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During my PhD studies in the field of medicinal chemistry, I dealt with two different targets 

thus, this Thesis consists of two Sections.  

The first one is focused on my main project conducted in the Research Group of Professor 

Daniela Secci: the development of novel and selective inhibitors targeting the tumour-related 

carbonic anhydrases isoforms IX and XII.  

The second one is focused on the project performed during my stay abroad in the Research 

group of Professor Dario Neri at the Eidgenössische Technische Hochschule Zürich (ETH 

Zurich): the development of small molecule ligands targeting the human tyrosinase and 

tyrosinase-related protein 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

Section I. 

Development of novel inhibitors targeting the tumour-

related carbonic anhydrase isoforms IX and XII
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1. Introduction to the human carbonic anhydrases 

1.1. Structural features and functions of human carbonic anhydrases  

The carbonic anhydrases (CAs, EC 4.2.1.1) are a superfamily of metalloenzymes that catalyse 

the reversible hydration of carbon dioxide (CO2) into bicarbonate (HCO3
-) and protons (H+) 

(eq. 1) [1]. 

 

 

 

This reaction is too slow in most tissues and organisms at physiological pH [2] and since CO2, 

HCO3
- and H+ are involved in several important physiological processes related to metabolism 

(photosynthesis, carboxylation reaction, etc.), pH regulation, secretion of electrolytes, etc. 

throughout the tree of life [3–5], eight distinct genetic families, α-, β-, γ-, δ-, η-, ζ,  θ and ι have 

been identified [6–13]. These CA families possess a similar active site containing a central 

divalent ion M(II) coordinated to three conserved amino acid residues and to a hydroxide 

nucleophilic species. The metal ions are Zn(II) [5], Cd(II) in ζ-CAs [14], Fe(II) in γ-CAs, at 

least in anaerobic conditions [15,16], Co(II) in the  class [7] and Mn(II) in ι [13]. The 

apoenzymes are devoid of CA catalytic activity [5,17,18]. 

The human CAs (hCAs), belonging to the -family, are involved in several functions such as 

respiration and transport of CO2/HCO3
-, pH and CO2 homeostasis, electrolyte secretion in 

tissues and organs, biosynthetic reactions, bone resorption and calcification [5,19].  

Fifteen human isoforms (hCA I-XIV) have been identified to date and the analysis of their 

crystal structures revealed high structural and sequence similarity for the catalytic domains [20–

22]. It is cone shaped, composed of a 10-stranded  sheet with seven  helices located at the 

surface and divided into a half halve hydrophobic and half halve hydrophilic that lead to a 

“bipolar” active site. This unique architecture is related to the diverse chemical nature of the 

CO2 and HCO3
- and H+: the hydrophobic part serves as a trap for the CO2 and the hydrophilic 

part enables the binding of the hydrophilic components, HCO3
- and H+, and their release from 

the active site. The Zn(II) metal ion, located at the bottom of this large cavity (approximately  

12 Å wide and  13 Å deep), is coordinated to three conserved histidine (His) residues (His94, 

His96 and His119 in hCA II active site taken as representative of hCA isoforms) and to a H2O 

or hydroxide ion that determines the inactive and active form of the enzyme, respectively. The 

H2O/hydroxide ion is involved in hydrogen bonds with other two molecule of H2O, the first, 
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called deep-H2O, located in the hydrophobic part, and the second H2O located at the entrance 

of the active site, and with the hydroxyl moiety of the conserved threonine residue (Thr199). 

This residue is bound in turn to the carboxylate moiety of a conserved glutamic acid residue 

(Glu106). This pair of amino acids, called gate-keeper residues, trigger the entire process 

increasing the nucleophilicity of the hydroxide ion and orienting the CO2 in a favourable 

position for the nucleophilic attack (Figure 1.1) [5,23–27].  

 

 

Figure 1.1. The active site of hCA II, taken as representative hCA isoform, describing the network of 

interactions in the active site. The H2O molecules are indicated as red spheres and the side chain of the His64 is 

represented in the “in” and “out” conformation [26]. 

 

The hydration of CO2 in HCO3
- and H+ occurs in a two-step ping pong catalytic mechanism. 

The first step in the hydration reaction involves the nucleophilic attack of the Zn2+-OH- on CO2, 

bound in the hydrophobic pocket, leading to the formation of the HCO3
- coordinated to the Zn2+ 

metal ion. This bond is rather weak so HCO3
- is replaced by an incoming H2O molecule yielding 

the acidic and inactive form of the enzyme, E-Zn2+-OH2 (eq. 2).  

 

 

 

The second and rate-limiting step involves the restoration of the active form proceeding through 

a proton transfer reaction from the active site to the buffer, assisted by an ordered H2O molecule 

network and by a proton donor/acceptor, the conserved histidine residue (His64), located at the 

rim of the active site [5,27–29]. Interestingly, His64 has been found in an “in” conformation, 

pointing inside the active site, and an “out” conformation, pointing outside the active site, 
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suggesting that it is able to accept the proton from the H2O molecule network then turn and 

release it into the environment, thus restoring the active form of the enzyme, E-Zn2+-OH- (eq. 

3) [29,30]. Compounds able to interact with this residue have been shown to act as activators 

(see 1.3.). Conversely, the absence or the substitution of this proton transfer residue, as in hCA 

III, impairs the activity of about 500-fold [31,32].  

 

 

 

This unique ping-pong mechanism (eq.2 and eq.3) yields some of these isoforms among the 

most efficient enzymes known in nature, possessing kcat/KM values close to the limit of the 

diffusion-controlled processes [33]. 

Though sharing a conserved active site architecture, these isozymes differ from each other for 

their cellular localization, tissue and organ distribution, oligomeric arrangement and kinetic 

properties [23] . Five of these isoforms are cytosolic (hCA I-III, hCA VII and hCA XIII), two 

are mitochondrial (CA VA and VB), four are membrane bound (hCA IV, hCA IX, hCA XII, 

hCA XIV and hCA XV) and one is secreted (hCA VI) [34]. The three isoforms VIII, X and XI, 

defined as CA-related proteins (CARPs), are non-catalytic due to the absence of one or more 

Zn-binding His residues in the active site [35]. Commonly, hCAs are monomers apart from the 

CA IX and CA XII that are homodimers stabilised through disulphide bond (Figure 1.2) 

[34,36]. 

 

 

Figure 1.2. Domain composition and subcellular localization of the hCAs [37]. 
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The most studied and investigated isoforms are the hCA I, hCA II, known as the ubiquitous 

ones for their huge distribution in tissues and organs [37] and the hCA IX and hCA XII, known 

as tumour-related isoforms for their up regulation during tumorigenesis [38,39], extensively 

described further in this Chapter. 

The highest accumulation of hCA I and hCA II is found in erythrocytes for their role in 

maintaining and regulating the blood pH [40]. Though hCA I is up to 5 or 6 times more 

dominant, hCA II is the most efficient being defined as the “rapid” isoform [20,26]. It is located 

almost in every tissue including the gastrointestinal tract, lungs, bone marrow, eyes, kidney, 

liver, brain, salivary gland and in breast tissue, and covers several important physiological 

functions. Thus, its dysregulation leads to several pathological disorders such as glaucoma, 

edema, and epilepsy [26,41] and pathologies such as acute mountain sickness (AMS), 

atherosclerosis and osteoporosis [42]. 

The remaining isoforms are more tissue specific. hCA III is found in muscle tissue and 

adipocytes and it has been suggested to act as antioxidant agent because of the presence of 

reactive sulfhydryl groups on its surface, that are able to bind to glutathione [43,44]. hCA IV is 

found in the heart, brain, capillary of the eye, and erythrocytes and it is a possible drug target 

for several pathologies, including glaucoma, similarly to hCA II [45]. The mitochondrial 

isoforms, hCA VA and hCA VB, are implicated in metabolism at different stages [41,46]. hCA 

VI, the secreted isoform, is implicated in cariogenic disorders [47]. hCA VII is involved in 

neuronal excitation, determining  epileptiform conditions, similarly to hCA II and XI [48]. 

Albeit devoid of catalytic activity, hCA VIII seems to be involved in neurodegenerative 

diseases and in tumours, being upregulated in colorectal and lung cancer [49].  The physio and 

pathological role of the other non-catalytic isoforms, hCA X and hCA XI is still under 

investigation. hCA XIII is distributed in the thymus, kidney, submandibular gland, small 

intestine, and in reproductive organs, standing for its involvement in  sperm motility processes 

[50,51]. hCA XIV is involved in epileptogenic conditions and is localized in the apical and 

basal membranes of the retinal pigment epithelium suggesting specific and unique functions for 

the acid-base balance in the retina [49]. 

 

1.2. Carbonic anhydrase IX and XII: the tumour-related isoforms 

The tumour-related isoforms hCA IX and hCA XII possess several peculiarities in their 

structure, localization and implication in tumorigenesis [36,38,39], thus capturing an increased 

interest over the last years. 
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hCA IX is a homodimer possessing two catalytic domains and associated to form a dimer 

through an intermolecular disulphide bond. Each monomer consists of four domains: a catalytic 

domain, which faces the extracellular environment for efficient CO2 hydration and sharing 30-

40 % of sequence identity with the other isoforms, a single-pass helical trans-membrane region, 

a C-terminal short intracellular tail and N-terminal proteoglycan domain (PG), which is a 

unique feature of hCA IX [36,52]. It has been suggested that each of these constituents could 

be involved in specific functions in tumorigenesis:   

• the catalytic domain is involved in the pH regulation of the tumour microenvironment, 

thus enabling tumour growth and proliferation;  

• the PG domain, located at the entrance of the active site clefts, could support the CO2 

hydration at more acidic pH (pKa around 6.49), as the one found in solid tumours micro 

environment, and could foster cell adhesion and intercellular communications;  

• the intracellular tail, containing several phosphorylation sites, could participate in signal 

transduction, contributing to the activation of a number of cancer related signalling 

cascades, such as the HIF-1 and the PI3/Akt kinase pathway. Interestingly, it has been 

shown that mutations of this tail could cause the suppression of cell adhesion and of the 

extracellular acidification capabilities of hCA IX [36,53,54].  

The expression of hCA IX is limited to the stomach and intestine [55] but it is ectopically 

expressed in a large number of solid tumours including glioblastoma, colorectal, breast cancer 

and in the clear cell renal carcinoma (ccRCC) [56,57]. It has been related to the activation of 

the transcription factor HIF-1 that occurs via hypoxia, to peculiarities of solid tumours, and to 

mutations of Von Hippel Lindau (VHL) tumour suppressor, that mimics hypoxia, respectively 

[57–63]. hCA IX upregulation is usually related to chemotherapeutic resistance, poor 

prognosis, and poor clinical outcome [62,64–67]. 

hCA XII is a dimeric transmembrane isoform with two external catalytic domains (pKa around 

7.1) and devoid of the PG domain [68,69]. Similarly to hCA IX, hCA XII is involved in the pH 

regulation in solid tumours, although there are some differences [69–71]: its dependence on the 

HIF-1 is not completely understood as its activation in breast cancer occurs via the estrogen 

receptor (ER) pathway and the hypoxia response element (HRE) on its gene has not been 

identified; it is related to less aggressive tumour phenotypes; it is more distributed in normal 

tissues and organs and its catalytic activity is medium high [69–72]. Recent investigations 

showed that the silencing of the CA9 gene can increase the expression of hCA XII thus defining 

a potential role of cooperation: the in vivo knockdown of CA9 gene alone led to a tumour 
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regression of 40% and a consequent upregulation of hCA XII, whereas the invalidation of both 

led to a tumour regression of 85% [73].   

The rapid proliferation of tumour tissues resulted in increased distance to the blood vessels 

leading to inadequate oxygen levels that activate and stabilize the hypoxia-inducible factor 1 

(HIF-1) [74,75]. This protein is a heterodimer that consists of the HIF-1α subunit, defined as 

oxygen sensor as its concentration depends on the concentration of oxygen and the HIF-

1 subunit, constitutively located inside the nucleus. Under normoxia, the HIF-1α undergoes 

proline hydroxylation through the oxygen-dependent prolyl-4-hydroxylase domain (PHD), and 

thus it is recognized and tagged by the VHL tumour suppressor for ubiquitin proteasome 

degradation. Under hypoxia, or in case of mutations of the VHL tumour suppressor, the HIF-

1α cannot be hydroxylated, and thus it moves to the nucleus and heterodimerizes to the HIF-

1 This leads to the formation of the active transcription factor HIF-1 that, binding to the HRE 

in the promoter-enhancer regions, activates the transcription of genes involved in oxygen and 

glucose supplies [54,57]. These genes include the glucose transporters (GLUT1 and GLUT3), 

glycolytic proteins, the vascular endothelial growth factor (VEGF), and specific pumps, 

transporters and proteins, including hCA IX and hCA XII (Figure 1.3) [74,76–78].  

The absence of oxygen forces these cells to switch their metabolism from aerobic (glycolysis 

and oxidative phosphorylation of pyruvate) to anaerobic (glycolysis, lactic acid fermentation), 

the so-called Warburg effect [79,80], that leads to an increase of acid side products from the 

lactic fermentation. Interestingly, anaerobic metabolism is favoured also if adequate levels of 

oxygen are restored, because it is faster and because it produces fundamental precursors for the 

rapid replication of tumour cells (nucleotides, amino acids and lipids) [81,82]. The 

accumulation of acid side products in the cytoplasm leads to a decrease in the intracellular pH 

that is promptly balanced through a concerted interplay of pumps, transporters, and proteins. 

These include hCA IX and hCA XII that serve the fundamental role of setting the novel pH set 

points: weakly alkaline inside (pHi = 7.2-7.4) and more acidic outside (pHe = 6.8) [82–85]. 

Conversely, in normal cells it is the extracellular space that maintains a slightly more basic 

environment (pHe > 7.3) than the intracellular environment (pHi = 7.2) [82,83].  
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Figure 1.3. Mechanism of hypoxia-induced gene expression mediated by the HIF-1 transcription factor [54] and 

the related transcribed proteins including hCA IX and hCA XII [78]. 

