimental 

section) (1.1 eq) in H2O/tBuOH 1/1 (3.5 ml) at r.t., followed by copper (0) nanosized (0.1 

eq) and TMACl (1.0 eq). The suspension was stirred at 60°C until starting materials were 

consumed (TLC monitoring), then quenched with H2O (20 ml) and the formed precipitate 

was filtered-off and washed with H2O. The solid was dissolved in a minimal amount of 

acetone, the obtained solution was filtered through Celite 521® and then concentrated 

under vacuo to give a residue that was triturated with Et2O or DCM to afford the titled 

compounds C2-C9. 

 

Synthesis of 4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-phenyl-1H-

[1,2,3]triazole C2. 

 

4-(2,2-Dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-phenyl-1H-

[1,2,3]triazole C2 was obtained according the general procedure earlier reported using 

phenylazide A26 (1.1eq), 7-prop-2-ynyloxy-benzo[e][1,2]oxathiine 2,2-dioxide C1 

(0.05g, 1.0 eq) in tert-ButOH/H2O (1/1, 3.5 ml), tetramethylamonium chloride (1.0 eq) 

and copper nanosize (0.1 eq).The reaction mixture was stirred for 7h to give the titled 

compound C2 as a white solid. 

4-(2,2-Dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-phenyl-1H-

[1,2,3]triazole C2: 72% yield; m.p. 141-143°C; silica gel TLC Rf 0.39 (EtOAc/n-hexane 

50 % v/v); δH (400 MHz, DMSO-d6): 5.41 (s, 2H, CH2), 7.16 (dd, J = 2.4, 8.8 , 1H), 7.30 

(d, J = 2.4, 1H), 7.37 (d, J = 10.4, 1H), 7.55 (t, J = 7.6, 1H), 7.67 (m, 4H), 7.95 (d, J = 

7.6, 2H), 9.05 (s, 1H); δC (100 MHz, DMSO-d6): 62.7, 105.6, 113.2, 114.4, 120.3, 121.2, 

124.2, 129.8, 130.7, 132.2, 137.4, 137.4, 143.9, 153.2, 161.9; m/z (ESI positive) 356.0 

[M+H]+ . 

 

Synthesis of 1-(3-chloro-phenyl)-4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-

yloxymethyl)-1H-[1,2,3]triazole C3. 

 

1-Azido-3-chlorobenzene A32 (1.1 eq) and 7-prop-2-ynyloxy-benzo[e][1,2]oxathiine 

2,2-dioxide C1 (0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5 ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 
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mixture was stirred at 60°C for 3.5h and then treated as described in general procedure to 

afford C3 as a white solid. 

1-(3-Chloro-phenyl)-4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1H-

[1,2,3]triazole C3: 71% yield; m.p. 174-176°C; silica gel TLC Rf 0.26 (EtOAc/n-hexane 

50 % v/v); δH (400 MHz, DMSO-d6): 5.41 (s, 2H, CH2), 7.16 (dd, J = 2.4, 8.8, 1H), 7.28 

(d, J = 2.4, 1H), 7.37 (d, J = 10.4, 1H), 7.66 (m, 4H), 7.97 (d, J = 8.8, 1H), 8.10 (s ,1H), 

9.11 (s, 1H); δC (100 MHz, DMSO-d6): 62.6, 105.6, 113.2, 114.4, 119.7, 120.3, 121.0, 

124.4, 129.6, 132.2, 132.6, 135.2, 137.4, 138.5, 144.1, 153.2, 161.8; m/z (ESI positive) 

390.0 [M+H]+. 

 

Synthesis of 1-(3-bromo-phenyl)-4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-

yloxymethyl)-1H-[1,2,3]triazole C4. 

 

1-Azido-3-bromobenzene A33 (1.1 eq) and 7-prop-2-ynyloxy-benzo[e][1,2]oxathiine 

2,2-dioxide C1 (0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5 ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 3.5h and then treated as described in general procedure to 

afford C4 as a white solid. 

1-(3-Bromo-phenyl)-4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1H-

[1,2,3]triazole C4: 79% yield; m.p. 171-173°C; silica gel TLC Rf  0.49 (EtOAc/n-hexane 

50 % v/v); δH (400 MHz, DMSO-d6): 5.41 (s, 2H, CH2), 7.16 (dd, J = 2.4, 8.8 , 1H), 7.30 

(d, J = 2.4, 1H), 7.37 (d,  J = 10.4, 1H), 7.61 (t, J = 8.4, 1H), 7.69 (m, 2H), 7.76 (d, J = 

8.4, 1H), 8.01 (d, J = 8.4, 1H), 8.23 (t, J = 2.0, 1H), 9.11 (s, 1H); δC (100 MHz, DMSO-

d6): 62.7, 105.6, 113.3, 114.4, 120.2, 120.4, 123.4, 123.8, 124.4, 132.2, 132.6, 132.8, 

137.4, 138.6, 144.1, 153.2, 161.9; m/z (ESI positive) 434.0 [M+H]+. 

 

Synthesisof 4-(2,2-Dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-(3-methoxy-

phenyl)-1H-[1,2,3]triazole C5. 

 

4-(2,2-Dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-(3-methoxy-phenyl)-1H-

[1,2,3]triazole C5 was obtained according the general procedure earlier reported using 1-

azido-3-methoxybenzene A27 (1.1 eq), 7-prop-2-ynyloxy-benzo[e][1,2]oxathiine 2,2-
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dioxide C1 (0.05g, 1.0 eq) in tert-ButOH/H2O 1/1 (3.5 ml), tetramethylamonium chloride 

(1.0 eq) and copper nanosize (0.1 eq). The reaction mixture was stirred for 6.5h to give 

the titled compound C5 as a white solid. 

4-(2,2-Dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-(3-methoxy-phenyl)-

1H-[1,2,3]triazole C5 : 68% yield; m.p. 129-131°C; silica gel TLC Rf  0.40 (EtOAc/n-

hexane 50 % v/v); δH (400 MHz, DMSO-d6): 3.90 (s, 3H, CH3), 5.41 (s, 2H, CH2), 7.11 

(d, J = 7.2, 1H), 7.16 (dd, J = 2.4, 8.8 , 1H), 7.30 (d, J = 2.4, 1H), 7.37 (d, J = 10.4, 1H), 

7.54 (m, 3H), 7.69 (m, 2H), 9.06 (s, 1H); δC (100 MHz, DMSO-d6): 56.6, 62.7, 105.6, 

106.8, 113.1, 113.2, 114.3, 115.5, 120.3, 124.3, 131.8, 132.1, 137.4, 138.5, 143.9, 153.2, 

161.1, 161.9; m/z (ESI positive) 386.0 [M+H]+. 

 

Synthesis of 4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-(4-fluoro-

phenyl)-1H-[1,2,3]triazole C6. 

 

 

1-Azido-4-fluorobenzene A28 (1.1 eq) and 7-prop-2-ynyloxy-benzo[e][1,2]oxathiine 

2,2-dioxide C1 (0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5 ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 2.5h and then treated as described in general procedure to 

afford C6 as a white solid. 

4-(2,2-Dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-(4-fluoro-phenyl)-1H-

[1,2,3]triazole C6: 63% yield; m.p. 168-170°C ; silica gel TLC Rf  0.33 (EtOAc/n-hexane 

50 % v/v); δH (400 MHz, DMSO-d6): 5.41 (s, 2H, CH2), 7.16 (dd, J = 2.4, 8.8, 1H), 7.29 

(d, J = 2.4, 1H), 7.37 (d, J = 10.4, 1H), 7.51 (t, J = 8.8, 2H), 7.69 (m, 2H), 8.00 (m, 2H), 

9.01 (s, 1H); δF (376 MHz, DMSO-d6): -112.92 (s, 1F); δC (100 MHz, DMSO-d6): 62.7, 

105.6, 113.2, 114.4, 117.7 (d, J 2
CF = 23.0), 120.3, 123.6 (d, J 1

CF = 8.9), 124.5, 132.2, 

134.0, 137.4, 144.0, 153.2, 161.9, 162.7 (d, J 1
CF = 245.2); m/z (ESI positive) 374.0 

[M+H]+. 

 

Synthesis of 4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-(4-

trifluoromethyl-phenyl)-1H-[1,2,3]triazole C7. 
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1-Azido-4-trifluoromethylbenzene A29 (1.1 eq) and 7-prop-2-ynyloxy-

benzo[e][1,2]oxathiine 2,2-dioxide C1 (0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 

1/1 (3.5 ml) and then tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % 

mol) were added. The mixture was stirred at 60°C for 5h and then treated as described in 

general procedure to afford C7 as a white solid. 

4-(2,2-Dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-(4-trifluoromethyl-

phenyl)-1H-[1,2,3]triazole C7: 74% yield; m.p. 210-212°C; silica gel TLC Rf 0.40 

(EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 5.43 (s, 2H, CH2), 7.16 (dd, J = 

2.4, 8.8 , 1H), 7.29 (d, J = 2.4, 1H), 7.37 (d, J = 10.4, 1H), 7.69 (m, 2H), 8.04 (d, J = 8.4, 

2H), 8.22 (d, J = 8.4, 2H), 9.19 (s, 1H); δC (100 MHz, DMSO-d6): 62.7, 105.6, 113.3, 

114.4, 120.4, 121.7, 124.5, 124.8 (d, J 1CF = 270.4), 128.2, 129.8 (d, J 2CF = 32.0), 132.2, 

137.4, 140.3, 144.4, 153.3, 161.9; m/z (ESI positive) 324.0 [M+H]+. 

 

Synthesis of 4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-(4-hydroxy-

phenyl)-1H-[1,2,3]triazole C8. 

 

1-Azido-4-hydroxybenzene A30 (1.1 eq) and 7-prop-2-ynyloxy-benzo[e][1,2]oxathiine 

2,2-dioxide C1 (0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5 ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 4h and then treated as described in general procedure to 

afford C7 as a white solid. 

4-(2,2-Dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-1-(4-hydroxy-phenyl)-

1H-[1,2,3]triazole C8: 82% yield; m.p. 244-246°C; silica gel TLC Rf 0.35 (EtOAc/n-

hexane 50 % v/v); δH (400 MHz, DMSO-d6): 5.38 (s, 2H, CH2), 6.98 (d, J = 8.8, 2H), 

7.15 (dd, J = 2.4, 8.8 , 1H), 7.28 (d, J = 2.4, 1H), 7.37 (d, J = 10.4, 1H), 7.69 (m, 4H), 

8.84 (s, 1H), 10.00 (s, 1H, exchange with D2O, OH); δC (100 MHz, DMSO-d6): 62.7, 

105.6, 113.2, 114.3, 117.0, 120.3, 123.0, 124.1, 129.6, 132.1, 137.42, 143.5, 153.2, 158.8, 

161.9; m/z (ESI positive) 372.0 [M+H]+. 

 

Synthesis of 1-(4-carboxy-phenyl)-4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-

yloxymethyl)-1H-[1,2,3]triazole C9. 
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1-Azido-carboxybenzene A34 (1.1 eq) and 7-prop-2-ynyloxy-benzo[e][1,2]oxathiine 2,2-

dioxide C1 (0.05g, 1.0 eq) were dissolved in tert-ButOH/H2O 1/1 (3.5 ml) and then 

tetramethylamonium chloride (1.0 eq) and copper nanosize (10 % mol) were added. The 

mixture was stirred at 60°C for 12.5h and then treated as described in general procedure 

to afford C9 as a white solid. 

1-(4-Carboxy-phenyl)-4-(2,2-dioxo-2H-2λ6-benzo[e][1,2]oxathiin-7-yloxymethyl)-

1H-[1,2,3]triazole C9: 22% yield; m.p. >300°C; silica gel TLC Rf 0.42 (MeOH/CH2Cl2 

10 % v/v); δH (400 MHz, DMSO-d6): 5.43 (s, 2H, CH2), 7.17 (dd, J = 2.4, 8.8 , 1H), 7.30 

(d, J = 2.4, 1H), 7.38 (d, J = 10.4, 1H), 7.69 (m, 2H), 8.11 (d, J = 8.4, 2H), 8.19 (d, J = 

8.4, 2H), 9.16 (s, 1H), 13.31 (bs, 1H, exchange with D2O, COOH); m/z (ESI positive) 

400.0 [M+H]+. 

 

Synthesis 7-prop-2-ynyloxy-benzo[e][1,2]oxathiine 2,2-dioxide C1  

 

Propargyl bromide (1.2 eq) was added to a suspension of compound C16 (0.5 g, 1.0 eq) 

and K2CO3 (2.0 eq) in dry DMF (4 ml) under a nitrogen atmosphere and that was stirred 

at r.t. for 2h. The reaction mixture was quenched with H2O (20 ml) and extracted with 

EtOAc (25 ml). The organic layer was washed with brine (4x15ml), dried over Na2SO4, 

filtered-off and concentrated under vacuo to give a residue that was triturated with Et2O 

to afford the titled compound C1 as a white powder. 

7-Prop-2-ynyloxy-benzo[e][1,2]oxathiine 2,2-dioxide C1: 54% yield; m.p. 150-151°C; 

silica gel TLC Rf 0.83 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 3.70 (t, J 

= 2.4, 1H), 4.98 (d, J = 2.4, 2H), 7.07 (dd, J = 2.4, 8.4, 1H), 7.15 (d, J = 2.4, 1H), 7.37 

(d, J = 10.4, 1H), 7.68 (m, 2H); δC (100 MHz, DMSO-d6): 57.21, 79.28, 80.03, 105.70, 

113.43, 114.42, 120.51, 132.11, 137.40, 153.07, 161.03. 

 

Synthesis 7-hydroxybenzo[e][1,2]oxathiine 2,2-dioxide C16 

 

7-Hydroxybenzo[e][1,2]oxathiine 2,2-dioxide C16 was synthesized as previously 

reported by Zalubovski’s group.141 

 

4.1.2 Carbonic Anhydrase Inhibition. 
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The CA inhibitory profiles of compounds belonging to series A, B and C were obtained 

according to the general procedures described at the beginning of the experimental section. 

 

4.1.3 Computational studies. 

 

Computational studies for compounds belonging to series A were performed according to 

the general procedures described at the beginning of the experimental section. 

 

4.1.4 Co-crystallization and X-ray data collection. 

 

Crystals of hCA II complexed with compounds A3 and A13 were obtained using the 

sitting drop vapor diffusion method. An equal volume of 0.8 mM solution of hCA II in 

Tris pH=8.0 and 1.6 mM of the inhibitors in Hepes 20mM pH=7.4 was mixed and 

incubated for 15 minutes. 2 µl of the complex solution were mixed with 2 µl of a solution 

of 1.5, 1.6 and 1.7 M sodium citrate, 50 mM Tris pH 8.0 and were equilibrated against 

500 µl of the same solution at 296 K in 24 well Linbro plate. Crystals of the complexes 

grew in a few days. The crystals were flash-frozen at 100K using a solution obtained by 

adding 25% (v/v) glycerol to the mother liquor solution as cryoprotectant. Data on 

crystals of the complexes with compounds A3 and A13 were collected using synchrotron 

radiation at the ID-23-1 beamline at ESRF (Grenoble, France) with a wavelength of 0.976 

Å and a PILATUS 6M-F detector, to a maximum resolution of 1.05 and 1.00, 

respectively. Data were integrated and scaled using the program XDS.217 Data processing 

statistics are showed in Table EXP1. 
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Table EXP1. 

Summary of Data Collection and Atomic Model Refinement Statistics.
a 

 HCAII + A3 HCAII + A13 

PDB ID 5LJQ 5LJT 

Wavelength (Å) 0.976 0.976 

Space Group P21 P21 

Unit cell (a,b,c,β) (Å, °) 42.37, 41.44, 72.22, 104.45 42.36, 41.40, 72.17 104.41 

Limiting resolution (Å) 40.0-1.05 (1.11-1.05) 41.0-1.00 (1.06-1.00) 

Unique reflections 109788 121936 

Rsym (%) 6.1 (57.9) 6.0 (67.2) 

Redundancy 4.75 (3.77) 3.5 (2.6) 

Completeness overall (%) 97.1 (86.1) 93.7 (75.6) 

<I/(I)> 12.61 (2.07) 10.22 (1.30) 

Refinement statistics   

Resolution range (Å) 30.0-1.05 30.0- 1.00 

Unique reflections, working/free 104237/5466 115805/6012 

Rfactor (%) 13.35 13.82 

Rfree(%) 14.85 15.72 

No. of protein atoms 4176 4328 

No. of water molecules 418 439 

No. of heterogen atoms 52 66 

r.m.s.d. bonds(Å) 0.0046 0.0047 

r.m.s.d. angles (°) 1.176 1.189 

Average B factor (Å2)   

All atoms 12.48 11.84 

inhibitor 14.33 10.81 

solvent 26.55 26.07 

a
Values in parentheses are for the highest resolution shell. 

 

The crystal structure of hCA II (PDB accession code: 4FIK) without solvent molecules 

and other heteroatoms was used to obtain initial phases of the structures using 

Refmac5.218 5% of the unique reflections were selected randomly and excluded from the 

refinement data set for the purpose of Rfree calculations. The initial |Fo - Fc| difference 

electron density maps unambiguously showed the inhibitor molecules. 

Atomic models for the inhibitors were calculated and energy minimized using the 

program JLigand 1.0.39. Geometrical restraints for the inhibitors were generated using 



  CHAPTER 4. EXPERIMENTAL SECTION 

 

136 
 

the Grade Web Server (http://grade.globalphasing.org). During the refinement, 

anisotropic temperature factors were introduced and hydrogen atoms were added to the 

models. Manual building of the models was performed using COOT.219 Solvent 

molecules were introduced automatically using the program ARP.220 The quality of the 

final models were assessed with COOT and Rampage.221 Crystal parameters and 

refinement data are summarized in Table EXP1. Atomic coordinates were deposited in 

the Protein Data Bank (PDB accession codes: 5LJQ, 5LJT). Graphical representations 

were generated with Chimera.222 

 

4.1.5 Hypertensive Rabbit IOP Lowering Studies. 

 

Male New Zealand albino rabbits weighing 1500−2000 g were used in these studies. 

Animals were anesthetized using zoletil (tiletamine chloride plus zolazepam chloride, 3 

mg/kg body weight, im) and injected with 0.1 mL of hypertonic saline solution (5% in 

distilled water) into the vitreous of both eyes. IOP was determined using a tonometer 

(Tono-pen Avia tonometer, Reichhert Inc., Depew, NY 14043, USA) prior to hypertonic 

saline injection (basal) at 1, 2, 3, and 4 h after administration of the drug. Vehicle 

(phosphate buffer 7.00 plus DMSO 2%) or drugs were instilled immediately after the 

injection of hypertonic saline. Eyes were randomly assigned to different groups. Vehicle 

or drug (0.50 mL) was directly instilled into the conjunctive pocket at the desired doses 

(1−2%).226 The IOP was followed for 4 h after drug administration. Four different animals 

were used for each tested compound. All animal manipulations were carried out according 

to the European Community guidelines for animal care [DL 116/92, application of the 

European Communities Council Directive of 24 November 1986 (86/609/EEC)]. The 

ethical policy of the University of Florence complies with the Guide for the Care and Use 

of Laboratory Animals of the US National Institutes of Health (NIH Publication No. 85-

23, revised 1996; University of Florence assurance number A5278-01). Formal approval 

to conduct the experiments described was obtained from the Animal Subjects Review 

Board of the University of Florence. Experiments involving animals have been reported 

according to ARRIVE - Animal Research: Reporting of in Vivo Experiments–

guidelines.225 All efforts were made to minimize animal suffering and to reduce the 

number of animals used. 
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4.2. Deciphering the mechanism of human carbonic anhydrase inhibition with 

sulfocoumarins  

 

4.2.1 Chemistry.  

 

The general chemistry protocols are reported at the beginning of the experimental section. 

 

General synthetic procedure of derivatives D4-D6.141 

 

MsCl (1.2 eq) was added to a solution of the proper 2-hydroxybenzaldehyde D1-D3 (0.5 

g, 1.0 eq) and TEA (1.4 eq) in dry DCM (10 ml) at 0°C under a nitrogen atmosphere and 

the reaction mixture was stirred at r.t. until the consumption of the starting material (TLC 

monitoring). The reaction was quenched with H2O (25 mL) and extracted with EtOAc (2 

x 30 mL). The combined organic layers were washed with brine, dried over Na2SO4, 

filtered-off and concentrated under vacuo to yield the titled compounds D4-D6. 

 

Synthesis of 2-formylphenyl methanesulfonate D4. 

 

2-Formylphenyl methanesulfonate D4 was obtained according the general procedure 

earlier reported using 2-hydroxybenzaldehyde D1 (0.6 g, 1.0 eq), MsCl (1.2 eq) and TEA 

(1.4 eq) in dry DCM (10 ml). 

2-Formylphenyl methanesulfonate D4: 73% yield; silica gel TLC Rf 0.67 (EtOAc/n-

hexane 50 % v/v); δH (400 MHz, DMSO-d6): 3.59 (s, 3H, CH3), 7.58 (m, 2H, Ar), 7.82 

(m, 1H, Ar), 7.92 (m, 1H, Ar), 10.24 (s, 1H, CHO); δC (100 MHz, DMSO-d6): 37.8, 123.8, 

128.0, 129.0, 129.2, 136.1, 149.7, 188.7. 

Experimental data in agreement with reported data.141 

 

Synthesis of 4-chloro-2-formylphenyl methanesulfonate D5. 

 

4-Chloro-2-formylphenyl methanesulfonate D5 was obtained according the general 

procedure earlier reported using 5-chloro-2-hydroxybenzaldehyde D2 (0.6 g, 1.0 eq), 

MsCl (1.2 eq) and TEA (1.4 eq) in dry DCM (10 ml). 
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4-Chloro-2-formylphenyl methanesulfonate D5: 85% yield; silica gel TLC Rf 0.38 

(EtOAc/n-hexane 30 % v/v); δH (400 MHz, DMSO-d6): 3.61 (s, 3H, CH3), 7.31 (dd, J = 

0.8, 8.4, 1H, Ar), 7.90 (m, 2H, Ar), 10.18 (s, 1H, CHO); δC (100 MHz, DMSO-d6): 38.8, 

127.0, 129.3, 131.5, 133.4, 136.5, 149.2, 188.6; GC-MS (EI): m/z 234 [M]+*. 

 

Synthesis of 2-formyl-5-nitrophenyl methanesulfonate D6. 

 

2-Formyl-5-nitrophenyl methanesulfonate D6 was obtained according the general 

procedure earlier reported using 2-hydroxy-4-nitrobenzaldehyde D3 (0.6 g, 1.0 eq), MsCl 

(1.2 eq) and TEA (1.4 eq) in dry DCM (10 ml). 

2-Formyl-5-nitrophenyl methanesulfonate D6: 82% yield; silica gel TLC Rf 0.27 

(EtOAc/n-hexane 30 % v/v); δH (400 MHz, DMSO-d6): 3.73 (s, 3H, CH3), 8.18 (d, J = 

9.2, 1H, Ar), 8.40 (m, 2H, Ar), 10.32 (s, 1H, CHO); δC (100 MHz, DMSO-d6): 38.7, 120.2, 

123.5, 131.2, 134.4, 150.4, 152.0, 188.6; GC-MS (EI): m/z 245 [M]+*. 