 

Particularly, although they have a significant anaerobic metabolism, a lot of tumours produce a 

large amount of CO2 [86,87]. Its prompt removal is fundamental for the regulation of pH and 

for eliminating a potential detrimental product from a poorly perfused but metabolically active 

tissue (mismatch among metabolic demand and the capacity to remove metabolic waste 

products) [84]. 

hCA IX converts CO2, which is produced in the cytosol via hCA II, to H+ and HCO3
- (Figure 

1.3) [83,84,88,89]: 

• H+ accumulation leads to a decrease of the pHe, which favours: extracellular matrix 

(ECM) degradation, which results in tumour dissemination and invasion; the 

suppression of immune surveillance, which inhibits T-cells activation; the evasion from 

apoptosis [54], and the multidrug resistance. At lower pHe the antitumor basic drugs 

undergo ionization and thus the penetration of these compounds is prevented in the so-

called ion trapping process [83,90–92]. Furthermore, this slightly acidic pH results 

suitable for the hCA IX catalytic activity [36,54].  

• HCO3
- anions are recycled inside the cells through transporters, which are closely 

associated to hCA IX (this coupled system is defined metabolon) and upregulated by 

the HIF-1, for the internal titration of H+ formed as tumour side products.  This leads to 

the restoration of a slight alkaline pH that stimulates glycolysis (through the expression 
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of glycolytic enzymes) and lactate hydrogenase (LDH) activity and inhibits 

gluconeogenesis and apoptosis [39,86,93].  

Slight variations, as small as 0.1 pH units, in the intra and extracellular pH, could be detrimental 

for solid tumours [94]. It has been suggested that hCA IX could fit the role of a pH-stat, 

continuously sensing the pH in order to keep its value constant [84,87]. Its catalytic activity 

responds to each single perturbation of the tumour microenvironment: at pH values above 6.8, 

the rate of hCA IX hydration reaction is higher than dehydration, at pH values below 6.8 its 

rate of dehydration reaction exceeds the rate of hydration. Thus, it has been proposed that hCA 

IX does not necessarily decrease pHe and produce HCO3
- to be transported inside, but may also 

play a role in  raising the pHe to sustainable acidic values for cell survival [84,89]. This 

equilibrium could depend on the emission of CO2 over lactic acid, on the substrate availabilities 

and on the area and the stage of tumours [84,89]. 

 

1.3. Carbonic anhydrases: activators and inhibitors 

As they cover so many important physiological functions and are widely distributed in diverse 

tissues and organs, the up- or down-regulation of hCA isoforms has been related to several 

pathological processes [23,37], as previously reported. 

The hCA activators (hCAAs), that are emerging as potential therapeutic agents, have been 

proposed in the treatment of Alzheimer’s disease, aging and memory consolidation [95]. They 

could facilitate synaptic transmission in brain cells acting or supporting the His64 during the 

shuttling of protons from the active site, that constitutes the rate limiting step of the entire 

process. This unique mechanism of action has been confirmed from the X-ray crystal structure 

of several compounds bound to hCA II: they are located in the same region but on the opposite 

side of His64, thus participating in favourable interactions between the amino acid residues and 

the H2O molecules network [5,96].  

Conversely, the hCA inhibitors (hCAIs) have been used in clinical practice and approved as 

diuretics [97], antiglaucoma [98], antiepileptic [48] and anti-obesity agents [46] and thousands 

of compounds targeting the tumour-related isoforms hCA IX and hCA XII are in preclinical 

development [72], [23].  

Commonly, hCAIs are divided in four classes based on their mechanism of action plus a fifth 

class of compounds with an unknown mechanism of action [99]. 

The first class of hCAIs are the zinc binders [99] and includes sulphonamides and their bio-

isosteres (sulfamides and sulfamates) [23,100], the metal complexing anions [101], the 
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dithiocarbamates [102], the xanthates [103], the ureates [104], and the hydroxamates [105] 

(zinc binding group, ZBG). They act by binding the Zn(II) metal ion preventing its bond to the 

H2O/hydroxide ion in the active site. Particularly, the sulphonamides (-SO2NH2) [99] the most 

used in clinical practice (Figure 1.4) [27,106], bind to the Zn(II) metal ion in their deprotonated 

form: the –NH2 is coordinated to the zinc and it is involved in an hydrogen bond to the Thr199. 

This binding is strengthened by a second hydrogen bond among the oxygen of the sulphonamide 

and the -NH of the Thr199 (Figure 1.5) [99].  

 

 

Figure 1.4. Chemical structure of some of the clinical available hCAIs bearing the primary sulphonamide [23]. 

 

 

Figure 1.5. Schematic representation of the hCAIs anchoring to the central zinc ion [99]. 

  

The other classes of hCAIs include inhibitors anchoring to the zinc coordinated H2O/hydroxide, 

occluding the active site and binding out of the active site [99]. 
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Phenols, certain carboxylates and esters, the polyamines and the sulfocoumarins (hydrolysed to 

sulfonic acid) (anchoring group, AG) act by anchoring the H2O/hydroxide ion avoiding the 

formation of the pattern of hydrogen bonds in the active site, fundamental in the initial stages 

of the entire process (Figure 1.6) [99]. The phenol and the spermine are the first inhibitors that 

have been reported to show this mechanism of action [107,108]. 

 

 

Figure 1.6. Schematic representation of hCAIs anchoring to the zinc-coordinated water/hydroxide ion [99].  

 

Coumarins, substituted coumarins, 5- and 6-membered lactones and thiolactones or quinolines 

(stick group, SG) act as prodrugs activated in situ from the esterase activity of hCAs that release 

the cis or trans acid isomers [99,109,110]. Due to their steric hindrance, compounds containing 

these moieties occlude the active site entrance (Figure 1.7) [99], the most variable region 

among the isoforms [34].  

 

 

Figure 1.7. Schematic representation of hCAIs occluding the entrance of the active site [99]. 
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Although compounds containing carboxylic acids are commonly zinc or H2O/hydroxide ion 

binders, a recent investigation revealed that the 2-(benzylsulfonyl)-benzoic acid possess a 

unique mechanism of action since it binds out of the active site, representing the fourth 

mechanism of action to have been identified (Figure 1.8).  

 

 

Figure 1.8. Schematic representation of the 2-(benzylsulfonyl)-benzoic acid binding out of the active site [99]. 

 

The electron density analysis, obtained from the adduct among the 2-(benzylsulfonyl)-benzoic 

acid and the hCA II, suggested that its carboxylate group is involved in a hydrogen bond with 

two H2O molecules, one of these bound to the His64, the proton shuttle residue. This favourable 

pathway of interactions freezes the His64 in its “out” conformation thus preventing and 

inhibiting the restoration of the catalytic process. Interestingly, 2-(benzylsulfonyl)-benzoic acid 

possesses a significant inhibitory activity only against the hCA II and hCA IX (IC50 = 0.15 M 

and IC50 = 1.29 M, respectively) that could be due to the diverse amino acid residues 

delimiting this pocket [111] (Figure 1.9).  
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Figure 1.9. Representative inhibitors of each of the four classes of hCAIs. 

 

These four mechanisms of action have been established and proven trough kinetic enzymatic 

activity studies, mass spectroscopy and X-ray crystal structures, but there is still a large number 

of compounds that possess unknown mechanisms of action [99].  

Saccharin and acesulfame derivatives, obtained from the derivatization of the secondary 

sulphonamide and sulfamate respectively, belong to this class and possess potent and selective 

hCA IX and XII inhibitory activity [57,99], though apparently devoid of a binding group able 

to interact in the active site, as proved by several papers in the field [112–115].  

The main challenge for the development of selective hCAIs remains the high homology and 

similarity of the active site architecture among the fifteen isoforms [23]: the same compounds 

approved in clinical practice as diuretic, antiglaucoma and anticonvulsant agents are often 

associated with a range of side effects due to their off-target interactions [23].  

Several strategies have been proposed and used to overcome this issue, such as the tail approach 

[18,26,62], leading to isoform selective compounds [82]. The practice consists in the insertion 

of a tail that, pending from the central core of the inhibitors [18,99], is able to interact with a 

more variable region far from the active site [34]. 

This approach turned out to be useful in the design of a class of ureidobenzensulfonamides 

[116] including SLC-0111 [99], ((4-(4-fluorophenylureido)-benzenesulfonamide)), that 

successfully completed phase I clinical trials for the treatment of solid tumours overexpressing 

hCA IX and it has been scheduled for  phase II clinical trials (Ki = 45 nM on hCA IX and Ki = 
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4.5 nM on hCA XII) [68,117,118]. X-ray crystal studies suggested that this isoform’s selective 

profile is due to the active site entrance conformation, which is more occlusive for hCA I and 

hCA II due to the presence of bulky residues, and more affordable for hCA IX and hCA XII 

[117]. 

The other compound advancing in phase II clinical trials is E-7070 ((N-(3-chloro-7-indolyl)-

1,4-benzenedisulfonamide)), also known as Indisulam [68,119]: its success in the treatment of 

solid tumours could be related to its double activity: inhibition of hCA IX and XII trough the  

sulphonamide moiety and inhibition of cyclin-dependent kinases (CDKs) that regulate cell 

cycle progression [68] (Figure 1.6). 

 

 

Figure 1.10. Chemical structure of SLC-0111 and Indisulam. 
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1.4. The aim of the project 

hCA IX and hCA XII can be considered as suitable targets for the treatment of solid tumours 

due to their targetable extracellular domain [36,54], their limited expression in healthy tissues 

and their implication in tumorigenesis [38,39]. Though a large number of inhibitors have been 

developed to date, only two of the sulphonamide-based inhibitors, SLC-0111 and 

E7070/Indisulam, are currently in clinical trials [68], highlighting the urgent need of novel and 

selective inhibitors targeting these tumour related isoforms. 

The aim of this project was the design, synthesis and SAR analysis of two libraries of 

compounds based on the 2-(benzylsulfinyl)benzoic acid scaffold and on the saccharin and 

acesulfame nucleus. The biological evaluation and the modelling studies were performed in the 

Research Group of Professor Claudiu T. Supuran, 

These scaffolds possess peculiar features, resulting in attractive lead compounds for the 

development of potent and selective inhibitors: 

• 2-(benzylsulfinyl)benzoic acid acts in a pocket out of the active site consisting of the 

highest variability in the amino acid sequence [111] ; 

• saccharin is affine for hCA IX in the nanomolar range and is more than 50-fold selective 

over hCA II [120,121],  

•  acesulfame acts exclusively on hCA IX, not affecting hCA I, hCA II and hCA XII 

[122]. 
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This Chapter is part of the paper “Design, synthesis and biological activity of selective hCAs 

inhibitors based on 2-(benzylsulfinyl)benzoic acid scaffold” by G. Rotondi, P. Guglielmi, S. 

Carradori, D. Secci, C. De Monte, B. De Filippis, C. Maccallini, R. Amoroso, R. Cirilli, A. 

Akdemir, A. Angeli, C.T. Supuran published in J. Enzyme Inhib. Med. Chem. 34 (2019) 1400-

1413 [123]. 
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2. Design, synthesis and biological activity of selective 

carbonic anhydrase inhibitors based on 2-

(benzylsulfinyl)benzoic acid scaffold 

2.1. Design of novel inhibitors based on 2-(benzylsulfinyl)benzoic acid 

scaffold 

A recent investigation found that the 2-(benzylsulfinyl)benzoic acid displayed an atypical 

mechanism of action involving the occupancy of a pocket near the entrance of the active site 

through interactions that froze the His64 residue in the “out” conformation [111]. This amino 

acid, that can be found in two conformations called “in” and “out”, acts as a proton shuttle 

residue transferring a proton from the Zn-coordinated H2O molecule to the environment, in 

order to reconstitute the catalytic active form of the isoform. Interfering in this process led to 

the blocking of or a strong reduction in enzymatic activity, thus leading to enzyme inhibition.  

Interestingly, this lead compound resulted as inactive against hCA I and XII (Ki hCA I/XII >10 

µM), but showed inhibitory activity in the low micromolar range towards hCA II and IX (Ki 

hCA II = 0.15 µM, Ki hCA IX = 1.29 µM). 

Previous studies by our research group [123], which aimed at evaluating the impact of the 

substitution of the carboxylate, the benzyl moiety, and the diverse sulphur oxidation state on 

the activity and selectivity of the 2-(benzylsulfinyl)benzoic acid, led to the identification of 2-

(benzylthio)benzamide as the first-in-class derivative. This derivative manifests nanomolar 

activity against hCA IX (Ki = 46 nM) but also micromolar activity against hCA II (Ki = 8.22 

M). 

Based on these findings, I attempted the insertion of unsaturated alkyl chains of increasing 

lengths on the 2-thiobenzamide, in order to evaluate if the presence of groups able to give 

hydrophobic interactions, could improve the activity, with particular attention to the selectivity 

against hCA IX (and presumably hCA XII), that possesses a more hydrophobic and affordable 

active site compared to the off-target isoforms, hCA I and hCA II. The role of the sulphur atom 

was also investigated, to evaluate if its oxidation to sulfinyl (sulfoxides) and sulphonyl 

(sulfones) derivatives could affect the inhibitory activity (Figure 2.1).  
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Figure 2.1. Chemical modifications on the first-in-class compound identified from a large library based on the 2-

(benzylsulfinyl)benzoic acid scaffold. 

 

2.2. Chemistry  

The synthetic procedure employed to obtain derivatives 1-15 is reported in Scheme 2.1.  