 

Synthesis of 2-hydroxy-4-nitrobenzaldehyde D3.226 

 

BBr3 1.0M in DCM (1.8 eq) was added dropwise to a solution of 2-methoxy-4-

nitrobenzaldehyde (0.5 g, 1.0 eq) in dry DCM (15 ml) cooled to -78°C. The reaction 

mixture was allowed to slowly reach r.t., stirred o.n. and then quenched with slush. The 

aqueous layer was separated and extracted with ethyl acetate (15 ml). The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4 and concentrated 

under vacuo the titled compound as a yellow solid. 

2-Hydroxy-4-nitrobenzaldehyde D3: 80% yield; silica gel TLC Rf 0.28 (EtOAc/n-

hexane 20 % v/v); δH (400 MHz, DMSO-d6): 7.75 (dd, J = 2.2, 8.8, 1H, Ar), 7.81 (d, J = 

2.2, 1H, Ar), 7.88 (d, J = 8.8, 1H, Ar), 10.41 (s, 1H, CHO), 11.64 (s, 1H, exchange with 

D2O, OH); δC (100 MHz, DMSO-d6): 113.0, 114.6, 127.7, 130.5, 152.4, 161.7, 190.4. 

Experimental data in agreement with reported data.226 

 

General synthetic procedure of sulfocoumarin D10-D12.141 
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DBU (1.05 eq) was added to a solution of D4-D6 (0.6 g, 1.0 eq) in dry DCM (10 ml) at 

0°C under a nitrogen atmosphere and the reaction mixture was stirred at the same 

temperature until the consumption of the starting material (TLC monitoring). The reaction 

was quenched with a mixture of ice and HCl 6M and extracted with EtOAc (2 x 30 mL). 

The organic layer was dried over Na2SO4, filtered-off and concentrated under vacuo to 

yield the titled compounds D10-D12 in mixture with the alcoholic intermediates D7-D9 

in different ratio. 

POCl3 (1.2 eq) was added to a solution of the mixture of D7-D9 and the corresponding 

D10-D12 in pyridine (4 mL) cooled to 0°C. The reaction was stirred for 3h at room 

temperature and then quenched with slush. The formed precipitate was collected by 

filtration and purified by silica gel column chromatography eluting with EtOAc in n-

hexane to afford the titled compounds D10-D12 as white solids. 

 

Synthesis of benzo[e][1,2]oxathiine 2,2-dioxide D10. 

 

Compound D10 was obtained according the general procedure earlier reported using 2-

formylphenyl methanesulfonate D4 (0.6 g, 1.0 eq) and DBU (1.05 eq) in dry DCM (10 

ml) and thereafter treating the obtained mixture with POCl3 (1.2 eq) in pyridine (4 ml). 

The crude was purified by silica gel column chromatography eluting with 30% EtOAc in 

n-hexane. 

Benzo[e][1,2]oxathiine 2,2-dioxide D10: 42% yield; m.p. 80-81°C; silica gel TLC Rf 

0.23 (EtOAc/n-hexane 30 % v/v); δH (400 MHz, DMSO-d6): 7.46 (m, 2H, Ar), 7.55 (d, J 

= 10.3, 1H, Ar), 7.62 (m, 1H, Ar), 7.74 (m, 2H, Ar); δC (100 MHz, DMSO-d6): 118.4, 

118.9, 122.7, 126.3, 130.0, 132.6, 136.6, 150.8; GC-MS (EI): m/z 182 [M]+*. 

Experimental data in agreement with reported data.141 

 

Synthesis of 6-chlorobenzo[e][1,2]oxathiine 2,2-dioxide D11. 

 

Compound D11 was obtained according the general procedure earlier reported using 4-

chloro-2-formylphenyl methanesulfonate D5 (0.6 g, 1.0 eq) and DBU (1.05 eq) in dry 

DCM (10 ml) and thereafter treating the obtained mixture with POCl3 (1.2 eq) in pyridine 

(4 ml). The crude was purified by silica gel column chromatography eluting with 30% 

EtOAc in n-hexane. 
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6-Chlorobenzo[e][1,2]oxathiine 2,2-dioxide D11: 60% yield; m.p. 137-139°C; silica 

gel TLC Rf 0.28 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 7.55 (d, J = 8.8, 

1H, Ar), 7.69 (m, 3H, Ar), 7.91 (d, J = 2.4, 1H, Ar); δC (100 MHz, DMSO-d6): 121.3, 

121.4, 124.7, 130.3, 131.1, 132.9, 136.4, 150.3; GC-MS (EI): m/z 216 [M]+*. 

 

Synthesis of 7-nitrobenzo[e][1,2]oxathiine 2,2-dioxide D12. 

 

Compound D12 was obtained according the general procedure earlier reported using 5-

nitro-2-formylphenyl methanesulfonate D6 (0.6 g, 1.0 eq) and DBU (1.05 eq) in dry DCM 

(10 ml) and thereafter treating the obtained mixture with POCl3 (1.2 eq) in pyridine (4 

ml). The crude was purified by silica gel column chromatography eluting with 40% 

EtOAc in n-hexane. 

7-Nitrobenzo[e][1,2]oxathiine 2,2-dioxide D12: 35% yield; m.p. 138-140°C; silica gel 

TLC Rf 0.38 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 7.88 (m, 2H, Ar), 

8.05 (d, J = 8.4, 1H, Ar), 8.30 (dd, J = 2.0, 8.4, 1H, Ar), 8.37 (d, J = 2.0, 1H, Ar); δC (100 

MHz, DMSO-d6): 115.2, 122.0, 125.0, 126.3, 132.3, 136.2, 149.7, 151.4; GC-MS (EI): 

m/z 227 [M]+*. 

 

Synthesis of 7-amminobenzo[e][1,2]oxathiine 2,2-dioxide D13.
141

 

 

Iron powder (8.0 eq) was added to a solution of 7-nitrobenzo[e][1,2]oxathiine 2,2-dioxide 

D12 (0.4 g, 1.0 eq) in acetic acid (0.06 ml), water (4.4 ml) and ethanol (2.9 ml) The 

mixture was stirred at 75 °C for 1 h, cooled to room temperature and treated with EtOAc 

(40 ml). The organic layer was washed with saturated NaHCO3 solution (30 ml), dried 

over Na2SO4 and concentrated under vacuo to give D12 which was further purified by 

silica gel column chromatography eluting with 50% EtOAc in n-hexane. 

7-Amminobenzo[e][1,2]oxathiine 2,2-dioxide D13: 54% yield; m.p. 150-152°C; silica 

gel TLC Rf 0.32 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 6.32 (bs, 2H, 

exchange with D2O, NH2), 6.45 (d, J = 2.0, 1H, Ar), 6.45 (dd, J = 2.0, 8.4, 1H, Ar), 6.95 

(d, J = 10.2, 1H, Ar), 7.31 (d, J = 8.4, 1H, Ar), 7.44 (d, J = 10.2, 1H, Ar); δC (100 MHz, 

DMSO-d6): 102.3, 107.8, 112.0, 115.7, 132.0, 138.1, 153.9, 154.2; GC-MS (EI): m/z 197 

[M]+*. 
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Synthesis of 7-chlorobenzo[e][1,2]oxathiine 2,2-dioxide D14.  

 

7-Amminobenzo[e][1,2]oxathiine 2,2-dioxide (D13) (0.1 g, 1.0 eq) was added to a 

suspension of tert-butyl nitrite (6.0 eq) and CuCl2 (6.0 eq) in dry CH3CN (5 ml) under a 

nitrogen atmosphere and the reaction mixture was stirred r.t. until the consumption of the 

starting material (TLC monitoring). The reaction was quenched with HCl 1.0M and 

extracted with EtOAc (2 x 20 mL). The organic layers were washed with HCl 1.0M (2x15 

ml), dried over Na2SO4, filtered-off and concentrated under vacuo to afford a solid that 

was purified by silica gel column chromatography eluting with 30% EtOAc in n-hexane 

to yield D14 as a light yellow solid. 

7-Chlorobenzo[e][1,2]oxathiine 2,2-dioxide D14: 55% yield; m.p. 125-127°C; silica 

gel TLC Rf 0.50 (EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 7.56 (dd, J = 2.0, 

8.4, 1H, Ar), 8.05 (d, J = 10.4, 1H, Ar), 7.74 (d, J = 2.0, 1H, Ar), 7.78 (m, 2H, Ar); δC 

(100 MHz, DMSO-d6): 118.7, 119.7, 123.6, 127.4, 132.2, 136.8, 137.2, 152.0; GC-MS 

(EI): m/z 216 [M]+*. 

 

4.2.2 Carbonic Anhydrase Inhibition 

 

The CA inhibitory profiles of compounds belonging to series D were obtained according 

to the general procedures described at the beginning of the experimental section. 

 

4.2.3 Computational methods. 

 

Docking studies for sulfocoumarin were performed according to the general procedures 

described at the beginning of the experimental section. 

The docked pose was prepositioned in the model system, fully minimized at the 

DFT/B3LYP level of theory, LACVP* basis set, and then a transition state search with 

Jaguar was undertaken in the same experimental conditions with QST method. Starting 

from the fully minimized reactant and product structures, a guess at the transition state 

was built and optimized.  

Single point calculation have been carried out at the DFT/B3LYP level of theory,  

LACVP**+ basis set, and the nature of stationary points as true minima or first order 



  CHAPTER 4. EXPERIMENTAL SECTION 

 

142 
 

saddle points was checked by frequency calculations and unscaled ZPE corrections were 

applied to the energy values. 

The reaction energy, computed as the difference between the product and reactant 

energies, was determined. In a similar fashion, the activation barrier was determined as 

the difference between the transition state energy and the energy of the reactants. 

 

4.3 N-Nitrosulfonamides: a new chemotype for carbonic anhydrase inhibition 

(Series D). 

 

4.3.1 Chemistry.  

 

The general chemistry protocols are reported at the beginning of the experimental section. 

 

General synthetic procedure of compounds E1-E8.159 

 

NH4NO3 (1.1 eq) was added portion wise to a solution of aromatic sulfonamides AS1-

AS8 (1.2 mmol, 1.0 eq) in 95% H2SO4 (1 mL) at 0°C. The suspension was stirred at the 

same temperature for 15 min, then quenched with slush (8 ml) and the formed precipitate 

was filtered-off and washed with cold water.  

 

Synthesis of N1-nitro-2-amino-benzenesulfonamide E1. 

 

N1-Nitro-2-amino-benzenesulfonamide E1 was obtained according the general procedure 

earlier reported using 2-aminobenzenesulfonamide AS1 (0.2g, 1.0 eq) and NH4NO3 (1.1 

eq) in conc H2SO4 (1 ml). The obtained residue was recrystallized from H2O to afford the 

titled compound E1 as a white solid. 

N1-Nitrosulfanilamide E1: 71 % yield; δH (400 MHz, DMSO-d6): 6.92 (t, J = 7.8, 1H), 

6.97 (d, J = 7.8, 1H), 7.37 (td, J = 1.0, 7.8, 1H), 7.66 (dd, J = 1.0, 7.8, 1H); δC (100 MHz, 

DMSO-d6): 121.6, 122.9, 129.6, 131.5, 134.0, 139.3; m/z (ESI negative) 215.9 [M-H]- 

Experimental in agreement with reported data.159 

 

Synthesis of N1-nitro-3-amino-benzenesulfonamide E2. 
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N1-Nitrosulfanilamide E2 was obtained according the general procedure earlier reported 

using 3-aminobenzenesulfonamide AS2 (0.2g, 1.0 eq) and NH4NO3 (1.1 eq) in conc 

H2SO4 (1 ml). The obtained residue was recrystallized from H2O to afford the titled 

compound E2 as an orange solid. 

N1-Nitro-2-amino-benzenesulfonamide E2: 68% yield; δH (400 MHz, DMSO-d6): 7.33 

(d, J = 7.4, 1H), 7.53 (t, J = 7.4, 1H), 7.77 (m, 2H); δC (100 MHz, DMSO-d6): 122.6, 

126.1, 127.1, 130.8, 134.2, 145.0; m/z (ESI negative) 215.9 [M-H]- 

 

Synthesis of N1-nitrosulfanilamide E3. 

 

N1-Nitrosulfanilamide E3 was obtained according the general procedure earlier reported 

using sulfanilamide AS3 (0.2g, 1.0 eq) and NH4NO3 (1.1 eq) in conc. H2SO4 (1 ml). The 

obtained residue was recrystallized from H2O to afford the titled compound E3 as a white 

solid. 

N1-Nitrosulfanilamide E3: 68% yield; δH (400 MHz, DMSO-d6): 7.01 (d, J = 8.4, 2H), 

7.68 (d, J = 8.4, 2H); δC (100 MHz, DMSO-d6): 118.8, 130.7, 135.9, 143.7; m/z (ESI 

negative) 215.9 [M-H]- 

Experimental in agreement with reported data.159 

 

Synthesis of N,N-dimethyl-N1-Nitrosulfanilamide E4.  

 

N,N-Dimethyl-N1-nitrosulfanilamide E4 was obtained according the general procedure 

earlier reported using N,N-dimethylsulfanilamide AS4 (0.24g, 1.0 eq) and NH4NO3 (1.1 

eq) in conc. H2SO4 (1 ml). The obtained residue was recrystallized from H2O to afford 

the titled compound E4 as a white solid. 

N,N-Dimethyl-N1-nitrosulfanilamide E4: 64 % yield; δH (400 MHz, DMSO-d6): 3.02 

(s, 6H, 2 x CH3), 6.80 (d, J = 9.0, 2H), 7.62 (d, J = 9.0, 2H); δC (100 MHz, DMSO-d6): 

41.2, 112.2, 129.0, 130.7, 152.6; m/z (ESI negative) 243.9 [M-H]- 

Experimental in agreement with reported data.159 

 

Synthesis of N1-nitro-4-aminomethyl-benzensulfonamide E5.  
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N1-Nitrosulfanilamide E5 was obtained according the general procedure earlier reported 

using 4-aminomethyl-benzensulfonamide hydrochloride AS5 (0.26g, 1.0 eq) and 

NH4NO3 (1.1 eq) in conc. H2SO4 (1 ml). The obtained residue was recrystallized from 

H2O to afford the titled compound E5 as a white solid. 

N1-Nitro-4-aminomethyl-benzensulfonamide E5: 72 % yield; δH (400 MHz, DMSO-

d6): 4.14 (s, 2H, CH2), 6.80 (d, J = 8.0, 2H), 7.85 (d, J = 8.0, 2H), 8.19 (bs, 3H, exchange 

with D2O, NH3
+) ; δC (100 MHz, DMSO-d6):42.9, 129.0, 129.5, 138.1, 143.6; m/z (ESI 

negative) 230.0 [M-H]- 

Experimental in agreement with reported data.159 

 

Synthesis of N1-Nitro-N-propargylsulfanilamide E6. 

 

N1-Nitro-N-propargylsulfanilamide E6 was obtained according the general procedure 

earlier reported using N-propargylsulfanilamide AS6 (0.25g, 1.0 eq) and NH4NO3 (1.1 

eq) in conc.H2SO4 (1 ml).  

N1-Nitro-N-propargylsulfanilamide E6: 33% yield; δH (400 MHz, DMSO-d6): 3.12 (t, 

J = 2.2, 1H), 3.95 (d, J = 2.2, 2H, CH2), 6.66 (d, J = 8.8, 2H), 7.54 (d, J = 8.8, 2H); δC 

(100 MHz, DMSO-d6): 32.6, 74.2, 82.3, 112.0, 129.1, 130.6, 151.3; m/z (ESI negative) 

253.9 [M-H]- 

 

Synthesis of N1-Nitro-3-amino-4-hydroxy-benzenesulfonamide E7. 

 

N1-Nitro-3-amino-4-hydroxy-benzenesulfonamide E7 was obtained according the 

general procedure earlier reported using 3-amino-4-hydroxy-benzenesulfonamide AS7 

(0.22g, 1.0 eq) and NH4NO3 (1.1 eq) in conc. H2SO4 (1 ml). The obtained residue was 

recrystallized from acetonitrile to afford the titled compound E7 as a grey solid. 

N1-Nitro-3-amino-4-hydroxy-benzenesulfonamide E7: 42 % yield; δH (400 MHz, 

DMSO-d6): 7.49 (d, J = 2.4, 1H), 7.67 (d, J = 2.4, 1H); δC (100 MHz, DMSO-d6): 116.2, 

121.3, 134.4, 135.8, 135.9, 145.3; m/z (ESI negative) 316.9 [M-H]- 

 

Synthesis of N1-nitro-5-amino-1,3,4-thiadiazole-2-sulfonamide E8. 
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N1-Nitro-5-Amino-1,3,4-thiadiazole-2-sulfonamide E8 was obtained according the 

general procedure earlier reported using 5-amino-1,3,4-thiadiazole-2-sulfonamide 

hydrochloride AS8 (0.26g, 1.0 eq) and NH4NO3 (1.1 eq) in conc. H2SO4 (1 ml). The 

obtained residue was recrystallized from EtOH to afford the titled compound E8 as a 

white solid. 

N1-Nitro-5-amino-1,3,4-thiadiazole-2-sulfonamide E8: 58% yield; δC (100 MHz, 

DMSO-d6): 158.8, 172.4; m/z (ESI negative) 223.8 [M-H]- 

 

Synthesis of N,N-dimethyl sulfanilamide AS4. 

 

Iodomethane (2.0 eq) was added dropwise to a suspension of sulfanilamide AS3 (0.5g, 

1.0 eq) and potassium carbonate (2.0 eq) in dry DMF (2 ml). The mixture was stirred at 

50°C for 1h, then cooled and quenched with H2O (20 ml) and the formed precipitate was 

filtered-off, washed with H2O and recrystallized from aceton to afford the titled 

compound AS4 as a white solid. 

N,N-Dimethyl-sulfanilamide AS4: 43% yield; silica gel TLC Rf  0.47 (EtOAc/n-hexane 

50 % v/v); δH (400 MHz, DMSO-d6): 3.34 (s, 6H, 2 x CH3), 6.79 (d, J = 9.0, 2H), 6.98 (s, 

2H, exchange with D2O, SO2NH2), 7.63 (d, J = 9.0, 2H); δC (100 MHz, DMSO-d6):38.6, 

113.6, 125.2, 129.6, 153.4. 

 

Synthesis of N-propargylsulfanilamide AS6. 

 

Propargyl bromide (1.2 eq) was added to a suspension of sulfanilamide AS3 (0.5 g, 1.0 

eq) and pyridine (1.2 eq) in dry DMF (2 ml) under a nitrogen atmosphere and that was 

stirred at r.t. overnight. The reaction mixture was quenched with H2O (10 ml) and the 

formed precipitate was filtered-off and purified by silica gel column chromatography 

eluting with 60% ethyl acetate in n-hexane to afford AS6 as a yellow solid. 

N-Propargylsulfanilamide AS6: 22% yield; silica gel TLC Rf  0.47 (MeOH/DCM 10 % 

v/v); δH (400 MHz, DMSO-d6): 3.14 (t, J = 2.0, 1H), 3.97(dd, J = 2.0, 6.2, 2H), 6.73 (d, J 

= 8.8, 2H, Ar), 6.76 (t, J = 6.2, 1H, exchange with D2O, NH), 6.99 (s, 2H, exchange with 
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D2O, SO2NH2), 7.59 (d, J = 8.8, 2H, Ar); δC (100 MHz, DMSO-d6): 37.1, 77.5, 77.7, 

112.9, 122.6, 130.2, 154.5. 

 

4.3.2 Carbonic anhydrase inhibition. 

 

The CA inhibitory profiles of compounds belonging to series E were obtained according 

to the general procedures described at the beginning of the experimental section. 

 

4.3.3 Computational studies 

 

Computational studies for compounds belonging to series E were performed according to 

the general procedures described at the beginning of the experimental section. 

 

4.4. Structure-based evaluation of the binding mode of several 

chemotypes within the β-CA from the dandruff-producing fungi 

Malassezia globosa. 

 

4.4.1. Chemistry 

 

DTCs F1–F21 used in the experiments were reported earlier.101,102 

Phenols G1–G22 were commercially available from Sigma-Aldrich (Milan, Italy) and 

were used without further purification. 

MTCs H1–17 used in the experiments were reported earlier.104 

Benzoxaboroles I1-I23 investigated in this study were prepared as previously 

reported.167
 

 

4.4.2 Carbonic anhydrase inhibition. 

 

The CA inhibitory profiles of compounds belonging to series F, G, H and I were obtained 

according to the general procedures described at the beginning of the experimental section. 
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4.4.3 Computational methods. 

 

The web-based SWISS-MODEL platform227,228and Prime199d were used in building 

homology models of MgCA (UniProt entry identifier A8Q1N3). The 3D structure of the 

fungal enzyme from C. neoformans, Can2 (PDB file 2W3N), which shows 36% amino 

acid sequence identity with the MgCA, was used as template.21 Chain A of Can2 was 

selected for the modelling studies due to the lower number of missing amino acid side 

chain atoms (compared to chain B).21 The dimeric quaternary structure was obtained by 

applying the correct crystallographic symmetry operators defined in the above mentioned 

PDB file. The GMQE (Global Model Quality Estimation) score of 0.68 reflected a good 

quality of the model. Global and local model quality were also evaluated basing on the 

QMEAN scoring function. Finally, the Ramachandran plot of the target and template 

enzymes were compared.  

 

Computational studies for compounds belonging to series F, G, H and I were performed 

according to the general procedures described at the beginning of the experimental section. 

 

4.5 Novel nitrogenous bases-bearing benzenesulfonamides as carbonic a

nhydrase IX inhibitors 

4.5.1 Chemistry.  

The general chemistry protocols are reported at the beginning of the experimental section. 

 

General synthetic procedure of benzenesulfonamides J3-J7. 

 

EDC hydrochloride (1.2 eq) was added to a solution of 1-carboxymethyl uracil J2 (0.2 g, 

1.0 eq), NHS or HOAt (1.2 eq) and DMAP (0.03 eq) in dry DMF (3 ml) under a nitrogen 

atmosphere and the reaction mixture was stirred at r.t. until the consumption of the 

starting material (TLC monitoring). Thereafter the proper aminobenzenesulfonamide (1.1 

eq) was added to the reaction mixture, that was stirred at r.t. until the disappearance of 

the activated ester was observed (TLC monitoring) and then quenched with HCl(aq) 1M. 
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The formed precipitate was filtered under vacuo, washed with water and recrystallized 

from a 1/1 mixture of water and the proper alcohol. 

 

Synthesis of 2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(3-

sulfamoylphenyl)acetamide J3. 

 

Compound J3 was obtained according the general procedure earlier reported using 1-

carboxymethyl uracil J2 (0.2 g, 1.0 eq), HOAt (1.2 eq), DMAP (0.03 eq) and 3-

aminobenzenesulfonamide (1.1 eq) in dry DMF (3 ml). The crude solid was recrystallized 

from a 1/1 mixture of H2O/2-MeO-EtOH to afford J3 as a white solid.  

2-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(3-sulfamoylphenyl)acetamide J3: 

77% yield; m.p. 230-231°C; silica gel TLC Rf 0.36 (MeOH/CH2Cl2 20 % v/v); δH (400 

MHz, DMSO-d6): 4.61 (s, 2H, CH2), 5.65 (dd, J = 2.0, 7.6, 1H, CH), 7.42 (s, 2H, exchange 

with D2O, SO2NH2), 7.56 (m, 2H, Ar), 7.67 (d, J = 7.6, 1H, CH), 7.74 (m, 1H, Ar), 8.20 

(s, 1H, Ar), 10.64 (s, 1H, exchange with D2O, CONH), 11.40 (s, 1H, exchange with D2O, 

CONHCO); δC (100 MHz, DMSO-d6): 51.1, 101.5, 117.1, 121.5, 122.8, 130.5, 139.8, 

145.7, 147.4, 152.0, 164.7, 167.0; m/z (ESI negative) 322.9 [M−H]-. 