Methyl 2-mercaptobenzoate reacted in the presence of bromoalkanes of increasing length and 

potassium carbonate K2CO3, in N,N-dimethylformamide (DMF) at reflux, to obtain 

intermediates E2-E5 (E1, methyl 2-(methylthio)benzoate is commercially available). These 

intermediates were hydrolysed with an aqueous solution of sodium hydroxide (NaOH) 2 N 

added in a mixture of equal amounts of water and 1,4-dioxane (50:50, v:v). After the synthesis 

completion, the reactions were quenched with hydrochloric acid (HCl), yielding the 

intermediates A1-A5. The activation of the carboxylic acid group for the amide synthesis was 

obtained using the mixed anhydride approach [124]. In presence of an excess of triethylamine 

(Et3N), ethyl chloroformate was used in tetrahydrofuran (THF) under nitrogen atmosphere (N2). 

To check for the reaction with thin layer chromatography (TLC), the disappearance of the acidic 

intermediate was controlled until the completion of anhydride formation. Finally, ammonium 

chloride (NH4Cl) was added. The presence of the triethylamine excess caused the “de-blocking” 

of NH3 from NH4Cl, giving the final products (1, 4, 7, 10, 13).  
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The so-obtained compounds (1 and 15) were treated in an oxidative reaction using meta-

chloroperbenzoic acid (mCPBA). Although many routes to afford sulphur oxidation have been 

published [125], I chose this approach in order to obtain the two oxidation products, the 

sulfoxide and the sulfone, in the same reaction. In fact, by controlling the amount of oxidant 

added during the reaction, I was able to obtain both the species resolved chromatographically. 

 

 

Scheme 2.1. Synthetic procedure of derivatives 1-15. 

 

2.3. Results and discussion 

The synthesized compounds were tested to evaluate their inhibitory activity against the 

ubiquitous off-target isoforms, hCA I and II, and the cancer-related ones, hCA IX and XII, 

using a stopped-flow, CO2 hydrase assay method [126].  

The hCA inhibition data, reported as Ki values, are summarized in Table 2.1. 

The effect and importance of the phenyl moiety were evaluated on the 2-(benzylthio)benzamide 

and its oxidised forms, using linear alkyl chains of increasing length (1-15) (from the methyl to 

pentyl moieties).  

Interestingly, derivatives 1-15 exhibited their effect exclusively against hCA IX, not affecting 

hCA I, hCA II and hCA XII. This could be due to the hydrophobic hCA IX active site, that 

could favour interactions among the alkyl chains of these compounds and the hydrophobic 
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amino acids of its cavity. Only derivative 7, bearing a propyl chain bound to the sulphur atom, 

exhibited a certain affinity against hCA II (Ki hCA II = 90.9 µM), although this was weak.  

Compound 9, the sulfone analogue of sulphide 7, was the best inhibitor inhibiting the hCA IX 

with a Ki value of 2.3 µM. Good results were found also for derivative 10 and 13, containing 

the sulphur atom and bearing a butyl or pentyl chain, respectively (10, Ki hCA IX = 2.5 µM; 

13, Ki hCA IX = 2.7 µM), possibly assuming the binding pose of the benzyl group. Apart from 

the triad bearing the propyl chain (7-9) that possess a reversed trend, the compounds containing 

the sulfhydryl group displayed better inhibitory activity than the related sulfoxide and sulfone 

analogues (Table 2.1). A similar result was found for the 2-(benzylthio)benzamide. The 

reported compounds resulted less active than their lead compound, suggesting a better outcome 

for the benzyl group.  

 

Table 2.1. Inhibition data of selected human CA isoforms (hCA I, II, IX and XII) with the 

proposed derivatives 1-15 and the standard sulphonamide inhibitor acetazolamide (AAZ) by a 

stopped flow CO2 hydrase assay [126]. 

 

Compound Structure 

Ki (µM)* 

hCA I hCA II hCA IX hCA XII 

1 

 

>100 >100 6.5 >100 

2 

 

>100 >100 34.5 >100 

3 

 

>100 >100 14.0 >100 

4 

 

>100 >100 16.7 >100 
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5 

 

>100 >100 40.9 >100 

6 

 

>100 >100 22.7 >100 

7 

 

>100 90.9 >100 >100 

8 

 

>100 >100 38.2 >100 

9 

 

>100 >100 2.3 >100 

10 

 

>100 >100 2.5 >100 

11 

 

>100 >100 36.4 >100 

12 

 

>100 >100 13.5 >100 

13 

 

>100 >100 2.7 >100 
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14 

 

>100 >100 27.3 >100 

15 

 

>100 >100 8.7 >100 

AAZ  0.25 0.012 0.025 0.006 

 

2.4. Conclusions 

The chemical substitutions of the benzyl moiety of 2-(benzylthio)benzamide were explored. 

This compound resulted as the first-in class of a large library of compounds obtained from 

modifications on the 2-(benzylsulfinyl)benzoic acid scaffold, an innovative and atypical 

inhibitor, recently discovered.  

Particularly, the chemical modifications attempted on the 2-(benzylthio)benzamide and its 

oxidised derivatives involved the substitution of the benzyl group using alkyl chains of 

increasing lengths that led to 15 derivatives tested against the off-target isoforms, hCA I and II, 

and the cancer-related ones, hCA IX and XII. Interestingly, these compounds appeared to be 

effective exclusively against hCA IX, albeit less active than their lead compound, thus 

suggesting that the replacement of the benzyl ring impaired the activity but increased the 

selectivity against hCA IX.   

 

2.5. Experimental section 

2.5.1. General 

Solvents were used as supplied without further purification. If solvent mixtures are described, 

their ratio is expressed as volume:volume (v:v). Starting materials and other chemicals were 

purchased by Sigma-Aldrich (Italy) and used in the synthesis and in the biological assays 

without further purification. All synthesized compounds were fully characterized by analytical 

and spectral data. Analytical thin-layer chromatography (TLC) was carried out on Sigma-

Aldrich® silica gel on TLC aluminium foils with fluorescent indicator 254 nm. Visualization 

was carried out under UV irradiation (254 and 365 nm). Silica for column chromatography 

were purchased from Sigma-Aldrich (Milan, Italy) (high purity grade, pore size 60 Å, 230-400 
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mesh particle size). 1H NMR spectra were recorded on a Bruker AV400 (1H: 400 MHz, 13C: 

101 MHz) using the solvents (CDCl3, DMSO-d6 and D2O) at room temperature. The final 

concentration of the samples was of ~5 mg/mL for 1H-NMR acquisition and ~25 mg/mL for 

the recording of the 13C-NMR ones. Chemical shifts are quoted in ppm, based on appearance 

rather than interpretation, and are referenced to the residual non deuterated solvent peak. 

Missing signals must be attributed to overlapping peaks Chemical shifts are presented as δ units 

(parts per millions) using the solvent signal as the internal standard. 1H spectra are described as 

reported below: δH (spectrometer frequency, solvent): chemical shift/ppm (multiplicity, J-

coupling constant(s), number of protons, assignment). 13C spectra are described as reported 

below: δC (spectrometer frequency, solvent): chemical shift/ppm (assignment). Coupling 

constants J are valued in Hertz (Hz) using these abbreviations to indicate the splitting: s – 

singlet; d – doublet; t – triplet; q – quartet; m – multiplet. If needed, it is also reported the 

abbreviation br – to indicate the broad shape of the specific peak. All melting points were 

measured on a Stuart® melting point apparatus SMP1 and are uncorrected (temperatures are 

reported in °C). If given, systematic compound names are those generated by ChemBioDraw 

Ultra® 12.0 following IUPAC conventions. Silica for column chromatography were purchased 

from Sigma-Aldrich (Milan, Italy) (high purity grade, pore size 60 Å, 230-400 mesh particle 

size). 

 

2.5.2. Synthesis and characterization data of derivatives 1-15 

 

 

2-(Methylthio)benzoic acid (A1): lithium hydroxide (1.2 equiv.), dissolved in 3 mL of water, 

was added dropwise to a stirring solution of methyl 2-(methylthio)benzoate (1 equiv.) in 

H2O:methanol (50 mL, 50:50 v:v). The reaction was stirred at 70 °C for 2 h, concentrated in 

vacuo to remove methanol and quenched with 2N HCl. The precipitate was collected by 

filtration and washed with n-hexane (2 x 10 mL) to give the title compound as a white solid  

(89% yield); mp 171-173 °C. 1H NMR (400 MHz, DMSO-d6): δ 2.39 (s, 3H, CH3), 7.19-7.22 

(m, 1H, Ar), 7.35 (d, J = 8.1 Hz, 1H, Ar), 7.52-7.57 (m, 1H, Ar), 7.90-7.91 (m, 1H, Ar); 13C 

NMR (101 MHz, DMSO-d6): δ 15.2 (CH3), 123.9 (Ar), 125.0 (Ar), 127.8 (Ar), 131.4 (Ar), 

133.0 (Ar), 142.9 (Ar), 167.9 (COOH). 
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2-(Methylthio)benzamide (1): triethylamine (3 equiv.) and ethyl chloroformate (1.2 equiv.) 

were added to a stirring solution of 2-(methylthio)benzoic acid (1 equiv.) in 10 mL of 

tetrahydrofuran. After monitoring the anhydride intermediate formation with silica TLC plates, 

ammonium chloride (1.4 equiv.) was added. The reaction was stirred under nitrogen atmosphere 

for 16 h at 50 °C, concentrated in vacuo and the resulting suspension extracted with ethyl acetate 

(3 × 20 mL). The organics were reunited, dried over sodium sulphate and concentrated under 

reduced pressure to give a crude product purified by column chromatography on silica gel (ethyl 

acetate:cyclohexane, 2:1). The title compound was a white solid (70% yield); mp 145-147 °C. 

1H NMR (400 MHz, DMSO-d6): δ 2.39 (s, 3H, CH3), 7.15-7.19 (m, 1H, Ar), 7.32-7.47 (m, 3H 

Ar + 1H NH2, D2O exch.), 7.76 (br s, 1H, NH2, D2O exch.); 13C NMR (101 MHz, DMSO-d6): 

δ 15.7 (CH3), 124.3 (Ar), 125.8 (Ar), 128.0 (Ar), 130.7 (Ar), 135.2 (Ar), 138.6 (Ar), 169.9 

(CONH2). 

 

 

2-(Methylsulfinyl)benzamide (2) and 2-(methylsulfonyl)benzamide (3): 3-chloroperbenzoic 

acid (1 equiv.), dissolved in 5 mL of methanol, was added dropwise to a stirring solution of 2-

(methylthio)benzamide (1) (1 equiv.) in 25 mL of methanol. After 2 h, another aliquot of 3-

chloroperbenzoic acid (1 equiv. in 5 mL of methanol) was added and the reaction stirred for 

further 24 h. The mixture was concentrated in vacuo and purified by column chromatography 

on silica gel (ethyl acetate:cyclohexane, 5:1) to give separately the title compounds 2 and 3. 

2: white solid, 34% yield, mp 175-177 °C. 1H NMR (400 MHz, DMSO-d6): δ 2.76 (s, 3H, CH3), 

7.62 (t, J = 7.4 Hz, 1H, Ar), 7.70 (br s, 1H, NH2, D2O exch.), 7.81 (t, J = 7.5 Hz, 1H, Ar), 7.89 

(d, J = 7.6 Hz, 1H, Ar), 8.12 (d, J = 7.8 Hz, 1H, Ar), 8.26 (b rs, 1H, NH2, D2O exch.); 13C NMR  

(101 MHz, DMSO-d6): δ 45.2 (CH3), 124.0 (Ar), 128.3 (Ar), 130.6 (Ar), 131.9 (Ar), 132.5 (Ar), 

149.3 (Ar), 168.1 (CONH2). 

3: white solid, 30% yield, mp 165-167 °C. 1H NMR (400 MHz, DMSO-d6): δ 3.38 (s, 3H, CH3), 

7.56-7.58 (m, 1H, Ar), 7.65 (br s, 1H, NH2, D2O exch.), 7.66-7.70 (m, 1H, Ar), 7.75-7.79 (m, 

1H, Ar), 7.96-7.98 (m, 1H, Ar), 8.07 (br s, 1H, NH2, D2O exch.); 13C NMR (101 MHz, DMSO-
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d6): δ 45.5 (CH3), 129.1 (Ar), 129.6 (Ar), 130.2 (Ar), 134.1 (Ar), 138.3 (Ar), 138.4 (Ar), 170.0 

(CONH2). 

 

 

Methyl 2-(ethylthio)benzoate (E2): anhydrous potassium carbonate (1.1 equiv.) was added to 

a stirring solution of methyl thiosalicylate (1 equiv.) in 10 mL of N,N-dimethylformamide. After 

1 h, ethyl bromide was added dropwise and the reaction stirred under nitrogen atmosphere at 

70 °C for 5 h. The mixture was poured on ice and the resulting suspension extracted with 

dichloromethane (3 × 20 mL). The organics were reunited, dried over sodium sulphate and 

concentrated in vacuo to give a crude product purified by column chromatography on silica gel 

(cyclohexane:ethyl acetate, 7:1). The title compound was a colourless oil (90% yield). 1H NMR 

(400 MHz, CDCl3): δ 1.41 (t, J = 7.4 Hz, 3H, CH3), 2.95-3.01 (m, 2H, CH2), 3.93 (s, 3H, CH3), 

7.15-7.19 (m, 1H, Ar), 7.33 (d, J = 8.0 Hz, 1H, Ar), 7.44-7.48 (m, 1H, Ar), 7.97-7.99 (m, 1H, 

Ar); 13C NMR (101 MHz, CDCl3): δ 13.2 (CH3), 26.0 (CH2), 52.1 (CH3), 123.7 (Ar), 125.4 

(Ar), 127.4 (Ar), 131.3 (Ar), 132.3 (Ar), 142.1 (Ar), 167.0 (C=O). 

 

 

2-(Ethylthio)benzoic acid (A2): lithium hydroxide (1.2 equiv.), dissolved in 10 mL of water, 

was added dropwise to a stirring solution of methyl 2-(ethylthio)benzoate (E2) (1 equiv.) in 

H2O/methanol (50 mL, 50:50 v:v). The reaction was stirred at 70 °C for 2 h, concentrated in 

vacuo to remove methanol and quenched with 2N HCl. The precipitate was collected by 

filtration and washed with n-hexane to give the title compound as a white solid (92% yield); 

mp 141-143 °C. 1H NMR (400 MHz, DMSO-d6): δ 1.43 (t, J = 7.4 Hz, 3H, CH3), 2.98-3.03 (m, 

2H, CH2), 7.20-7.24 (m, 1H, Ar), 7.38 (d, J = 7.9 Hz, 1H, Ar), 7.50-7.54 (m, 1H, Ar), 8.15-8.18 

(m, 1H, Ar), 11.46 (br s, 1H, COOH, D2O exch.). 
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2-(Ethylthio)benzamide (4): triethylamine (3 equiv.) and ethyl chloroformate (1.2 equiv.) 

were added to a stirring solution of 2-(ethylthio)benzoic acid (A2) (1 equiv.) in 10 mL of 

tetrahydrofuran. After monitoring the anhydride intermediate formation with silica TLC plates, 

ammonium chloride (1.4 equiv.) was added. The reaction was stirred under nitrogen atmosphere 

for 16 h at 50 °C and concentrated in vacuo. Water (70 mL) was added and the resulting 

suspension extracted with ethyl acetate (3 × 20 mL). The organics were reunited, dried over 

sodium sulphate and concentrated under reduced pressure to give a crude product purified by 

column chromatography on silica gel (ethyl acetate:cyclohexane, 2:1). The title compound was 

a white solid (65% yield); mp 122-124 °C. 1H NMR (400 MHz, CDCl3): δ 1.32 (t, J = 7.4 Hz, 

3H, CH3), 2.95-3.00 (m, 2H, CH2), 6.00 (br s, 1H, NH2, D2O exch.), 6.92 (br s, 1H, NH2, D2O 

exch.), 7.27-7.32 (m, 1H, Ar), 7.39-7.47 (m, 2H, Ar), 7.78-7.80 (m, 1H, Ar); 13C NMR (101 

MHz, CDCl3): δ 14.0 (CH3), 28.7 (CH2), 126.4 (Ar), 129.7 (Ar), 130.8 (Ar), 131.0 (Ar), 134.7 

(Ar), 135.3 (Ar), 169.8 (CONH2). 

 

 

2-(Ethylsulfinyl)benzamide (5) and 2-(ethylsulfonyl)benzamide (6): 3-chloroperbenzoic 

acid (1 equiv.), dissolved in 5 mL of methanol, was added dropwise to a stirring solution of 2-

(ethylthio)benzoic acid (4) (1 equiv.) in 25 mL of methanol. After 2 h, another aliquot of 3-

chloroperbenzoic acid (1 equiv. in 5 mL of methanol) was added and the reaction stirred for 

further 24 h. The mixture was concentrated in vacuo and purified by column chromatography 

on silica gel (ethyl acetate:cyclohexane, 5:1) to give separately the title compounds 5 and 6. 

5: white solid, 48% yield, mp 155-157 °C. 1H NMR (400 MHz, DMSO-d6): δ 1.09 (t, J = 7.4 

Hz, 3H, CH3), 2.64-2.73 (m, 1H, CH2), 3.13-3.22 (m, 1H, CH2), 7.60-7.64 (m, 1H, Ar), 7.68 

(br s, 1H, NH2, D2O exch.), 7.76-7.80 (m, 1H, Ar), 7.89-7.91 (m, 1H, Ar), 8.01-8.03 (m, 1H, 

Ar), 8.25 (br s, 1H, NH2, D2O exch.); 13C NMR (101 MHz, CDCl3): δ 6.7 (CH3), 50.0 (CH2), 

125.1 (Ar), 128.5 (Ar), 130.5 (Ar), 131.9 (Ar), 132.1 (Ar), 146.4 (Ar), 168.1 (CONH2). 

6: white solid, 29% yield, mp 141-143 °C. 1H NMR (400 MHz, CDCl3): δ 1.31 (t, J = 7.5, 3H, 

CH3), 3.51-3.57 (m, 2H, CH2), 5.98 (br s, 1H, NH2, D2O exch.), 6.29 (br s, 1H, NH2, D2O 
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exch.),7.60-7.64 (m, 2H, Ar), 7.68-7.72 (m, 1H, Ar), 8.02-8.04 (m, 1H, Ar); 13C NMR (101 

MHz, CDCl3): δ 7.1 (CH3), 51.1 (CH2), 128.6 (Ar), 130.2 (Ar), 130.8 (Ar), 133.7 (Ar), 136.2 

(Ar), 136.8 (Ar), 170.2 (CONH2). 

 

 

Methyl 2-(propylthio)benzoate (E3): anhydrous potassium carbonate (1.1 equiv.) was added 

to a stirring solution of methyl thiosalicylate (1 equiv.) in 10 mL of N,N-dimethylformamide. 

After 1 h, 1-bromopropane was added dropwise and the reaction stirred under nitrogen 

atmosphere at 70 °C for 5 h. The mixture was poured on ice and the resulting suspension was 

extracted with dichloromethane (3 × 20 mL). The organics were reunited, dried over sodium 

sulphate and concentrated in vacuo to give a crude product purified by column chromatography 

on silica gel (cyclohexane:ethyl acetate, 5:1). The title compound was a colourless oil (93% 

yield). 1H NMR (400 MHz, CDCl3): δ 1.10 (t, J = 7.4 Hz, 3H, CH3), 1.75-1.81 (m, 2H, CH2), 

2.90-2.94 (m, 2H, CH2), 3.93 (s, 3H, CH3), 7.13-7.17 (m, 1H, Ar), 7.33 (d, J = 8.0 Hz, 1H, Ar), 

7.42-7.47 (m, 1H, Ar), 7.95-7.98 (m, 1H, Ar); 13C NMR (101 MHz, CDCl3): δ 13.8 (CH3), 21.7 

(CH2), 34.1 (CH2), 52.0 (CH3), 123.6 (Ar), 125.6 (Ar), 127.6 (Ar), 131.3 (Ar), 132.2 (Ar), 142.2 

(Ar), 167.0 (C=O). 

 

 

2-(Propylthio)benzoic acid (A3): lithium hydroxide (1.2 equiv.), dissolved in 10 mL of water, 

was added dropwise to a stirring solution of methyl 2-(propylthio)benzoate (E3) (1 equiv.) in 

H2O/methanol (50 mL, 50:50 v:v). The reaction was stirred at 70 °C for 2 h, concentrated in 

vacuo to remove methanol and quenched with 2N HCl. The precipitate was collected by 

filtration and washed with n-hexane to give the title compound as a white solid (95% yield); 

mp 125-127 °C. 1H NMR (400 MHz, CDCl3): δ 1.12 (t, J = 7.4 Hz, 3H, CH3), 1.76-1.85 (m, 

2H, CH2), 2.93-2.97 (m, 2H, CH2), 7.20-7.24 (m, 1H, Ar), 7.38 (d, J = 7.8 Hz, 1H, Ar), 7.49-

7.53 (m, 1H, Ar), 8.15-8.17 (m, 1H, Ar), 11.94 (br s, 1H, COOH, D2O exch.). 
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2-(Propylthio)benzamide (7): triethylamine (3 equiv.) and ethyl chloroformate (1.2 equiv.) 

were added to a stirring solution of 2-(propylthio)benzoic acid (A3) (1 equiv.) in 10 mL of 

tetrahydrofuran. After monitoring the anhydride intermediate formation with silica TLC plates, 

ammonium chloride (1.4 equiv.) was added. The reaction was stirred under nitrogen atmosphere 

for 16 h at 50 °C and concentrated in vacuo. Water (70 mL) was added and the resulting 

suspension extracted with ethyl acetate (3 × 20 mL). The organics were reunited, dried over 

sodium sulphate and concentrated under reduced pressure to give a crude product purified by 

column chromatography on silica gel (ehyl acetate:cyclohexane, 1:1). The title compound was 

a white solid (68% yield); mp 122-124 °C. 1H NMR (400 MHz, CDCl3): δ 0.94 (t, J = 7.3 Hz, 

3H, CH3), 1.54-1.63 (m, 2H, CH2), 2.83 (t, J = 7.3 Hz, 2H, CH2), 6.47 (br s, 1H, NH2, D2O 

exch.), 6.98 (br s, 1H, NH2, D2O exch.), 7.17-7.21 (m, 1H, Ar), 7.29-7.33 (m, 1H, Ar), 7.36 (d, 

J = 7.2 Hz, 1H, Ar), 7.69 (d, J = 7.6 Hz, 1H, Ar); 13C NMR (101 MHz, CDCl3): δ 13.5 (CH3), 

22.3 (CH2), 36.7 (CH2), 126.3 (Ar), 129.7 (Ar), 130.8 (Ar), 131.1 (Ar), 135.0 (Ar), 135.1 (Ar), 

170.2 (CONH2). 

 

 

2-(propylsulfinyl)benzamide (8) and 2-(propylsulfonyl)benzamide (9): a solution of 3-

chloroperbenzoic acid (1 equiv.), dissolved in 5 mL of methanol, was added dropwise to a 

stirring solution of 2-(propylthio)benzamide (7) (1 equiv.) in 25 mL of methanol. After 2 h, 

another aliquot of 3-chloroperbenzoic acid (1 equiv. in 5 mL of methanol) was added and the 

reaction was stirred for further 24 h. The mixture was concentrated in vacuo and purified by 

column chromatography on silica gel (ethyl acetate:cyclohexane, 3:1) to give separately the 

title compounds 8 and 9. 

8: white solid, 35% yield, mp 162-164 °C. 1H NMR (400 MHz, DMSO-d6): δ 0.97 (t, J = 7.4 

Hz, 3H, CH3), 1.51-1.63 (m, 1H, CH2), 1.72-1.84 (m, 1H, CH2), 2.53-2.60 (m, 1H, CH2), 3.11-

3.18 (m, 1H, CH2), 7.59-7.63 (m, 1H, Ar), 7.68 (br s, 1H, NH2, D2O exch.), 7.76-7.80 (m, 1H, 

Ar), 7.89-7.91 (m, 1H, Ar), 8.04-8.07 (m, 1H, Ar), 8.25 (br s, 1H, NH2, D2O exch.); 13C NMR  
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(101 MHz, DMSO-d6): δ 13.3 (CH3), 16.5 (CH2), 59.3 (CH2), 124.7 (Ar), 128.4 (Ar), 130.4 

(Ar), 132.0 (Ar), 132.2 (Ar), 147.3 (Ar), 168.1 (CONH2). 

9: white solid, 40% yield, mp 122-124 °C. 1H NMR (400 MHz, CDCl3): δ 1.04 (t, J = 7.4 Hz, 

3H, CH3), 1.76-1.81 (m, 2H, CH2), 3.47-3.51 (m, 2H, CH2), 5.96 (br s, 1H, NH2, D2O exch.), 

6.28 (br s, 1H, NH2, D2O exch.), 7.60-7.64 (m, 2H, Ar), 7.67-7.71 (m, 1H, Ar), 8.02-8.05 (m, 

1H, Ar); 13C NMR (101 MHz, CDCl3): δ 13.0 (CH3), 16.2 (CH2), 58.4 (CH2), 128.6 (Ar), 130.2 

(Ar), 130.5 (Ar), 133.7 (Ar), 136.7 (Ar), 136.9 (Ar), 170.2 (CONH2). 

 

 

Methyl 2-(butylthio)benzoate (E4): anhydrous potassium carbonate (1.1 equiv.) was added to 

a stirring solution of methyl thiosalicylate (1 equiv.) in 5 mL of N,N-dimethylformamide. After 

1 h, 1-bromobutane was added dropwise and the reaction stirred under nitrogen atmosphere at 

70 °C for 5 h. The mixture was poured on ice and the resulting suspension extracted with 

dichloromethane (3 × 20 mL). The organics were reunited, dried over sodium sulphate and 

concentrated in vacuo to give a crude product purified by column chromatography on silica gel 

(cyclohexane:ethyl acetate, 6:1). The title compound was a colourless oil (89% yield). 1H NMR 

(400 MHz, CDCl3): δ 0.96 (t, J = 7.3 Hz, 3H, CH3), 1.47-1.56 (m, 2H, CH2), 1.69-1.76 (m, 2H, 

CH2), 2.91-2.95 (m, 2H, CH2), 3.92 (s, 3H, CH3), 7.12-7.16 (m, 1H, Ar), 7.32 (d, J = 7.8 Hz, 

1H, Ar), 7.41-7.46 (m, 1H, Ar), 7.95-7.97 (m, 1H, Ar); 13C NMR (101 MHz, CDCl3): δ 13.7 

(CH3), 22.3 (CH2), 30.2 (CH2), 31.7 (CH2), 52.0 (CH3), 123.6 (Ar), 125.5 (Ar), 127.5 (Ar), 

131.3 (Ar), 132.2 (Ar), 142.3 (Ar), 166.9 (C=O).  

 

 

2-(Butylthio)benzoic acid (A4): lithium hydroxide (1.2 equiv.), dissolved in 10 mL of water, 

was added dropwise to a stirring solution of methyl 2-(butylthio)benzoate (E4) (1 equiv.) in 

H2O/methanol (50 mL, 50:50 v:v). The reaction was stirred at 70 °C for 2 h, concentrated in 

vacuo to remove methanol and quenched with 2N HCl. The precipitate was collected by 

filtration and washed with n-hexane (2 x 10 mL) to give the title compound as a white solid 

(83% yield); mp 100-102 °C. 1H NMR (400 MHz, CDCl3): δ 0.99 (t, J = 7.3 Hz, 3H, CH3), 

1.50-1.59 (m, 2H, CH2), 1.72-1.80 (m, 2H, CH2), 2.95-2.98 (m, 2H, CH2), 7.21 (t, J = 7.5 Hz, 
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1H, Ar), 7.37 (d, J = 8.1 Hz, 1H, Ar), 7.49-7.53 (m, 1H, Ar), 8.14-8.17 (m, 1H, Ar), 10.39 (br 

s, 1H, COOH, D2O exch.); 13C NMR (101 MHz, CDCl3): δ 13.7 (CH3), 22.3 (CH2), 30.2 (CH2), 

31.9 (CH2), 123.8 (Ar), 125.7 (Ar), 126.3 (Ar), 132.6 (Ar), 133.1 (Ar), 143.3 (Ar), 171.6 (C=O). 