 

Synthesis of 2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-

sulfamoylphenyl)acetamide J4. 

 

Compound J4 was obtained according the general procedure earlier reported using 1-

carboxymethyl uracil J2 (0.2 g, 1.0 eq), HOAt (1.2 eq), DMAP (0.03 eq) and 4-

aminobenzenesulfonamide (1.1 eq) in dry DMF (3 ml). The crude solid was recrystallized 

from a 1/1 mixture of H2O/2-MeO-EtOH to afford J4 as a white solid.  

2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(3-sulfamoylphenyl)acetamide J4: 

68% yield; m.p. 224-225°C; silica gel TLC Rf 0.29 (MeOH/CH2Cl2 20 % v/v); δH (400 

MHz, DMSO-d6): 4.62 (s, 2H, CH2), 5.65 (dd, J = 2.0, 7.6, 1H, CH), 7.32 (s, 2H, exchange 

with D2O, SO2NH2), 7.67 (d, J = 7.8, 1H, CH), 7.80 (m, 4H, Ar), 10.69 (s, 1H, exchange 

with D2O, CONH), 11.41 (s, 1H, exchange with D2O, CONHCO); δC (100 MHz, DMSO-

d6): 51.1, 101.5, 119.6, 127.7, 139.6, 142.3, 147.4, 152.0, 164.7, 167.1; m/z (ESI 

negative) 322.9 [M−H]-. 
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Synthesis of 2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-

sulfamoylbenzyl)acetamide J5. 

 

Compound J5 was obtained according the general procedure earlier reported using 1-

carboxymethyl uracil J2 (0.2 g, 1.0 eq), NHS (1.2 eq), DMAP (0.03 eq), 4-

(aminomethyl)benzenesulfonamide hydrochloride  (1.1 eq) and DIPEA (1.1 eq) in dry 

DMF (3 ml). The crude solid was recrystallized from a 1/1 mixture of H2O/IPA to afford 

J5 as a white solid.  

2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-sulfamoylbenzyl)acetamide J5: 

50% yield; m.p. 238-239°C; silica gel TLC Rf 0.33 (MeOH/CH2Cl2 20 % v/v); δH (400 

MHz, DMSO-d6): 4.40 (d, J = 5.6, 2H, CH2), 4.44 (s, 2H, CH2), 5.61 (dd, J = 2.0, 8.0, 

1H, CH), 7.34 (s, 2H, exchange with D2O, SO2NH2), 7.48 (d, J = 8.4, 2H, Ar), 7.63 (d, J 

= 8.0, 1H, CH), 7.80 (d, J = 8.4, 2H, Ar), 8.79 (t, J = 5.2, 1H, exchange with D2O, CONH), 

11.32 (bs, 1H, exchange with D2O, CONHCO); δC (100 MHz, DMSO-d6): 42.7, 50.7, 

101.5, 126.5, 128.4, 143.6, 144.1, 147.4, 152.0, 164.8, 168.0; m/z (ESI negative) 337.0 

[M−H]-. 

 

Synthesis of 2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-

sulfamoylphenethyl)acetamide J6. 

 

Compound J6 was obtained according the general procedure earlier reported using 1-

carboxymethyl uracil J2 (0.2 g, 1.0 eq), NHS (1.2 eq), DMAP (0.03 eq), 4-

(aminoethyl)benzenesulfonamide (1.1 eq) in dry DMF (3 ml). The crude solid was 

recrystallized from a 1/1 mixture of H2O/EtOH to afford J6 as a white solid.  

2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(4-sulfamoylphenthyl)acetamide 

J6: 61% yield; m.p. 212-213°C; silica gel TLC Rf 0.64 (MeOH/CH2Cl2 20 % v/v); δH 

(400 MHz, DMSO-d6): 2.83 (t, J = 6.8, 2H, CH2), 3.36 (q, J = 6.8, 2H, CH2), 4.33 (s, 2H, 

CH2), 5.60 (dd, J = 2.0, 7.8, 1H, CH), 7.35 (s, 2H, exchange with D2O, SO2NH2), 7.45 

(d, J = 8.0, 2H, Ar), 7.57 (d, J = 7.8, 1H, CH), 7.78 (d, J = 8.0, 2H, Ar), 8.33 (t, J = 5.2, 

1H, exchange with D2O, CONH), 11.32 (bs, 1H, exchange with D2O, CONHCO); δC (100 
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MHz, DMSO-d6): 35.5, 40.7, 50.4, 101.4, 126.6, 130.1, 143.1, 144.4, 147.5, 152.0, 164.8, 

167.8; m/z (ESI negative) 351.0 [M−H]-. 

 

Synthesis of 2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(2-hydroxy-5-

sulfamoylphenyl)acetamide J7. 

 

Compound J7 was obtained according the general procedure earlier reported using 1-

carboxymethyl uracil J2 (0.2 g, 1.0 eq), HOAt (1.2 eq), DMAP (0.03 eq) and 3-amino-4-

hydroxybenzenesulfonamide (1.1 eq) in dry DMF (3 ml). The crude solid was 

recrystallized from a 1/1 mixture of H2O/2-MeO-EtOH to afford J3 as a white solid.  

2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(2-hydroxy-5-

sulfamoylphenyl)acetamide  J7: 71% yield; m.p. 262-263°C; silica gel TLC Rf 0.07 

(MeOH/CH2Cl2 10 % v/v); δH (400 MHz, DMSO-d6): 4.69 (s, 2H, CH2), 5.63 (dd, J = 

2.0, 7.6, 1H, CH), 7.03 (d, J = 8.5, 1H, Ar), 7.16 (s, 2H, exchange with D2O, SO2NH2), 

7.45 (dd, J = 2.4, 8.5, 1H, Ar), 7.67 (d, J = 7.6, 1H, CH), 8.50 (d, J = 2.4, 1H, Ar), 7.79 

(s, 1H, exchange with D2O, OH), 10.85 (s, 1H, exchange with D2O, CONH), 11.36 (s, 

1H, exchange with D2O, CONHCO); δC (100 MHz, DMSO-d6): 51.1, 101.4, 115.5, 120.5, 

123.5, 126.7, 135.4, 147.5, 151.2, 152.0, 164.7, 167.1; m/z (ESI negative) 338.9 [M−H]-. 

 

Synthesis of 1-carboxymethyl uracil J2. 229 

 

An aqueous solution of bromoacetic acid (1.2 eq in 3 ml of water) was added dropwise 

to a solution of uracil J1 (1.0 g, 1.0 eq) and KOH (2.0 eq) in water (6 ml) at 60°C. The 

reaction mixture was stirred for 4h at the same temperature, then cooled to r.t. and 

acidified to pH 2. The formed precipitate was collected by filtration and washed with 

water and Et2O to afford the titled compound J2 as a white powder.  

1-Carboxymethyl uracil J2: 82% yield; m.p. 288-290°C; silica gel TLC Rf 0.10 

(MeOH/CHCl3 10 % v/v); δH (400 MHz, DMSO-d6): 4.45 (s, 2H, CH2), 5.63 (d, J = 7.8, 

1H, CH), 7.65 (d, J = 7.8, 1H, CH), 11.40 (s, 1H, exchange with D2O, CONHCO), 13.12 

(bs, 1H, exchange with D2O, COOH); δC (100 MHz, DMSO-d6): 49.6, 101.8, 147.0, 

152.0, 164.8, 170.6. 

Experimental in agreement with reported data.229 
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General synthetic procedure of triazole benzenesulfonamides J11-J12 and J15-

J16.230 

 

The proper azidobenzenesulfonamide J9, J10 (A2) (1.1 eq) was added to a solution of 

the propargyl derivate J8 or J14 (0.1 g, 1.0 eq) in H2O/tert-BuOH 1/1 (8 ml) at r.t., 

followed by a suspension of CuSO4 (0.1 eq) and Na ascorbate (0.5 eq) in water (0.5 ml). 

The reaction mixture was stirred at r.t. or 40°C until the consumption of the starting 

material (TLC monitoring). then quenched with H2O (20 ml) and the formed precipitate 

was filtered-off and washed with Et2O. A solution of the raw solid in DMF (5 ml) was 

filtered through Celite 521® and then treated with water (20 ml) to obtain a precipitate 

that was filtered-off to afford the titled compounds J11-J12 and J15-16. 

 

Synthesis of 3-(4-((2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide J11.  

 

Compound J11 was obtained according the general procedure earlier reported using 1-

propargyl uracil J8 (0.1 g, 1.0 eq), 3-azidobenzenesulfonamide (1.1 eq), CuSO4 (0.1 eq) 

and Na ascorbate (0.5 eq) in H2O/tert-BuOH 1/1 (8 ml). The reaction mixture was stirred 

for 6h at r.t. to afford the titled compound J11 as a light yellow solid. 

3-(4-((2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide J11: 37% yield; m.p. >300°C; silica gel TLC Rf 0.12 

(MeOH/CH2Cl2 10 % v/v); δH (400 MHz, DMSO-d6): 5.10 (s, 2H, CH2), 5.67 (dd, J = 

2.0, 8.0, 1H, CH), 7.56 (s, 2H, exchange with D2O, SO2NH2), 7.85 (d, J = 8.0, 1H, CH), 

8.05 (d, J = 8.6, 2H, Ar), 8.17 (d, J = 8.6, 2H, Ar), 8.94 (s, 1H, CH), 11.40 (s, 1H, 

exchange with D2O, CONHCO); δC (100 MHz, DMSO-d6): 43.3, 102.4, 118.1, 122.9, 

124.0, 126.5, 131.8, 137.5, 145.0, 146.4, 146.7, 151.7, 165.7; m/z (ESI negative) 347.0 

[M−H]-. 

 

Synthesis of 4-(4-((2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide J12. 
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Compound J12 was obtained according the general procedure earlier reported using 1-

propargyl uracil J8 (0.1 g, 1.0 eq), 4-azidobenzenesulfonamide (1.1 eq), CuSO4 (0.1 eq) 

and Na ascorbate (0.5 eq) in H2O/tert-BuOH 1/1 (8 ml). The reaction mixture was stirred 

for 6h at r.t. to afford the titled compound J12 as a light yellow solid. 

4-(4-((2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide J12: 43% yield; m.p. >300°C; silica gel TLC Rf 0.28 

(MeOH/CH2Cl2 20 % v/v); δH (400 MHz, DMSO-d6): 5.10 (s, 2H, CH2), 5.67 (dd, J = 

2.0, 8.0, 1H, CH), 7.61 (s, 2H, exchange with D2O, SO2NH2), 7.85 (m, 2H, CH + Ar), 

8.05 (d, J = 8.6, 2H, Ar), 7.95 (d, J = 8.5, 1H, Ar), 8.17 (dd, J =1.4, 8.5, 1H, Ar), 8.40 (t, 

J = 1.4, 1H, Ar), 8.93 (s, 1H, CH), 11.40 (s, 1H, exchange with D2O, CONHCO); δC (100 

MHz, DMSO-d6): 43.3, 102.4, 121.2, 122.8, 128.4, 139.4, 144.8, 145.0, 146.3, 151.7, 

164.6; m/z (ESI negative) 346.9 [M−H]-. 

 

Synthesis of 3-(4-((6-amino-9H-purin-9-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide J15. 