 

 

2-(Butylthio)benzamide (10): triethylamine (3 equiv.) and ethyl chloroformate (1.2 equiv.) 

were added to a stirring solution of 2-(butylthio)benzoic acid (A4) (1 equiv.) in 10 mL of 

tetrahydrofuran. After monitoring the anhydride intermediate formation with silica TLC plates, 

ammonium chloride (1.4 equiv.) was added. The reaction was stirred under nitrogen atmosphere 

for 16 h at 50 °C and concentrated in vacuo. Water (70 mL) was added and the resulting 

suspension extracted with ethyl acetate (3 × 30 mL). The organics were reunited, dried over 

sodium sulphate and concentrated under reduced pressure to give a crude product purified by 

column chromatography on silica gel (ethyl acetate:cyclohexane, 1:1). The title compound was 

a white solid (68% yield); mp 100-102 °C. 1H NMR (400 MHz, CDCl3): δ 0.92 (t, J = 7.3 Hz, 

3H, CH3), 1.41-1.50 (m, 2H, CH2), 1.59-1.57 (m, 2H, CH2), 2.93 (t, J = 7.3 Hz, 2H, CH2), 6.58 

(br s, 1H, NH2, D2O exch.), 7.06 (br s, 1H, NH2, D2O exch.), 7.25-7.27 (m, 1H, Ar), 7.37-7.45 

(m, 2H, Ar), 7.75-7.78 (m, 1H, Ar); 13C NMR (101 MHz, CDCl3): δ 13.6 (CH3), 22.0 (CH2), 

30.9 (CH2), 34.4 (CH2), 126.2 (Ar), 129.7 (Ar), 130.6 (Ar), 131.1 (Ar), 134.9 (Ar), 135.3 (Ar), 

170.2 (CONH2). 

 

 

2-(Butylsulfinyl)benzamide (11) and 2-(butylsulfonyl)benzamide (12): a solution of 3-

chloroperbenzoic acid (1 equiv.), dissolved in 5 mL of methanol, was added dropwise to a 

stirring solution of 2-(propylthio)benzamide (10) (1 equiv.) in 25 mL of methanol. After 2 h, 

another aliquot of 3-chloroperbenzoic acid (1 equiv. in 5 mL of methanol) was added and the 

reaction stirred for further 24 h. The mixture was concentrated in vacuo and purified by column 

chromatography on silica gel (ethyl acetate:cyclohexane, 3:1) to give separately the title 

compounds 11 and 12. 
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11: white solid, 44% yield, mp 130-132 °C. 1H NMR (400 MHz, DMSO-d6): δ 0.88 (t, J = 7.3 

Hz, 3H, CH3), 1.33-1.43 (m, 2H, CH2), 1.44-1.55 (m, 1H, CH2), 1.72-1.79 (m, 1H, CH2), 2.55-

2.61 (m, 1H, CH2), 3.15-3.22 (m, 1H, CH2), 7.59-7.63 (m, 1H, Ar), 7.68 (br s, 1H, NH2, D2O 

exch.), 7.76-7.80 (m, 1H, Ar), 7.88-7.90 (m, 1H, Ar), 8.04-8.06 (m, 1H, Ar), 8.25 (br s, 1H, 

NH2, D2O exch.). 

12: white solid, 40% yield, mp 129-131 °C. 1H NMR (400 MHz, CDCl3): δ 0.92 (t, J = 7.3 Hz, 

3H, CH3), 1.40-1.49 (m, 2H, CH2), 1.69-1.77 (m, 2H, CH2), 3.49-3.53 (m, 2H, CH2), 5.93 (br 

s, 1H, NH2, D2O exch.), 6.26 (br s, 1H, NH2, D2O exch.), 7.60-7.64 (m, 2H, Ar), 7.67-7.71 (m, 

1H, Ar), 8.03-8.05 (m, 1H, Ar).  

 

 

Methyl 2-(pentylthio)benzoate (E5): anhydrous potassium carbonate (1.1 equiv.) was added 

to a stirring solution of methyl thiosalicylate (1 equiv.) in 5 mL of N,N-dimethylformamide. 

After 1 h, 1-bromopentane was added dropwise and the reaction stirred under nitrogen 

atmosphere at 70 °C for 5 h. The mixture was poured on ice and the resulting suspension 

extracted with dichloromethane (3 × 20 mL). The organics were reunited, dried over sodium 

sulphate and concentrated in vacuo to give a crude product purified by column chromatography 

on silica gel (cyclohexane:ethyl acetate, 7:1). The title compound was a colourless oil (85% 

yield). 1H NMR (400 MHz, DMSO-d6): δ 0.86 (t, J = 7.2 Hz, 3H, CH3), 1.27-1.33 (m, 2H, 

CH2), 1.35-1.43 (m, 2H, CH2), 1.56-1.64 (m, 2H, CH2), 2.92 (t, J = 7.4 Hz, 2H, CH2), 3.82 (s, 

3H, CH3), 7.20-7.24 (m, 1H, Ar), 7.42 (d, J = 7.8 Hz, 1H, Ar), 7.51-7.56 (m, 1H, Ar), 7.84-7.86 

(m, 1H, Ar); 13C NMR (101 MHz, DMSO-d6): δ 14.3 (CH3), 22.2 (CH2), 28.0 (CH2), 31.1 

(CH2), 31.4 (CH2), 52.5 (CH3), 124.4 (Ar), 126.4 (Ar), 128.0 (Ar), 131.1 (Ar), 133.0 (Ar), 141.3 

(Ar), 166.6 (C=O). 

 

 

2-(Pentylthio)benzoic acid (A5): lithium hydroxide (1.2 equiv.), dissolved in 10 mL of water, 

was added dropwise to a stirring solution of methyl 2-(butylthio)benzoate (E5) (1 equiv.) in 

H2O/methanol (70 mL, 50:50 v:v). The reaction was stirred at 70 °C for 2 h, concentrated in 

vacuo to remove methanol and quenched with 2N HCl. The precipitate was collected by  
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filtration and washed with n-hexane (2 x 10 mL) to give the title compound as a white solid 

(85% yield); mp 104-107 °C. 1H NMR (400 MHz, CDCl3): δ 0.94 (t, J = 7.2 Hz, 3H, CH3), 

1.35-1.44 (m, 2H, CH2), 1.47-1.54 (m, 2H, CH2), 1.74-1.81 (m, 2H, CH2), 2.94-2.98 (m, 2H, 

CH2), 7.21 (t, J = 7.5 Hz, 1H, Ar), 7.37 (d, J = 8.1 Hz, 1H, Ar), 7.49-7.53 (m, 1H, Ar), 8.14-

8.17 (m, 1H, Ar), 9.58 (br s, 1H, COOH, D2O exch.); 13C NMR (101 MHz, CDCl3): δ 13.9 

(CH3), 22.3 (CH2), 27.9 (CH2), 31.4 (CH2), 32.2 (CH2), 123.8 (Ar), 125.7 (Ar), 126.3 (Ar), 

132.6 (Ar), 133.1 (Ar), 142.2 (Ar), 171.6 (COOH). 

 

 

2-(Pentylthio)benzamide (13): triethylamine (3 equiv.) and ethyl chloroformate (1.2 equiv.) 

were added to a stirring solution of 2-(pentylthio)benzoic acid (A5) (1 equiv.) in 10 mL of 

tetrahydrofuran. After monitoring the anhydride intermediate formation with silica TLC plates, 

ammonium chloride (1.4 equiv.) was added. The reaction was stirred under nitrogen atmosphere 

for 16 h at 50 °C and concentrated in vacuo. Water (70 mL) was added and the resulting 

suspension extracted with ethyl acetate (3 × 30 mL). The organics were reunited, dried over 

sodium sulphate and concentrated under reduced pressure to give a crude product purified by 

column chromatography on silica gel (n-hexane:ethyl acetate, 3:1). The title compound was a 

white solid (60% yield); mp 95-97 °C. 1H NMR (400 MHz, CDCl3): δ 0.91 (t, J = 7.2 Hz, 3H, 

CH3), 1.27-1.37 (m, 2H, CH2), 1.39-1.46 (m, 2H, CH2), 1.62-1.70 (m, 2H, CH2), 2.94 (t, J = 

7.4 Hz, 2H, CH2), 5.87 (br s, 1H, NH2, D2O exch.), 6.95 (br s, 1H, NH2, D2O exch.), 7.27-7.31 

(m, 1H, Ar), 7.39-7.47 (m, 2H, Ar), 7.79-7.81 (m, 1H, Ar); 13C NMR (101 MHz, CDCl3): δ 

13.9 (CH3), 22.2 (CH2), 28.6 (CH2), 31.0 (CH2), 34.8 (CH2), 126.3 (Ar), 129.8 (Ar), 130.8 (Ar), 

131.0 (Ar), 135.1 (Ar), 135.2 (Ar), 169.7 (CONH2). 

 

 

2-(pentylsulfinyl)benzamide (14) and 2-(pentylsulfonyl)benzamide (15): 3-

chloroperbenzoic acid (1 equiv.), dissolved in 5 mL of methanol, was added dropwise to a 

stirring solution of 2-(propylthio)benzamide (13) (1 equiv.) in 25 mL of methanol. After 2 h, 

another aliquot of 3-chloroperbenzoic acid (1 equiv. in 5 mL of methanol) was added and the 
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reaction was stirred for further 24 h. The mixture was concentrated in vacuo and purified by 

column chromatography on silica gel (cyclohexane:ethyl acetate, 1:1) to give separately the 

title compounds 14 and 15. 

14: white solid, 39% yield, mp 126-128 °C. 1H NMR (400 MHz, DMSO-d6): δ 0.88 (t, J = 8 

Hz, 3H, CH3), 1.26-1.41 (m, 4H, 2 x CH2), 1.50-1.56 (m, 1H, CH2), 1.74-1.79 (m, 1H, CH2), 

2.53-2.60 (m, 1H, CH2), 3.14-3.21 (m, 1H, CH2), 7.59-7.63 (m, 1H, Ar), 7.69 (br s, 1H, NH2, 

D2O exch.), 7.76-7.80 (m, 1H, CH2), 7.88-7.90 (m, 1H, Ar), 8.04-8.06 (m, 1H, Ar), 8.25 (br s, 

1H, NH2, D2O exch.). 

15: white solid, 37% yield, mp 95-97 °C. 1H NMR (400 MHz, CDCl3): δ 0.89 (t, J = 7.1 Hz, 

3H, CH3), 1.28-1.43 (m, 2H, CH2), 1.61-1.63 (m, 2H, CH2), 1.72-1.80 (m, 2H, CH2), 3.48-3.52 

(m, 2H, CH2), 5.91 (br s, 1H, NH2, D2O exch ), 6.24 (br s, 1H, NH2, D2O exch.), 7.61-7.64 (m, 

2H, Ar), 7.68-7.72 (m, 1H, Ar), 8.04-8.07 (m, 1H, Ar); 13C NMR (101 MHz, CDCl3): δ 13.7 

(CH3), 22.0 (CH2), 22.1 (CH2), 30.3 (CH2), 56.7 (CH2), 128.6 (Ar), 130.2 (Ar), 130.5 (Ar), 

133.6 (Ar), 136.7 (Ar), 136.9 (Ar), 170.2 (CONH2). 

 

2.5.3. Enzyme inhibition assays 

An Applied Photophysics stopped-flow instrument was used for assaying the CA catalysed CO2 

hydration activity [126]. Phenol red (0.2 mM) was used as an indicator, working at the 

absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5, for α-CAs) as buffer and 20 mM 

NaClO4 (for maintaining constant the ionic strength), following the initial rates of the CA-

catalysed 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. In 

particular, CO2 was bubbled in distilled deionized water for 30 min till saturation. A CO2 kit 

(Sigma, Milan, Italy) was used to measure the concentration in serially diluted solutions from 

the saturated one at the same temperature. For each inhibitor at least six traces of the initial 5-

10% of the reaction were 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 

the inhibitor (1 µM) were prepared in distilled-deionized water and dilutions up to 0.1 nM were 

conducted thereafter with the assay buffer procedure. Inhibitor and enzyme solutions were 

preincubated together for 15 min at room temperature prior to the assay buffer, to allow for the 

formation of the E-I complex or to allow for active site mediated hydrolysis of the inhibitor. 

The inhibition constants were obtained by non-linear least-squares methods using PRISM 3 and 

the Cheng-Prusoff equation [127], and represented the average from at least three different 
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determinations. All recombinant CA isoforms were obtained in-house as previously reported 

[128,129]. 
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This Chapter refers to the paper “Novel insights on saccharin- and acesulfame-based carbonic 

anhydrase inhibitors: design, synthesis, modelling investigations and biological activity” by P. 

Guglielmi, G. Rotondi, D. Secci, A. Angeli, P. Chimenti, A. Nocentini, A. Bonardi, P. Gratteri, 

S. Carradori, C. T. Supuran published in J. Enzyme Inhib. Med. Chem. 35 (2020) 1891-1905 

[130]. 
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3. Novel insights on saccharin- and acesulfame-based 

carbonic anhydrase inhibitors: design, synthesis, 

modelling investigations and biological activity 

evaluation 

3.1. Design of novel inhibitors based on the saccharin and acesulfame scaffold 

In the past few years many compounds devoid of the primary sulphonamide group attribute 

have been discovered and evaluated as effective hCAs inhibitors [26,99,131,132] 

As previously described, among the scaffolds frequently used for the development of non-

classical inhibitors of hCAs, saccharin and acesulfame have gained great importance. 