 

 

Compound J15 was obtained according the general procedure earlier reported using 9-

propargyl adenine J14 (0.1 g, 1.0 eq), 3-azidobenzenesulfonamide (1.1 eq), CuSO4 (0.1 

eq) and Na ascorbate (0.5 eq) in H2O/tert-BuOH 1/1 (8 ml). The reaction mixture was 

stirred o.n. at 40°C to afford the titled compound J15 as a light yellow solid. 

3-(4-((6-amino-9H-purin-9-yl)methyl)-1H-1,2,3-triazol-1-yl)benzenesulfonamide 

J15: 77% yield; m.p. >300°C; silica gel TLC Rf 0.15 (MeOH/CH2Cl2 20 % v/v); δH (400 

MHz, DMSO-d6): 5.60 (s, 2H, CH2), 7.38 (bs, 2H, exchange with D2O, NH2), 7.60 (s, 

2H, exchange with D2O, SO2NH2), 7.60 (t, J = 7.7, 1H, Ar), 7.95 (d, J = 7.7, 1H, Ar), 

8.14 (d, J = 7.7, 1H, Ar), 7.60 (t, J = 7.8, 1H, Ar), 8.38 (bs, 3H, Ar), 8.98 (s, 1H, CH); δC 

(100 MHz, DMSO-d6): 39.00, 116.9, 118.1, 122.9, 123.2, 124.1, 126.4, 131.7, 137.5, 

142.2, 145.2, 146.6, 153.3, 157.0; m/z (ESI negative) 370.1 [M−H]-. 

 

Synthesis of 4-(4-((6-amino-9H-purin-9-yl)methyl)-1H-1,2,3-triazol-1-

yl)benzenesulfonamide J16. 
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Compound J16 was obtained according the general procedure earlier reported using 9-

propargyl adenine J14 (0.1 g, 1.0 eq), 4-azidobenzenesulfonamide (1.1 eq), CuSO4 (0.1 

eq) and Na ascorbate (0.5 eq) in H2O/tert-BuOH 1/1 (8 ml). The reaction mixture was 

stirred o.n. at 40°C to afford the titled compound J16 as a light yellow solid. 

4-(4-((6-amino-9H-purin-9-yl)methyl)-1H-1,2,3-triazol-1-yl)benzenesulfonamide 

J16: 70% yield; m.p. >300°C; silica gel TLC Rf 0.21 (MeOH/CH2Cl2 20 % v/v); δH (400 

MHz, DMSO-d6): 5.63 (s, 2H, CH2), 7.36 (bs, 2H, exchange with D2O, NH2), 7.55 (s, 

2H, exchange with D2O, SO2NH2), 8.03 (d, J = 8.4, 2H, Ar), 8.14 (d, J = 8.4, 2H, Ar), 

8.40 (bs, 2H, Ar), 8.96 (s, 1H, CH); δC (100 MHz, DMSO-d6): 39.0, 120.3, 121.3, 123.1, 

128.3, 128.5, 139.4, 142.2, 144.8, 145.3, 153.4, 157.0; m/z (ESI negative) 370.1 [M−H]-. 

 

Synthesis of 1-propargyl uracil J8.231 

 

Propargyl bromide (1.0 eq) was added dropwise to a solution of uracil J1 (0.5 g, 1.0 eq) 

and DBU (1.0 eq) in dry CH3CN (7 ml) at 0°C under a nitrogen atmosphere. The reaction 

mixture was refluxed for 1.5h, then quenched with HCl(aq) 1M (15 ml) and extracted with 

EtOAc (25 ml). The organic layer was dried over Na2SO4, filtered-off and concentrated 

under vacuo to give a residue that was purified by silica gel coloumn chromatography 

eluting with 70 % EtOAc in n-hexane to afford the title compound J8 as white solid. 

1-Propargyl uracil J8: 40% yield; m.p. 169–170°C; silica gel TLC Rf 0.23 (EtOAc/n-

hexane 50 % v/v); δH (400 MHz, DMSO-d6): 3.47 (t, J = 2.0, 1H, CH), 4.54 (d, J = 3.0, 

2H, CH2), 5.66 (d, J = 7.8, 1H, CH), 7.74 (d, J = 7.8, 1H, CH), 11.44 (bs, 1H, exchange 

with D2O, CONHCO); δC (100 MHz, DMSO-d6): 37.6, 76.8, 79.4, 102.6, 145.5, 151.3, 

164.5.  

Experimental in agreement with reported data.231 

 

Synthesis of 9-propargyl adenine J14.232 

 

Propargyl bromide (1.0 eq) was added dropwise to a suspension of adenine J13 (1.0 g, 

1.0 eq) and K2CO3 (1.0 eq) in dry DMF (6 ml) at 0°C under a nitrogen atmosphere. The 

reaction mixture was stirred overnight at r.t. and then quenched with slush (20 ml). The 
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formed precipitate was filtered-off and purified by silica gel coloumn chromatography 

eluting with 5 % MeOH in DCM to afford the title compound J14 as white solid. 

9-Propargyl adenine J14: 23% yield; m.p. 209-210°C; silica gel TLC Rf 

0.57(MeOH/CH2Cl2 10 % v/v); δH (400 MHz, DMSO-d6): 3.43 (t, J = 2.0, 1H, CH), 4.98 

(d, J = 3.2, 2H, CH2), 7.26 (s, 2H, exchange with D2O, NH2), 8.12 (s, 1H, CH), 8.15 (s, 

1H, CH); δC (100 MHz, DMSO-d6): 32.8, 76.4, 78.9, 119.0, 140.6, 149.6, 153.2, 156.5. 

Experimental in agreement with reported data.232 

 

General synthetic procedure of azidobenzenesulfonamides J9, J10 (A2). 

 

The proper aminobenzenesulfonamide (0.5 g, 1.0eq) was dissolved in a 2M HCl aqueous 

solution (5 ml). NaNO2 (1.2 eq) was slowly added at 0°C and the reaction mixture was 

stirred at the same temperature for 0.5h. Thereafter NaN3 (1.5 eq) was added portion-wise 

and the mixture was stirred at r.t. for 0.5h.  The obtained precipitate was filtered-off and 

washed with water to afford the corresponding azidobenzenesulfonamides J9, J10 (A2). 

 

Synthesis of 3-azido-benzenesulfonamide J9.233 

 

Compound J9 was obtained according the general procedure earlier reported. 

3-Azidobenzenesulfonamide J9: 60% yield; m.p. 110°C; silica gel TLC Rf 0.35 

(EtOAc/n-hexane 50 % v/v); δH (400 MHz, DMSO-d6): 7.37 (m, 2H, Ar), 7.48 (s, 2H, 

exchange with D2O, SO2NH2), 7.52 (s, 1H, Ar), 7.63 (m, 1H, Ar); δC (100 MHz, DMSO-

d6): 117.2, 123.1, 123.5, 131.8, 141.4, 146.9. 

Experimental in agreement with reported data.233 

 

General synthetic procedure of benzenesulfonamides J22-J25 and J26-J29. 

 

The proper 2-chloro-acetamido benzenesulfonamide J18-J21 (1.1 eq) was added to a 

suspension of N,N-dimethyl-N'-(9H-purin-6-yl)formimidamide J17 (0.2 g, 1.0 eq) and 

K2CO3 (1.2 eq) in dry DMF (5 ml) under a nitrogen atmosphere and the reaction mixture 

was stirred at r.t. until the consumption of the starting material (TLC monitoring). The 

reaction was quenched with slush (20 ml) and the formed precipitate was filtered-off 
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under vacuo, washed with water and recrystallized from the proper solvent to afford the 

titled compounds J22-J25.  

Benzenesulfonamide J22-J25 (0.2 g, 1.0 eq) was suspended in HCl 1.25M in MeOH (6 

ml) in sealed tube and the reaction mixture stirred at 80°C until the consumption of the 

starting material (TLC monitoring). The solution was concentrated under vacuo and the 

residue triturated with aceton. The obtained hydrochloric salt was treated with a NaHCO3 

aqueous solution (5 ml) to give a powder that was filtered-off and washed with water to 

afford the titled derivatives J26-J29. 

 

Synthesis of 2-(6-(((dimethylamino)methylene)amino)-9H-purin-9-yl)-N-(3-

sulfamoylphenyl)acetamide  J22. 

 

Compound J22 was obtained according the general procedure earlier reported using N,N-

dimethyl-N'-(9H-purin-6-yl)formimidamide J17 (0.2 g, 1.0 eq), K2CO3 (1.2 eq) and 2-

chloro-N-(3-sulfamoylphenyl)acetamide (1.1 eq) J18 in dry DMF (5 ml). The crude solid 

was recrystallized from a IPA to afford J22 as a white solid.  

2-(6-(((dimethylamino)methylene)amino)-9H-purin-9-yl)-N-(3-

sulfamoylphenyl)acetamide J22: 50% yield; m.p. 248-249°C; silica gel TLC Rf 0.21 

(MeOH/CH2Cl2 20 % v/v); δH (400 MHz, DMSO-d6): 3.00 (s, 3H, CH3), 3.14 (s, 3H, 

CH3), 5.48 (s, 2H, CH2), 7.40 (s, 2H, exchange with D2O, SO2NH2), 7.55 (m, 2H, Ar), 

7.70 (m, 1H, Ar), 8.16 (m, 1H, Ar), 8.37 (s, 1H, CH), 8.47 (s, 1H, CH), 8.87 (s, 1H, CH), 

10.70 (bs, 1H, exchange with D2O, CONH); δC (100 MHz, DMSO-d6): 35.4, 41.5, 50.6, 

117.0, 118.3, 121.4, 122.7, 130.4, 139.9, 145.7, 148.5, 152.8, 155.6, 157.3, 161.6, 167.2; 

m/z (ESI negative) 401.1 [M−H]-. 

 

Synthesis of 2-(6-(((dimethylamino)methylene)amino)-9H-purin-9-yl)-N-(4-

sulfamoylphenyl)acetamide J23. 

 

Compound J23 was obtained according the general procedure earlier reported using N,N-

dimethyl-N'-(9H-purin-6-yl)formimidamide J17 (0.2 g, 1.0 eq), K2CO3 (1.2 eq) and 2-

chloro-N-(4-sulfamoylphenyl)acetamide J19 (1.1 eq) in dry DMF (5 ml). The crude solid 

was recrystallized from a IPA to afford J23 as a white solid.  
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2-(6-(((dimethylamino)methylene)amino)-9H-purin-9-yl)-N-(4-

sulfamoylphenyl)acetamide J23: 47% yield; m.p. 238-239°C; silica gel TLC Rf 0.22 

(MeOH/CH2Cl2 10 % v/v); δH (400 MHz, DMSO-d6): 3.00 (s, 3H, CH3), 3.14 (s, 3H, 

CH3), 5.49 (s, 2H, CH2), 7.30 (s, 2H, exchange with D2O, SO2NH2), 7.73 (d, J = 8.8, 2H, 

Ar), 7.80 (d, J = 8.8, 2H, Ar), 8.37 (s, 1H, CH) ,8.47 (s, 1H, CH), 8.80 (s, 1H, CH), 10.77 

(bs, 1H, exchange with D2O, CONH); δC (100 MHz, DMSO-d6): 35.7, 41.5, 50.6, 118.3, 

119.5, 127.7, 139.5, 142.5, 148.4, 152.8, 155.6, 157.3, 161.6, 167.4; m/z (ESI negative) 

401.1 [M−H]-. 

 

Synthesis of 2-(6-(((dimethylamino)methylene)amino)-9H-purin-9-yl)-N-(4-

sulfamoylbenzyl)acetamide J24. 

 

Compound J24 was obtained according the general procedure earlier reported using N,N-

dimethyl-N'-(9H-purin-6-yl)formimidamide J17 (0.2 g, 1.0 eq), K2CO3 (1.2 eq) and 2-

chloro-N-(4-sulfamoylbenzyl)acetamide J20 (1.1 eq) in dry DMF (5 ml). The crude solid 

was recrystallized from a IPA to afford J24 as a white solid.  

2-(6-(((dimethylamino)methylene)amino)-9H-purin-9-yl)-N-(4-

sulfamoylbenzyl)acetamide J24: 75% yield; m.p. 255-256°C; silica gel TLC Rf 0.17 

(MeOH/CH2Cl2 20 % v/v); δH (400 MHz, DMSO-d6): 2.97 (s, 3H, CH3), 3.20 (s, 3H, 

CH3), 4.37 (d, J = 6.0, 2H, CH2), 5.32 (s, 2H, CH2), 7.36 (s, 2H, exchange with D2O, 

SO2NH2), 7.42 (d, J = 8.0, 2H, Ar), 7.74 (d, J = 8.8, 2H, Ar), 8.35 (s, 1H, CH) , 8.47 (s, 

1H, CH), 8.72 (t, J = 6.0, 1H, exchange with D2O, CONH), 8.92 (s, 1H, CH); δC (100 

MHz, DMSO-d6): 35.5, 41.5, 42.8, 50.0, 118.2, 126.3, 128.4, 143.6, 144.1, 148.5, 152.7, 

155.6, 157.2, 161.6, 168.4; m/z (ESI negative) 415.1 [M−H]-. 

 

Synthesis of 2-(6-(((dimethylamino)methylene)amino)-9H-purin-9-yl)-N-(4-

sulfamoylphenethyl)acetamide J25. 

 

Compound J25 was obtained according the general procedure earlier reported using N,N-

dimethyl-N'-(9H-purin-6-yl)formimidamide J17 (0.2 g, 1.0 eq), K2CO3 (1.2 eq) and 2-

chloro-N-(4-sulfamoylphenethyl)acetamide J21 in dry DMF (5 ml). The crude solid was 

recrystalized from a IPA to afford J25 as a white solid.  
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2-(6-(((dimethylamino)methylene)amino)-9H-purin-9-yl)-N-(4-

sulfamoylphenethyl)acetamide J25: 44% yield; m.p. 227-228°C; silica gel TLC Rf 0.23 

(MeOH/CH2Cl2 20 % v/v); δH (400 MHz, DMSO-d6): 2.81 (t, J = 7.2, 2H, CH2), 3.01 (s, 

3H, CH3), 3.20 (s, 3H, CH3), 3.33 (q, J = 7.2, 2H, CH2), 5.23 (s, 2H, CH2), 7.34 (s, 2H, 

exchange with D2O, SO2NH2), 7.41 (d, J = 8.0, 2H, Ar), 7.75 (d, J = 8.8, 2H, Ar), 8.28 

(t, J = 6.0, 1H, exchange with D2O, CONH), 8.30 (s, 1H, CH), 8.46 (s, 1H, CH), ), 8.92 

(s, 1H, CH); δC (100 MHz, DMSO-d6): 35.6, 40.0, 40.8, 41.5, 49.9, 118.2, 126.6, 129.9, 

143.0, 144.4, 148.5, 152.7, 155.6, 157.2, 161.5, 168.1; m/z (ESI negative) 429.2 [M−H]-. 

 

Synthesis of 2-(6-amino-9H-purin-9-yl)-N-(3-sulfamoylphenyl)acetamide  J26. 

 

Compound J26 was obtained according the general procedure earlier reported treating 

compound J22 with HCl 1.25M in MeOH and successively with NaHCO3(aq). 

2-(6-amino-9H-purin-9-yl)-N-(3-sulfamoylphenyl)acetamide J26: 72% yield; m.p. 

>300°C; silica gel TLC Rf 0.09 (MeOH/CH2Cl2 20 % v/v); δH (400 MHz, DMSO-d6): 

5.36 (s, 2H, CH2), 6.88 (s, 2H, exchange with D2O, NH2), 7.40 (s, 2H, exchange with 

D2O, SO2NH2), 7.55 (m, 2H, Ar), 7.75 (m, 1H, Ar), 8.21 (s, 1H, Ar), 8.23 (s, 1H, CH), 

8.32 (s, 1H, CH), 10.67 (s, 1H, exchange with D2O, CONH); δC (100 MHz, DMSO-d6): 

50.1, 112.8, 117.2, 121.6, 122.9, 130.5, 139.7, 145.7, 147.7, 152.5, 153.0, 160.6, 167.0; 

m/z (ESI negative) 346.0 [M−H]-. 

 

Synthesis of 2-(6-amino-9H-purin-9-yl)-N-(4-sulfamoylphenyl)acetamide J27. 

 

Compound J27 was obtained according the general procedure earlier reported treating 

compound J23 with HCl 1.25M in MeOH and successively with NaHCO3(aq). 

2-(6-amino-9H-purin-9-yl)-N-(4-sulfamoylphenyl)acetamide J27: 41% yield; m.p. 

>300°C; silica gel TLC Rf 0.09 (MeOH/CH2Cl2 10 % v/v); δH (400 MHz, DMSO-d6): 

5.37 (s, 2H, CH2), 6.88 (s, 2H, exchange with D2O, NH2), 7.30 (s, 2H, exchange with 

D2O, SO2NH2), 7.79 (m, 4H, Ar), 8.37 (s, 1H, CH), 8.23 (s, 1H, CH), 8.31 (s, 1H, CH), 

10.69 (bs, 1H, exchange with D2O, CONH); δC (100 MHz, DMSO-d6): 50.1, 112.8, 119.7, 

127.7, 139.7, 142.3, 147.7, 152.4, 153.0, 160.6, 167.2; m/z (ESI negative) 346.0 [M−H]-. 
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Synthesis of 2-(6-amino-9H-purin-9-yl)-N-(4-sulfamoylbenzyl)acetamide J28. 

 

Compound J28 was obtained according the general procedure earlier reported treating 

compound J24 with HCl 1.25M in MeOH and successively with NaHCO3(aq). 

2-(6-amino-9H-purin-9-yl)-N-(4-sulfamoylbenzyl)acetamide  J28: 81% yield; m.p. 

>300°C; silica gel TLC Rf 0.11 (MeOH/CH2Cl2 20 % v/v); δH (400 MHz, DMSO-d6): 

4.42 (d, J = 6.0, 2H, CH2), 5.21 (s, 2H, CH2), 6.88 (s, 2H, exchange with D2O, NH2), 7.35 

(s, 2H, exchange with D2O, SO2NH2), 7.49 (d, J = 8.0, 2H, Ar), 7.74 (d, J = 8.8, 2H, Ar), 

8.23 (s, 1H, CH) ,8.26 (s, 1H, CH), 8.81 (t, J = 6.0, 1H, exchange with D2O, CONH); δC 

(100 MHz, DMSO-d6): 43.0, 49.7, 112.8, 126.6, 128.5, 143.8, 147.6, 152.6, 153.2, 160.7, 

160.8, 168.1; m/z (ESI negative) 360.0 [M−H]-. 

 

Synthesis of 2-(6-amino-9H-purin-9-yl)-N-(4-sulfamoylphenethyl)acetamide J29. 

 

Compound J29 was obtained according the general procedure earlier reported treating 

compound J25 with HCl 1.25M in MeOH and successively with NaHCO3(aq). 

2-(6-amino-9H-purin-9-yl)-N-(4-sulfamoylphenetyl)acetamide  J29: 72% yield; m.p. 

>300°C; silica gel TLC Rf 0.13 (MeOH/CH2Cl2 20 % v/v); δH (400 MHz, DMSO-d6): 

2.84 (t, J = 7.2, 2H, CH2), 3.35 (q, J = 7.2, 2H, CH2), 5.06 (s, 2H, CH2), 6.85 (s, 2H, 

exchange with D2O, NH2), 7.33 (s, 2H, exchange with D2O, SO2NH2), 7.41 (d, J = 8.0, 

2H, Ar), 7.75 (d, J = 8.0, 2H, Ar), 8.20 (s, 1H, CH), 8.23 (s, 1H, CH), 8.43 (t, J = 6.0, 

1H, exchange with D2O, CONH); δC (100 MHz, DMSO-d6): 35.4, 40.9, 49.7, 112.6, 

126.6, 130.0, 143.0, 144.2, 147.4, 152.6, 153.1, 160.6, 167.9; m/z (ESI negative) 374.1 

[M−H]-. 

 

Synthesis of N,N-dimethyl-N'-(9H-purin-6-yl)formimidamide J17.234 

 

Dimethylformamide dimethyl acetal (1.2 eq) was added to a suspension of adenine (1.0 

g, 1.0 eq) in DMF (8 ml). The reaction mixture was stirred overnight at 50°C and then 

treated with aceton (20 ml). The precipitate was filtered-off under vacuo to afford the 

titled compound J17 as a white solid. 
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N,N-Dimethyl-N'-(9H-purin-6-yl)formimidamide J17: 90% yield; m.p. 252-255°C; 

silica gel TLC Rf 0.50 (MeOH/CH2Cl2 20 % v/v); δH (400 MHz, DMSO-d6): 3.18 (s, 3H, 

CH3), 3.23 (s, 3H, CH3), 8.32 (s, 1H, CH) ,8.45 (s, 1H, CH), 8.93 (s, 1H, CH), 13.04 (bs, 

1H, exchange with D2O, NH); δC (100 MHz, DMSO-d6): 36.1, 41.2, 125.3, 144.6, 152.4, 

153.8, 156.7, 160.8. 

Experimental in agreement with reported data.234 

 

General synthetic procedure of 2-chloro-acetamido benzenesulfonamide J18-J21. 235 

 

Chloroacetyl chloride (1.2 eq) was added dropwise to a suspension of the proper 

aminobenzenesulfonamide (1.0 g, 1.0 eq) and K2CO3 (1.2 eq) in acetone (20 ml) at 0°C 

and the reaction mixture was stirred for 0.5h at the same temperature. The reaction 

mixture was concentrated under vacuo and the quenched with cold HCl 1M(aq) (20 ml) 

and the formed precipitate was filtered-off under vacuo and washed with water to afford 

the titled compounds J18-J21. 

 

Synthesis of 2-chloro-N-(3-sulfamoylphenyl)acetamide J18. 

 

Compound J18 was obtained according the general procedure earlier reported using 3-

aminobenzenesulfonamide (1.0 g, 1.0 eq), K2CO3 (1.2 eq) and chloroacetyl chloride (1.2 

eq) in acetone (20 ml). 

2-Chloro-N-(3-sulfamoylphenyl)acetamide J18: 83% yield; silica gel TLC Rf  0.30 

(MeOH/CH2Cl2 10 % v/v); δH (400 MHz, DMSO-d6): 4.32 (s, 2H, CH2), 7.43 (s, 2H, 

exchange with D2O, SO2NH2), 7.58 (m, 2H, Ar), 7.78 (m, 1H, Ar), 8.20 (d, J = 1.6, 1H, 

Ar), 10.63 (s, 1H, exchange with D2O, CONH); δC (100 MHz, DMSO-d6): 44.4, 117.3, 

121.9, 123.2, 130.6, 139.7, 145.7, 166.0. 

 

Synthesis of 2-chloro-N-(4-sulfamoylphenyl)acetamide J19. 

 

Compound J19 was obtained according the general procedure earlier reported using 4-

aminobenzenesulfonamide (1.0 g, 1.0 eq), K2CO3 (1.2 eq) and chloroacetyl chloride (1.2 

eq) in acetone (20 ml). 
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2-chloro-N-(4-sulfamoylphenyl)acetamide J19: 75% yield; silica gel TLC Rf 0.37 

(MeOH/CH2Cl2 10 % v/v); δH (400 MHz, DMSO-d6): 4.34 (s, 2H, CH2), 7.31 (s, 2H, 

exchange with D2O, SO2NH2), 7.80 (m, 4H, Ar), 10.67 (s, 1H, exchange with D2O, 

CONH); δC (100 MHz, DMSO-d6): 44.4, 119.9, 127.7, 139.9, 142.3, 166.1. 