Particularly, since the discovery of its inhibitory activity against hCAs, saccharin has caught 

the attention as a valuable hit compound for the design of novel molecules acting towards hCAs 

[121]. Several research groups, including ours, have developed numerous hCAs inhibitors 

based on this promising scaffold [133–137].  

The approaches that have been used to modify this nucleus are based on the derivatization of 

the benzene moiety to retain the cyclic sulphonamide secondary group, or on its derivatization 

to obtain N-substituted saccharins. Our research group has mostly focused on the second 

procedure  synthesizing a large library of N-alkyl, N-benzyl or N-benzoyl methylene derivatives 

[112,114,138].  

As part of the research group’s efforts to develop novel inhibitors of carbonic anhydrase, I 

report a large library of derivatives aimed at further explore the saccharin scaffold, taking 

advantage of a variety of design strategies.  

The first strategy I used (Figure 3.1) relied on the replacement of the saccharin nitrogen with 

an unsaturated and branched alkyl chain, benzyl or benzoyl methylene moieties, as already 

proposed by our research group in the past years. These substituents could represent a corollary 

for the robust structure-activity relationships already published [112,114,138]. 

 

 

Figure 3.1. The first design strategy proposed for the saccharin scaffold. 
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The second strategy I used (Figure 3.2) was based on the removal of the methylene bridge 

included in the benzyl substituted derivatives. I tried to evaluate, on one side, the effects 

resulting from the loss of conformational freedom and, on the other, the consequences of the 

direct binding of the sulphonamide nitrogen atom to the phenyl ring. The removal of the 

methylene linker affected the electronic distribution, due to the onset of conjugation between 

the electron pair of nitrogen with the π-electrons of the phenyl ring, previously prevented by 

the presence of the CH2 group. 

Furthermore, the synthesis of the saccharin derivatives, consisting of a multistep approach, was 

studied ad hoc to obtain potential inhibitors for hCAs in each step (Figure 3.2, ii and iii). The 

acid intermediates ii possess two functional groups suitable for anchoring the zinc ion or the 

relative anchored water in the catalytic active site (-SO2NH- and COOH, respectively); 

moreover, they reflect the structure of the opened saccharins, reported by Ivanova et al, that 

exhibited improved selectivity than their parent closed analogues against the tumour-related 

isoforms of hCA [137]. These acid derivatives were obtained through the hydrolysis of the ester 

precursors (Figure 3.2, ii) that could themselves be potential inhibitors of the hCAs since they 

retain the secondary sulphonamide group. Moreover, considering the esterase activity of hCAs 

[139], these molecules, if not active as esters, could undergo the enzyme-mediated hydrolysis 

in the active site, acting as putative prodrugs of the acid analogues. The derivatives belonging 

to the sub-groups ii and iii can also be considered the isosteres of the series of compounds partly 

presented in the second Chapter of this Section [123]. These inhibitors, even if devoid of a 

ZBG, resulted selectively active against hCA IX in the µM range, suggesting that the 

replacement of -CH2 by -NH could improve the activity against hCAs. 
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Figure 3.2. The second design strategy proposed for the saccharin scaffold: design and retrosynthetic approach. 

 

The third design strategy I used was inspired by the findings of our recent paper [115] regarding 

a series of saccharin/isoxazole and saccharin/isooxazoline derivatives (Figure 3.3) [115]. These 

compounds, characterized by an isoxazole or isooxazoline linker that disconnected the 

methylene moiety from the phenyl ring, resulted in a strong affinity for hCA IX and hCA XII 

and selectivity over hCA I and hCA II (Figure 3.3, A). Thus, based on these promising results, 

I proposed the replacement of the isoxazole “linker” with the triazole one, that resulted 

advantageous for some hCAs inhibitors (Figure 3.3, B) [140–143]. The triazole ring is an 

aromatic five-membered heterocyclic ring, similarly to the isoxazole one, although it contains 

only the nitrogen heteroatom instead of the oxygen/nitrogen ones of the isoxazole core. 

Moreover, just as the isoxazole, it can establish stacking interactions in the lipophilic side of 

the active site, and it is easy to insert through the “click” reaction azide-alkyne cycloaddition. 

For some of these derivatives, I also evaluated the hydrolytic ring opening and/or the 

introduction of an additional methylene group between the N1 of the triazole and the phenyl 

ring bound to it. The ring opening can lead to the same improvements discussed above, and the 

insertion of the methylene group could increase the “flexibility” of the tail, interrupting the 

electronic conjugation (Figure 3.3). 
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Figure 3.3. The third design strategy proposed for the saccharin scaffold. 

 

Similar to saccharin, the other artificial sweetener potassium acesulfame (Ace K) is a valid 

scaffold used in the development of hCA inhibitors. It has been largely explored both for its 

capability to inhibit carbonic anhydrase as such [122], and after oxygen/nitrogen derivatization 

with different substituents (i.e. (un)saturated alkyl chains, (un)substituted benzyl or benzoyl 

methylene moieties [113,114]. Ace K bearing benzoyl moieties exhibited good inhibitory 

activity against hCA IX and XII, although some of them retained residual activity against the 

“off-targets” hCA I/II. Taking advantage of the substitution approaches proposed for the 

saccharin-based compounds, I translated the first and the third design strategies on the 

acesulfame scaffold (Figure 3.4, a and b).  Adjusting the synthesis conditions, I chose to 

preferentially address the propargylation and then the triazole assembling, either at the oxygen 

or the nitrogen of the acesulfame core to achieve N- and O-substituted analogues, respectively 

(Figure 3.4, b). I then attempted the insertion of an additional methylene group, disconnecting 

the phenyl group from the N1 of the triazole ring. Interestingly, since some of the reported 

compounds differ only for their nucleus (saccharin or acesulfame), it was also possible to 

evaluate the effects on the activity and selectivity of the molecules retaining the same tail but 

not the main core. 
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Figure 3.4. The first and third strategy translated on the acesulfame scaffold. 

 

3.2. Chemistry  

The derivatives 1-4 and 50-52 were synthesized according to our previously published protocols 

[114], consisting in the nucleophilic substitution reaction between saccharin or potassium 

acesulfame with the proper electrophile at 80 °C for 24-48 h, as appropriate (Scheme 3.1, a and 

b). These reactions were performed in DMF, in the presence of freshly ground anhydrous 

potassium carbonate (K2CO3) for saccharin derivatives (Scheme 3.1, a); Ace K did not require 

the adding of further base to activate the nucleophile site, being employed as potassium salt 

(Scheme 3.1, b). 



46 

 

 

Scheme 3.1. Synthetic procedure for derivatives 1-4 and 50-52. 

 

Derivatives 29-40 were synthesized using the multistep procedure reported in Scheme 3.2; 

selecting this synthetic pathway I was able to obtain also the derivatives 5-28, that are the 

synthetic precursors and the opened analogues of the compounds 29-40.The first step, leading 

to the ester intermediates 5-16, involved the reaction between the methyl 2-

(chlorosulfonyl)benzoate (Scheme 3.2, X) and the proper aniline in dichloromethane (DCM) at 

0 °C, in presence of pyridine that functioned both as base and catalyst. For this purpose, the 

first attempt involved one single addition of the aniline to the solution of methyl 2-

(chlorosulfonyl)benzoate and pyridine. Since the yield was not satisfying, I attempted different 

methods and the best one resulted in the portioned addition of the methyl 2-

(chlorosulfonyl)benzoate to the solution of aniline and pyridine over a period of 45 minutes. 

The ester derivatives (5-16) were hydrolysed to the corresponding acids (17-28) employing 

potassium hydroxide before dissolved in a mixture of water:1,4-dioxane in the ratio 80:20 (v:v). 

The isothiazolone ring closure was achieved taking advantage of the mixed anhydride method, 

used to activate carboxylic acid group [144]. The synthesis was performed in THF using ethyl 

chloroformate as activating agent in the presence of triethylamine, affording the saccharin-

based compounds 29-40. 
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Scheme 3.2. Synthetic procedure for derivatives 5-16, 17-28 and 29-40. 

 

For the synthesis of the molecules 41-46 (and the opened analogues 47-49) I also exploited a 

multistep approach (Scheme 3.3). I first performed the preparation of the intermediates, 

consisting of propargylated saccharin and the proper phenyl or benzyl azide, that then reacted 

in the final “click” reaction giving the final compounds in good yield. 

The propargylated saccharin (Scheme 3.3, S1) was synthesized accordingly to our published 

procedure that involves the nucleophilic substitution between the saccharin and the propargyl 

bromide in DMF, at 80 °C for 48 h in the presence of potassium carbonate [112]. The azide 

intermediates were synthesized through the nucleophilic aromatic substitution between the 

diazonium salt of the suitable aniline or benzylamine, prepared in situ and the sodium azide. 

Then, the so obtained intermediates, have been “clicked” in the final reaction in the presence 

of a catalytic amount of copper iodide, N,N-diisopropylethylamine (DIPEA) and acetic acid 

[145]. Compounds 47-49 were attained through the hydrolysis of their closed analogues using 

NaOH dissolved in a mixture of MeOH:H2O in the ratio 50:50 (v:v).
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Scheme 3.3. Synthetic procedure for derivatives 41-49. 

 

The synthesis of the acesulfame derivatives bearing the triazole “linker” moiety was performed 

in a similar manner (Scheme 3.4). By finely regulating the synthetic conditions of the Ace K 

propargylation step, I specifically addressed the derivatization on the nitrogen or oxygen to 

obtain N- (53-54) or O-substituted (55-60) acesulfame analogues, respectively. Particularly, I 

observed that the N-propargylated derivative resulted as the main product when conducting the 

synthesis at 80 °C (Scheme 3.4, ACEN); conversely, performing the reaction at lower 

temperature (0 °C), I attained the O-propargylated one as the primary product (Scheme 3.4, 

ACEO). These intermediates reacted along with the phenyl/benzyl azides, seen before in the 

final “click” reaction, using the same conditions adopted for saccharin derivatives. All the 

compounds were characterized by a melting point, TLC parameters, 1H and 13C NMR. Their 

purity was evaluated through HPLC analysis, employing two different methods: the first used 

for acesulfame derivatives (50-60), closed saccharins (1-4, 29-46) and opened saccharins 

containing methyl ester group (5-16); the second used for opened saccharin derivatives with a 

carboxylic acid group (17-28, 47-49). The compounds were analysed using isocratic elution 

with a binary mobile phase composed by water and acetonitrile (added of 0.1 % with 

trifluoroacetic acid for the acidic derivatives) and were > 96% HPLC pure (See Experimental 

section).  
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Scheme 3.4. Synthetic procedure for derivatives 53-60. 

 

3.3. Results and discussion 

The synthesized compounds were tested to evaluate their inhibitory activity against the 

ubiquitous off-target isoforms, hCA I and II, and the cancer-related ones, hCA IX and XII, 

using a stopped-flow, CO2 hydrase assay method [126]. Their CA inhibition data, reported as 

Ki values, are summarized in Table 3.1 and Table 3.2. The inhibitory activity of the compounds 

1-60 resulted strictly influenced by the substituent group/linker bound to the saccharin and 

acesulfame cores. Generally, these derivatives resulted less effective than the previously 

reported compounds [112–114,138], although some of them retained nanomolar activity and 

selectivity against hCA IX and hCA XII. 

 

3.3.1. Inhibitory activity of saccharin-based derivatives 

The inhibitory activity data of saccharin derivatives are reported in Table 3.1. Compound 1, 

endowed with the unsaturated/branched prenyl group (3-methylbut-2-en-1-yl) bound at the 

nitrogen atom of the saccharin core, exhibited exclusive inhibitory activity against the tumour 

related isoforms hCA IX and XII (Ki hCA I/II > 1000 µM). The two isoforms were inhibited in 

the nanomolar range, with a slight preference for the isoform XII (Ki hCA IX = 390 nM; Ki 

hCA XII = 230 nM). The derivatives 2 and 3, endowed with 2- and 3-chlorobenzyl group 
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respectively, and 4, bearing the 3-nitrobenzoyl methylene moiety, were ineffective against the 

off-targets hCA I and II. Compound 4 did not exhibit activity against hCA IX, too (Ki hCA IX 

> 1000 µM), while it inhibited hCA XII in the high nanomolar range (Ki hCA XII = 410 nM). 

Interestingly, the removal of the carbonyl group, turning from benzoyl methylene moiety to the 

benzyl one (2 and 3), improved the activity against hCA IX.  Compound 2, bearing the chloro 

atom in the meta position of the phenyl ring, was three times more potent than the ortho-chloro 

analogue 3 (2, Ki hCA IX = 100 nM; 3, Ki hCA IX = 300 nM); an opposite inhibitory profile 

was observed against hCA XII, since 3 displayed better activity than 2 (2, Ki hCA XII = 220 

nM; 3, Ki hCA XII = 1300 nM). 

With the aim of investigating the importance of the methylene “linker” included in the benzyl 

group for the inhibitory profile of such compounds, I attempted the removal of this moiety, 

leading to a series of compounds in the opened (5-28) as well as in the closed (29-40) form. 