Experimental in agreement with reported data.235 

 

Synthesis of 2-chloro-N-(4-sulfamoylbenzyl)acetamide J20. 

 

Compound J20 was obtained according the general procedure earlier reported using 4-

(aminomethyl)benzenesulfonamide hydrochloride (1.0 g, 1.0 eq), K2CO3 (2.2 eq) and 

chloroacetyl chloride (1.2 eq) in acetone (20 ml). 

2-Chloro-N-(4-sulfamoylbenzyl)acetamide J20: 50% yield; silica gel TLC Rf 0.26 

(MeOH/CH2Cl2 10 % v/v); δH (400 MHz, DMSO-d6): 4.18 (s, 2H, CH2), 4.41 (d, J = 5.8, 

2H, CH2), 7.34 (s, 2H, exchange with D2O, SO2NH2), 7.48 (d, J = 8.4, 2H, Ar), 7.81 (d, 

J = 8.4, 2H, Ar), 8.85 (t, J = 5.8, 1H, exchange with D2O, CONH); δC (100 MHz, DMSO-

d6): 43.0, 43.5, 126.6, 128.5, 143.7, 143.8, 167.1. 

 

Synthesis of 2-chloro-N-(4-sulfamoylphenethyl)acetamide J21. 

 

Compound J21 was obtained according the general procedure earlier reported using 4-

(aminoethyl)benzenesulfonamide (1.0 g, 1.0 eq), K2CO3 (1.2 eq) and chloroacetyl 

chloride (1.2 eq) in acetone (20 ml). 

2-Chloro-N-(4-sulfamoylphenethyl)acetamide J21: 93% yield; silica gel TLC Rf 0.26 

(MeOH/CH2Cl2 10 % v/v); δH (400 MHz, DMSO-d6): 2.85 (t, J = 7.2, 2H, CH2), 3.40 (q, 

J = 5.6, 2H, CH2), 4.07 (s, 2H, CH2), 7.33 (s, 2H, exchange with D2O, SO2NH2), 7.44 (d, 

J = 8.4, 2H, Ar), 7.78 (d, J = 8.4, 2H, Ar), 8.34 (t, J =5.6, 1H, exchange with D2O, 

CONH); δC (100 MHz, DMSO-d6): 35.4, 41.0, 43.5, 126.6, 130.0, 143.0, 144.3, 166.8. 

 

4.5.2 Carbonic anhydrase inhibition 

 

The CA inhibitory profiles of compounds belonging to series J were obtained according 

to the general procedures described at the beginning of the experimental section. 
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4.5.3 X-ray Crystallography 

 

Due to the challenges in expressing, purifying, and crystallizing wild type hCA IX, 

an hCA IX-mimic was utilized for structural studies. The hCA IX-mimic was produced 

by mutating seven active site residues of hCA II to mimic the active site of hCA IX 

(A65S, N67Q, E69T, I91L, F131V, K170E, L204A). HCA II and hCA IX-mimic were 

purified as previously described.236 Briefly, the protein was overexpressed in BL21(DE3) 

cells via induction with IPTG and then purified from the cell lysate using affinity 

chromatography with a p-(aminomethyl)benzenesulfonamide resin. Protein purity was 

confirmed utilizing SDS-PAGE. Crystals were grown via the hanging drop vapor 

diffusion method with a mother liquor consisting of 1.6M sodium citrate and 50mM Tris-

HCl, pH 7.8. Crystals were observed within 3 days. The crystals were soaked in ~10mM 

inhibitor for 5 min prior to freezing in liquid nitrogen for shipment.  

Diffraction data was collected on a Pilatus 6M detector at the Cornell High Energy 

Synchrotron Source (CHESS) F1 beamline (ƛ = 0.977 Å). Data was collected with a 

crystal-to-detector distance of 250 or 270 mm, 1° oscillation angle, and 1 or 3 sec 

exposure time for CA IX-mimic and CA II, respectively, for a total of 270 images. The 

program HKL2000237 was utilized to index, integrate, and scale the data. Phase 

determination (molecular replacement with using PDB: 3KS3238 as a search model), 

refinement, and generation of restraint files were completed in Phenix239. The graphical 

programs Coot240 and Pymol241 were used to analyze protein inhibitor interactions and 

generate figures. 
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Table EXP2. 

Summary of Data Collection and Atomic Model Refinement Statistics for compounds J29 

Complex CA II_J29 CA IX-mimic_J29 

PDB Code - - 

Space Group 

Cell Dimensions (Å;°) 

P21 

a = 42.6, b = 41.7, c = 72.6; 

β= 104.2 

P21 

a = 42.0, b = 41.2, c = 71.8; 

β= 103.7 

Resolution (Å) 40.2–1.6 (1.69–1.64) 29.0 – 1.6 (1.68 – 1.63) 

Total Reflections 37,853 31,540 

I/Iσ 20.6 (2.0) 17.6 (1.3) 

Redundancy 3.7 (3.8) 2.5 (2.8) 

Completeness (%) 83.8 (83.8) 84.4 (82.9) 

Rcryst (%) 14.0 (22.5) 15.5 (25.9) 

Rfree (%) 17.1 (28.1) 20.1 (36.0) 

Rsym (%) 5.2 (57.2) 4.7 (5.9) 

Rpim 2.9 (34.0) 3.3 (46.2) 

# of Protein Atoms 4,079 4,062 

# of Water Molecules 156 130 

# of Ligand Atoms 43 43 

Ramachandran stats (%): 

Favored, allowed, 

generously allowed 

97.7, 2.3, 0 96.9, 3.1, 0 

Avg. B factors (Å2): Main-

chain, Side-chain, Ligand 
13.9, 20.2, 29.7 13.8, 20.9, 30.0 

rmsd for bond lengths, 

angles (Å,º) 
0.009, 1.109 0.010, 1.118 

 

4.5.4 Cell culture, treatments and Cell viability assay 

 

Human colon cancer cell lines HT-29 were obtained from American Type Culture 

Collection (Rockville, MD). HT-29 were cultured in DMEM high glucose with 10% FBS 

in 5% CO2 atmosphere at 37° C. Media contained 2 mM L-glutamine, 1% essential amino 

acid mix, 100 IU ml-1 penicillin and 100 μg ml-1 streptomycin (Sigma, Milan, Italy). 

HT-29 cells were plated in 96-wells cell culture (1.104/well) and, 24 h after, treated with 

the tested compounds (0-300 µM) for 16 and 48 h. Low oxygen conditions were acquired 

in a hypoxic workstation (Concept 400 anaerobic incubator, Ruskinn Technology Ltd., 

Bridgend, UK). The atmosphere in the chamber consisted of 0.1% O2 (hypoxia), 5% CO2, 

and residual N2. In parallel, normoxic (20% O2) dishes were incubated in air with 5% 

CO2. 
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HT-29 cell viability was evaluated by the reduction of 3-(4,5-dimethylthiozol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) as an index of mitochondrial compartment 

functionality. Cells were plated and treated as described. Post-treatments, after extensive 

washing, 1 mg/ml MTT was added into each well and incubated for 30 minutes at 37 °C. 

After washing, the formazan crystals were dissolved in 200 μl DMSO. The absorbance 

was measured at 550 nm. Experiments were performed in quadruplicate on at least three 

different cell batches. 

 

4.6 In vitro evaluation and computational studies on novel 4/3-((4-oxo-5-(2-

oxoindolin-3-ylidene)thiazolidin-2-ylidene)amino) benzenesulfonamides 

(series K). 

 

4.6.1 Chemistry 

 

Derivatives of series K were synthesized by Prof. Eldehna group according to the 

procedures reported in Eldehna, W.M. et al. Eur. J. Med. Chem. 2017,139, 250-262. 

 

4.6.2 Carbonic anhydrase inhibition 

 

The CA inhibitory profiles of compounds belonging to series K were obtained according 

to the general procedures described at the beginning of the experimental section. 

 

4.6.3 Computational studies 

 

Computational studies for compounds belonging to series K were performed according to 

the general procedures described at the beginning of the experimental section. 
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Chapter 5. Conclusions 

 

In conclusion, the research activity carried out during my three-years PhD period led to 

the discovery of novel inhibitors, also belonging to new chemotypes, for different 

isoforms of the zinc-enzymes carbonic anhydrase and to the identification of new and 

promising candidates for the treatment of glaucoma, cancer and bacterial/fungal/parasitic 

infections. Indeed, considering the variety of human physiological-pathological processes 

showing abnormal levels or activities of these enzymes, as well as the essential role of 

CAs in the life cycle of pathogens, CA isozymes have acquired growing interest for the 

design of inhibitors with biomedical applications. 

SBDD tools were applied for the design of new derivatives as well as for the 

rationalization of the experimental inhibitory profile measured for the synthesized and 

screened derivatives. 

The “Click Chemistry approach” represented a topic of the research program and was 

widely applied to synthesize novel CAIs belonging to the sulfonamide, coumarin and 

sulfocoumarin type. The inhibitory profile of the designed and synthesized derivatives 

pointed out interesting potential candidates for the treatment of pathologies, such as 

glaucoma or tumors. The binding mode of the triazole sulfonamide derivatives within 

hCAs was studied by means of computational and crystallographic methods. 

By means of quantum-mechanical (QM) computational methods applied to a cluster CA-

model, we were able to define a multi-step mechanism for the CA-mediated 

sulfocoumarin hydrolytic process. The detailed knowledge of sulfocoumarin mechanism 

of action will be meaningful to rationalize the particular CA inhibitory profile this class 

of inhibitors are endowed with and to further design innovative derivatives. 

New chemotypes were studied for CA inhibition. Primarily, N-nitrosulfonamides were 

validated as new chemotype possessing CA inhibitory properties. Promising results 

obtained for an initial set of compounds, screened on different CA isoforms, were 

followed by computational binding mode evaluation, which depicted a novel Zn-binding 

approach. Subsequently, a variety of hCAIs belonging to different chemotypes present in 

our libraries were screened as inhibitors of the β-CA from the dandruff-producing fungus 

Malassetia Globosa. A homology model of MgCA was built using the crystal structure 

of Can2 as template in order to evaluate the binding mode of such chemotypes within 
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MgCA. A large series of benzoxaboroles was tested additionally as inhibitors of 

CgNce103 and Can2 and their binding mode in this latter evaluated by means of 

computational studies. The SBDD binding mode evaluation carried out to rationalize the 

inhibitory profile exhibited by four different chemotypes toward MgCA (also Can2 and 

CgNce103 for benzoxaboroles) shed light on the ligand/target interactions established at 

the molecular level and represents a starting point to further the research of non-

sulfonamide, effective CAIs targeting MgCA or different fungal isoforms. 

A set of derivatives was designed and synthesized by incorporating a purine/pyrimidine 

pharmacophore as the tail of a classical CAI with a benzenesulfonamide ZBG scaffold in 

order to both modulate the interaction with CA isozymes and exploit an intrinsic anti-

tumor effect in parallel and synergic to the inhibition of hCA IX. The compounds were 

investigated for their inhibition of cytosolic hCA I and II and transmembrane hCA IV and 

IX. X-ray crystallography demonstrates the binding mode of a nitrogenous base within 

the active site of hCA II and a hCA IX-mimic. Finally, the most effective compounds 

were evaluated for their anti-proliferative activity against HT-29 colon cancer cell lines. 

The analysis of the trend of the obtained results allowed us to ascribe the responsibility 

for the observed cytotoxic effects to either multiple, not yet identified mechanisms of 

action, or the inhibition of the tumor-associated hCA IX, depending on the treatment time 

and the applied hypoxic or normoxic conditions. 

Additional computational studies and biological evaluation carried out during the three-

years PhD period allowed to study and explore the inhibitory action and binding mode of 

several derivatives with a variety of CA isoforms.  
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