Thus, three different “sub-series” were evaluated. The first (5-16) is based on the opened 

saccharin core containing the methyl ester group instead of the carboxylic acid one that is 

present in the second sub-group (17-28). On the carbon atom neighbouring the one bearing the 

ester/carboxylic acid functional groups, these derivatives possess a secondary sulphonamide, 

whose nitrogen atom binds to a (un)substituted phenyl rings. The third sub-group includes 

closed saccharin derivatives substituted at the nitrogen with the same (un)substituted phenyl 

groups of the opened analogues (29-40). These compounds were less effective than their 

“counterpart” containing the methylene bridge. Regarding the derivatives in the opened form, 

only compound 9, bearing the 4-bromophenyl ring, exhibited a weak affinity for hCA IX, 

although this was in the micromolar range (Ki hCA XII = 6.7 µM). The other methyl ester 

opened saccharins were almost or completely ineffective against the tested isoforms (see Table 

3.1). Compounds 17-28, bearing the carboxylic acid group instead of the methyl ester one, 

exhibited an inhibitory profile similar to that observed for compounds 5-16. Compound 24, 

containing the p-nitrophenyl group bound at the nitrogen of sulphonamides, displayed an 

effective inhibition towards hCA IX (Ki hCA IX = 240 nM), retaining a residual activity against 

hCA II, although this was in the high micromolar range (Ki hCA II = 66.9 µM). The ring closure, 

leading to the derivatives 29-40, was unproductive because of the absence of inhibitory activity 

against all the hCA isoforms evaluated. Regardless of the chemical properties of the nitrogen 

substituents, no activity better than 443 µM (36) was observed against hCA IX; furthermore, 

all these compounds were inactive against hCA I and XII and only compound 31 exhibited an 

extremely weak activity against hCA II (31, Ki hCA II = 477.8 µM). Overall, considering these 

results, it is certain that the methylene linker, removed to obtain compounds 5-40, is 
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fundamental for the activity. The reason of this structural requirement could be related to the 

degrees of freedom that this linker confers to the phenyl moiety, giving it the opportunity to 

“search” for points of interactions inside the active site. Moreover, it cannot be excluded that 

in compounds 5-40 the presence of a direct bond between the nitrogen and the phenyl ring may 

change the electronic distribution, negatively affecting the placement inside the active site, also 

making the secondary sulphonamide of the opened forms (5-28) ineffective in rising the 

activity. 

Based on these observations, and considering the promising results gained by the insertion of 

the isoxazole/isooxazoline heterocyclic linker in our previous paper [115], I tried to evaluate 

the effects deriving from the insertion of a triazole core between the methylene group and the 

phenyl ring, substituting the isoxazole one (41-49). This replacement did not elicit the desired 

results, because most of these analogues were devoid of inhibitory activity against the evaluated 

isoforms. Compound 41, the simplest one of these group of derivatives, did not exhibit 

inhibition towards all the tested isoforms (Ki hCA I/II/IX/XII > 1000 µM). The introduction of 

substituents, placed at the para position of the phenyl ring bound to the triazole N1, only slightly 

affected the activity against hCA II and IX, whereas it did not ameliorate the affinity towards 

hCA XII (see Table 3.1). The only change that dramatically improved the inhibitory activity 

was the insertion of a second methylene group that “disconnected” the triazole N1 from the 

phenyl ring bound to it. For compound 46, that is the analogue of 41 containing that methylene 

moiety, the increment of inhibitory activity was remarkable, turning from an absence of affinity 

against the tumour related isoforms (Ki hCA IX/XII > 1000 µM) to a micromolar inhibitory 

activity against the two target isoforms (Ki hCA IX = 20.9 µM; Ki hCA XII = 7.4 µM). A 

comparable effect, coming from the addition of the methylene group, was observed for 47 and 

49, that are the hydrolytically obtained opened analogues of 41 and 46, respectively. Compound 

47, devoid of the “extra” methylene group, was ineffective against the tested isoforms (as also 

the compound 48, which differs from the former for a p-methyl substitution on the phenyl ring); 

conversely, derivative 49, endowed with the additional methylene group, exhibited low 

micromolar inhibitory activity exclusively against the two cancer related isoforms, even better 

than its closed analogue 46 (46, Ki hCA IX = 20.9 µM; Ki hCA IX = 7.4 µM; 49, Ki hCA IX = 

1.9 µM; Ki hCA IX = 4.5 µM). Therefore, the presence of the triazole ring instead of the 

isoxazole/isooxazoline ones did not positively affect the inhibitory activity. Particularly, I 

observed that similarly to the results detected for saccharins 5-40, the presence of the methylene 

group between the N1 of the triazole ring and the phenyl group improved the activity (see the 
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couples 41/46 and 47/49), and the hydrolytic ring opening seemed to increase the inhibitory 

activity against the tumour related isoforms hCA IX and XII. 

 

Table 3.1. Inhibition data of selected human CA isoforms (hCA I, II, IX and XII) with the 

proposed saccharin-based derivatives 1-49 and the standard sulphonamide inhibitor 

acetazolamide (AAZ) by a stopped flow CO2 hydrase assay [126]. 

 

 Structure 

Ki (µM) 

hCA I hCA II hCA IX hCA XII 

1 

 

>1000 >1000 0.39 0.23 

2 

 

>1000 >1000 0.30 0.22 

3 

 

>1000 >1000 0.10 1.3 

4 

 

>1000 >1000 >1000 0.41 

5 

 

>1000 >1000 59.6 >1000 

6 

 

>1000 >1000 261.8 >1000 

7 

 

>1000 >1000 427.5 >1000 
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8 

 

>1000 >1000 955.3 >1000 

9 

 

>1000 688.7 6.7 >1000 

10 

 

>1000 >1000 562.6 >1000 

11 

 

>1000 >1000 >1000 >1000 

12 

 

>1000 >1000 62.8 >1000 

13 

 

>1000 >1000 68.2 >1000 

14 

 

>1000 >1000 39.7 >1000 

15 

 

>1000 >1000 57.6 >1000 
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16 

 

>1000 >1000 93.3 >1000 

17 

 

>1000 >1000 46.5 >1000 

18 

 

>1000 >1000 45.8 >1000 

19 

 

>1000 >1000 >1000 >1000 

20 

 

>1000 >1000 >1000 >1000 

21 

 

>1000 >1000 72.8 >1000 

22 

 

>1000 >1000 84.8 >1000 

23 

 

>1000 >1000 >1000 >1000 
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24 

 

>1000 66.9 0.24 >1000 

25 

 

>1000 >1000 >1000 >1000 

26 

 

>1000 >1000 >1000 >1000 

27 

 

>1000 >1000 >1000 >1000 

28 

 

>1000 >1000 >1000 >1000 

29 

 

>1000 >1000 >1000 >1000 

30 

 

>1000 >1000 >1000 >1000 

31 

 

>1000 477.8 640.0 >1000 

32 

 

>1000 >1000 >1000 >1000 

33 

 

>1000 >1000 869.1 >1000 
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34 

 

>1000 >1000 >1000 >1000 

35 

 

>1000 >1000 >1000 >1000 

36 

 

>1000 >1000 443.5 >1000 

37 

 

>1000 >1000 >1000 >1000 

38 

 

>1000 >1000 >1000 >1000 

39 

 

>1000 >1000 >1000 >1000 

40 

 

>1000 >1000 >1000 >1000 

41 

 

>1000 >1000 >1000 >1000 

42 

 

>1000 80.8 758.6 >1000 

43 

 

>1000 76.4 537.6 >1000 

44 

 

>1000 >1000 669.6 >1000 
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45 

 

>1000 >1000 666.1 >1000 

46 

 

>100 >100 20.9 7.4 

47 

 

>1000 >1000 926.9 >1000 

48 

 

>1000 >1000 >1000 >1000 

49 

 

>100 >100 1.9 4.5 

AAZ  0.25 0.012 0.025 0.006 

 

3.3.2. Inhibitory activity of acesulfame-based derivatives  

The inhibitory activity data of acesulfame-based derivatives are reported in Table 3.2. 

Compounds 50-52 are acesulfame derivatives substituted at the nitrogen atom with 

(un)substituted benzyl groups (51 and 52) or with the prenyl one (50). These molecules 

exhibited selectivity against hCA IX and XII, missing affinity towards the off-target isoforms 

(50-52, Ki hCA I/II > 1000 µM). Among the three derivatives, 50 exhibited the best inhibition 

profile against hCA IX and XII (Ki hCA IX = 330 nM; Ki hCA XII = 240 nM). Compound 51, 

bearing the unsubstituted benzyl group, efficiently inhibited the isoform XII (Ki hCA XII = 270 

nM), and in a lesser extent the isoform IX (Ki hCA IX = 2.7 µM). Conversely, 52, containing 

the 3,4-dichloro benzyl group, exhibited preference for hCA IX, that was inhibited in the 

nanomolar range (Ki hCA IX = 2.7 µM), instead of hCA XII, that was affected only at the 

micromolar range (Ki hCA XII = 2.0 µM). To evaluate the effects of the insertion of the triazole 

linker on the acesulfame scaffolds, compounds 53-54 (N-substituted) and 55-60 (O-substituted) 

were synthetized and assessed against the hCA isoforms seen before. These molecules were 

devoid of appreciable activity against these enzymes, as previously observed for saccharin 

analogues. Indeed, the position of the substituents on the acesulfame core (O- or N-substituted) 
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and the groups bound to the phenyl ring (see Table 3.2) did not contribute to a satisfactory 

inhibitory activity. As already observed for saccharin derivatives, the insertion of an additional 

methylene group between the phenyl ring and the triazole N1 led to the onset of low micromolar 

activity against hCA IX for compound 60, the only active compound of this series (Ki hCA IX 

= 1.1 µM). Thus, the data obtained from the acesulfame derivatives confirm those observed for 

saccharins, namely that the insertion of an additional methylene group between the triazole N1 

and the phenyl ring, positively affected their inhibitory activity. 

 

Table 3.2. Inhibition data of selected human CA isoforms (hCA I, II, IX and XII) with the 

proposed acesulfame-based derivatives 50-60 and the standard sulphonamide inhibitor 

acetazolamide (AAZ) by a stopped flow CO2 hydrase assay [126]. 

 

 Structure 

Ki (µM) 

hCA I hCA II hCA IX hCA XII 

50 

 

>1000 >1000 0.33 0.24 

51 

 

>1000 >1000 2.7 0.27 

52 

 

>1000 >1000 0.47 2.0 

53 

 

>1000 >1000 >1000 >1000 

54 

 

>1000 >1000 >1000 >1000 

55 

 

>1000 >1000 >1000 >1000 

56 

 

>1000 >1000 >1000 >1000 
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57 

 

>1000 >1000 >1000 >1000 

58 

 

>1000 >1000 >1000 >1000 

59 

 

>1000 >1000 >1000 >1000 

60 

 

>100 >100 1.1 >100 

AAZ  0.25 0.012 0.025 0.006 

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

of the reported values). 

 

3.3.3. Modelling studies  

A subset of CAIs, namely compounds 2, 46, 49 and 51, endowed with the best hCA IX and XII 

inhibitory profiles, was selected to study the interaction mechanism driving the inhibition 

profiles reported in Tables 3.1 and 3.2. A computational protocol, consisting of joint docking 

procedure and MD simulations, was used to investigate the compounds binding mode within 

hCAs IX and XII ( Experimental Section), considering the derivatives as hCAIs anchoring to 

zinc-bound water molecule, based on a number of considerations: i) zinc-binder CAI 

chemotypes, such as primary sulphonamides, sulfamates and sulfamides, mono- and 

dithiocarbamates, or hydroxamates, mainly act in the deprotonated form, as anions, directly 

coordinating the Zn(II) ion from the enzyme active site [118]; ii) saccharin 1-4, 29-46 and 

acesulfame 50-60 derivatives bearing a tertiary sulphonamide moiety cannot interact with the 

targets in the deprotonated form; iii) although the deprotonation of the secondary sulphonamide 

group of hydrolysed saccharin derivatives 5-28 and 47-49 is possible, its internal position in the 

molecules does not allow it to coordinate the Zn ion, due to the steric hindrance of the groups 

surrounding the negatively charged sulphonamide; iv) crystallographic evidence has shown that 

deprotonated sulfonate moieties, that possess similar features as the SO2 group of the reported 

saccharin and acesulfame compounds, drive CA inhibition, by anchoring to the zinc-bound 

water molecule/hydroxide ion (not by coordination to the zinc ion) [118]. This led us to consider 

the nucleophile mediated anchoring mechanism for derivatives 2, 46 and 51 in our in silico 
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studies. Likewise, crystallographic evidence has shown that carboxylic acids such as 49, except 

for few cases, act as CAIs anchoring to the zinc-bound nucleophile [118]. 

 

 

Figure 3.5. Predicted binding mode of compounds 2 and 46 into (A, C) hCA IX and (B, D) hCA XII active site. 

H-bonds and π-π stackings are represented as black and blue dashed lines, respectively. Dashed bonds occupancy 

over the MD simulation is indicated as percentage, among which underlined is the occupancy of the anchorage to 

the zinc-bound water. Water molecules are shown as red spheres. Amino acids are labelled with one letter symbols: 

A, Ala; H, His; K, Lys; L, Leu; N, Asn; P, Pro; Q, Gln; S, Ser; T, Thr; V, Val; W, Trp. 

 

Thus, dockings were performed including the Zn-bound water molecule in the target and the 

reliability of poses for derivatives 2, 46, 49 and 51 within CA IX and XII active sites (Figures 

3.5 and 3.6) assessed with MD simulations. The MD trajectories showed the stability of the 

anchorage to the zinc-bound water molecule that persists for >70-80% of the simulation time; 

moreover, the ligands maintained constant hydrophobic contacts with different portions of the 

active sites. In both hCA IX and XII saccharin derivatives 2 and 46 were H-bond anchored by 
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one S=O group to the metal-coordinated water that was, in turn, H-bonded to side chain 

hydroxyl group of Thr199 (Figures 3.5 and 3.6). The other S=O group of both ligands accepted 

one H-bond by Thr199 backbone NH, but just derivative 2 also engaged in hydrogen bonding 

with the side chain hydroxyl group of Thr200 (O…H-O Tyr200). Of note, this H-bonds network 

persisted for most MD simulations mainly contributing to the pose stability. Moreover, the C=O 

group of the ligands engaged direct or water bridged H-bonds with Gln67 and Gln92 that 

fluctuated over the MD computations. The N-benzyl group of derivative 2 accommodated in 

the pocket lined by Trp5, His64 and Asn62 forming Van der Waals contacts and π-π interactions 

with the aromatic residues. This cleft was only partially occupied by the 1-benzyl-1,2,3-triazol-

4-yl N-pendant of derivative 46 over the MD course making the docking poses less stable, and 

thereby providing a plausible explanation of the worst hCA IX and XII inhibitory profile of 46 

compared to 2 (Figures 3.5 and 3.6). The interaction mode of 2 and 46 within both hCA IX and 

XII c explain the lower up to absent hCAs inhibition observed for the N-phenyl saccharin 

derivatives 29-40 and 1-phenyl-1,2,3-triazole 41-45. 

The lack of a methylene spacer between the heterocycle and the aromatic pendant (as in 29-40) 

or between the triazole and the outer aromatic ring (as in 41-45) hampered a suitable 

ligand/target complementarity interaction and stable accommodation of the pendant in the 

pocket formed by Trp5, His64 and Asn62 (Figure 3.7, Experimental Section). 

Both in the CA IX and XII active sites, the hydrolysed saccharin 49 anchored to the zinc-bound 

water molecule by the carboxylate group, that also engages one H-bond with Thr199 backbone 

NH (Figure 3.6A-B). Its negatively charged sulphonamide group SO2NH- took part in a 

network of H-bonds involving multiple residues of the binding cavity: Gln92 by a fluctuating 

water-bridged H-bond (N-H…(H)OH…Gln92) and Tyr200 (N-H…O-Thr200). In hCA IX, the 

hydroxyl side chain of Thr200 was also in H-bond contact with the ligand triazole N3 atom, and 

π-π contacts were formed by the indole moiety of Trp5 and the outer phenyl ring of 49. In 

contrast, the placing of the 1-benzyl-1,2,3-triazol-4-yl N-pendant within the pocket formed by 

Trp5, His64 and Asn62 in hCA XII was less stable over the MD course comparing to the hCA 

IX, as well as the water bridged H-bond formed by the triazole NH and Asn62 and the π-π 

interactions (Figure 3.6B). Again, the absence of a methylene spacer between the 

sulphonamide and the aromatic N-pendant, as in the methyl esters 5-16 and carboxylic acids 

17-28, translated into lower hCA IX and XII inhibition activity of these derivatives when 

compared to 49. The drop of efficacy resulted lower than that observed with saccharin 

analogues most likely because of the greater conformational flexibility and adaptation 
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capability within the active site of the hydrolysed ligands than cyclized compounds. 

Surprisingly, instead of a total loss of hCA XII inhibition activity observed for 5-28, their 

medium micromolar profile against hCA IX was likely to be related to the hydrophobic features 

of the hCA IX active site and to the larger size of its cleft able to host the benzoate group if the 

triazole ring brought both a phenyl and benzyl moiety. As already observed for 47 and 48 the 

absence of the methylene spacer between the triazole and the outer aromatic ring, produced a 

whole loss of action against CAs. 

 

 

Figure 3.6. Predicted binding mode of compounds 49 and 51 into (A, C) hCA IX and (B, D) hCA XII active site. 

H-bonds and π-π stackings are represented as black and blue dashed lines, respectively. Dashed bonds occupancy 

over the MD simulation is indicated as percentage, among which underlined is the occupancy of the anchorage to 

the zinc-bound water. Water molecules are shown as red spheres. Amino acids are labelled with one letter symbols: 

A, Ala; H, His; K, Lys; L, Leu; N, Asn; P, Pro; Q, Gln; S, Ser; T, Thr; V, Val; W, Trp. 
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Likewise, in both hCA IX and XII, acesulfame 51 anchored to the zinc-bound water molecule 

through the sulfimide S=O (Figures 3.6C-D) and the anchorage was strengthened by another 

H-bond occurring between the other S=O group and Thr199 backbone NH. The carbonyl group 

of 51 was involved in a network of water-bridged H-bond with Asn62, Asn/Lys67 (CA IX/XII) 

and Gln92. Interestingly, the N-benzyl moiety stably accommodated (>65% MD) within the 

pocket formed by Trp5, Tyr7, His64, Asn62 and His96 engaging Van der Waals contacts. On 

the basis of the depicted binding mode, a 1-phenyl-1,2,3-triazol-4-yl N- or O-pendant dropped 

the inhibitory action of acesulfame derivatives 53-59 because of steric hindrance reasons in 

hCA IX and XII active sites. Consistently to the inhibition profile in Tables 3.1 and 3.2, the 

binding mode predicted for 2, 46, 49 and 51 in hCA IX and XII was likely not allowed in the 

narrower and hindered active site of hCA I and II (Figure 3.8, Experimental Section), wherein 

the used computational protocol was not able to find reliable solutions. 

 

3.4. Conclusions 

The design, synthesis, and biological activity of novel saccharin- and acesulfame-based 

compounds were described. The different approaches attempted for the development of these 

inhibitors underlined the importance of flexibility for the correct distribution of the molecular 

fragments inside the hCA IX and XII active site. The removal of the methylene group in the N-

benzyl saccharins to obtain the N-phenyl analogues elicited detrimental effects, with the only 

exception of the opened-saccharin derivative 24. For the triazole bearing derivatives, the 

insertion of a second methylene group separating the triazole moiety from the outer phenyl ring 

improved the activity. Docking and MD studies described the most probable binding mode of 

compounds (2, 46, 49, 51) based on the anchoring to zinc-bound water, also confirming and 

explaining the correlation between inhibitory activity and the ability to occupy sites in order to 

establish interactions that influence the binding affinity. 

 

3.5. Experimental section 

3.5.1. General 

Unless otherwise specified, the reactions reported in this paper were performed under nitrogen 

atmosphere in washed and oven-dried glassware at room temperature. The solvents (anhydrous 

or not) and the reagents used in the chemical and biological experimental protocols were used 

as supplied. If solvent mixtures are described, their ratio is expressed as volume:volume (v:v). 
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The melting points of each compound were measured on a Stuart® melting point apparatus 

SMP1 and the related temperature values reported in °C (uncorrected). Proton (1H) and Carbon 

(13C) nuclear magnetic resonance spectra were recorded at 400 and 101 MHz respectively, on 

a Bruker spectrometer using the solvents (CDCl3, DMSO-d6, CD3OD and CD3CN) at room 

temperature. The final concentration of the samples was of ~5 mg/mL for 1H-NMR acquisition 

and ~25 mg/mL for the recording of the 13C-NMR ones.  

Chemical shifts are presented as δ units (parts per millions) using the solvent signal as the 

internal standard. 1H spectra are described as reported below: δH (spectrometer frequency, 

solvent): chemical shift/ppm (multiplicity, J-coupling constant(s), number of protons, 

assignment). 13C spectra are described as reported below: δC (spectrometer frequency, solvent): 

chemical shift/ppm (assignment). Coupling constants J are valued in Hertz (Hz) using these 

abbreviations to indicate the splitting: s – singlet; d – doublet; t – triplet; q – quartet; m – 

multiplet. If needed, it is also reported the abbreviation br – to indicate the broad shape of the 

specific peak. 

Silica for column chromatography were purchased from Sigma-Aldrich (Milan, Italy) (high 

purity grade, pore size 60 Å, 230-400 mesh particle size). Reactions and purifications were 

checked by TLC performed on 0.2 mm thick silica gel-aluminium backed plates (60 F254, 

Merck) and their visualization performed under ultra-violet irradiation (254 and 365 nm). If 

given, systematic compound names were generated by ChemBioDraw Ultra 12.0 in accordance 

with the IUPAC nomenclature. The HPLC analyses performed for purity evaluation were 

accomplished employing the Shimadzu Prominence-i LC-2030C 3D system endowed with 

autosampler, binary pump, column oven and a photodiode array detector (PDA). The separation 

has been obtained through the use of the column Kinetex Biphenyl, 5 µm, 100 Å (Phenomenex, 

Bologna, Italy) at a constant flow of 1.0 mL min-1, employing an isocratic elution. For the 

acesulfame derivatives (50-60), closed saccharins (1-4, 29-46) as well as the opened ones 

containing the ester functional group (5-16), were employed the two eluents water (solvent A) 

and acetonitrile (solvent B) mixed in the constant ratio of 50:50 (v:v). For the opened saccharins 

containing the carboxylic acid group (17-28, 47-49) the two solvents were added with 0.1% of 

trifluoroacetic acid (TFA) maintaining the ratio 50:50 (v:v); all the runs have been completed 

in 10 minutes. All the analyte solutions were prepared in acetonitrile (acetonitrile plus 0.1% of 

TFA for acidic derivatives) at the concentration between 0.5-2 mg mL-1, and 5 µL were directly 

injected for the HPLC analysis. All compounds reported were > 96 % HPLC pure. The solvents 

used in the HPLC analysis were acetonitrile, purchased from Carlo Erba Reagents and mQ 

water 18 MΩ cm, obtained from Millipore’s Direct-Q3 system.  
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3.5.2. Synthesis and characterization data of saccharin-based derivatives 

 

 

2-(3-methylbut-2-en-1-yl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (1): anhydrous 

potassium carbonate (1 equiv.) was added to a stirring solution of saccharin (1 equiv.) in N,N-

dimethylformamide. After 15 min, 3,3-dimethylallyl bromide (1 equiv.) was added and the 

suspension stirred under nitrogen atmosphere for 24 h at 0 °C. Once the reaction completion 

the mixture was poured on ice. The resulting suspension was filtered and the collected solid 

washed with chloroform giving the title compound as an oil (57% yield); 1H NMR (300 MHz, 

CDCl3): δ 1.71 (s, 3H, CH3), 1.80 (s, 3H, CH3), 4.33 (d, J = 7.2 Hz, 2H, CH2), 5.32-5.37 (m, 

1H, CH=), 7.74-7.89 (m, 3H, Ar), 7.97-8.00 (m, 1H, Ar). 13C NMR (76 MHz, CDCl3): δ 17.9 

(CH3), 25.8 (CH3), 37.1 (CH2), 116.9 (Ar), 120.9 (CH=), 125.1 (Ar), 127.5 (Ar), 134.2 (Ar), 

134.6 (C=), 137.8 (Ar), 138.9 (Ar), 158.7 (C=O). 

 

 

2-(2-chlorobenzyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (2): anhydrous potassium 

carbonate (1 equiv.) was added to a stirring solution of saccharin (1 equiv.) in N,N-

dimethylformamide. After 15 min, 1-(bromomethyl)-2-chlorobenzene (1 equiv.) was added and 

the suspension stirred under nitrogen atmosphere for 8 h at 80 °C. Once the reaction completion 

the mixture was poured on ice. The resulting suspension was filtered and the collected solid 

washed with n-hexane, to afford the title compound as a yellow solid (65% yield); mp 143-

145°C; 1H NMR (300 MHz, CDCl3): δ 5.11 (s, 2H, CH2), 7.28 (s, 2H, Ar), 7.44 (d, J = 2.4 Hz, 

2H, Ar), 7.87-7.96 (m, 3H, Ar), 8.12 (d, J = 4.8 Hz, 1H, Ar). 13C NMR (76 MHz, CDCl3): δ 

40.2 (CH2), 121.1 (Ar), 125.4 (Ar), 127.2 (2 × Ar), 129.2 (Ar), 129.4 (Ar), 129.7 (Ar), 131.9 

(Ar), 133.3 (Ar), 134.4 (Ar), 135.0 (Ar), 137.9 (Ar), 158.9 (C=O). 
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2-(3-chlorobenzyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (3): anhydrous potassium 

carbonate (1 equiv.) was added to a stirring solution of saccharin (1 equiv.) in N,N-

dimethylformamide. After 15 min, 1-(bromomethyl)-3-chlorobenzene (1 equiv.) was added and 

the suspension stirred under nitrogen atmosphere for 12 h at 80 °C. Once the reaction 

completion the mixture was poured on ice. The resulting suspension was filtered and the  

collected solid washed with n-hexane, to afford the title compound as a yellow solid (57% 

yield); mp 78-80 °C; 1H NMR (300 MHz, CDCl3): δ 4.85 (s, 2H, CH2), 7.24-7.26 (m, 2H, Ar), 

7.35-7.38 (m, 1H, Ar), 7.47 (s, 1H, Ar), 7.75-7.84 (m, 2H, Ar), 7.88-7.91 (m, 1H, Ar), 7.99-

8.02 (m, 1H, Ar). 13C NMR (76 MHz, CDCl3): δ 41.9 (CH2), 121.1 (Ar), 125.3 (Ar), 126.8 (Ar), 

127.0 (Ar), 128.5 (Ar), 128.7 (Ar), 130.0 (Ar), 134.5 (Ar), 134.5 (Ar), 135.0 (Ar), 136.6 (Ar), 

137.5 (Ar), 158.9 (C=O). 

 

 

2-(2-(3-nitrophenyl)-2-oxoethyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (4): anhydrous 

potassium carbonate (1 equiv.) was added to a stirring solution of saccharin (1 equiv.) in N,N-

dimethylformamide. After 15 min, 2-bromo-3’-nitroacetophenone (1 equiv.) was added and the 

suspension stirred under nitrogen atmosphere for 24 h at 80 °C. Once the reaction completion 

the mixture was poured on ice. The resulting suspension was filtered and the collected solid 

washed with n-hexane to afford the title compound as a yellow solid (65% yield); mp 190-191 

°C; 1H NMR (300 MHz, CDCl3): δ 5.19 (s, 2H, CH2), 7.77 (t, J = 7.8 Hz, 1H, Ar), 7.89-8.01 

(m, 3H, Ar), 8.12-8.14 (m, 1H, Ar), 8.33-8.36 (m, 1H, Ar), 8.50-8.53 (m, 1H, Ar), 8.85 (t, J = 

1.5 Hz, 1H, Ar). 13C NMR (76 MHz, CDCl3): δ 44.5 (CH2), 121.3 (Ar), 123.1 (Ar), 123.7 (Ar), 

125.6 (Ar), 127.5 (Ar), 128.5 (Ar), 130.4 (Ar), 133.7 (Ar), 134.6 (Ar), 135.2 (Ar), 135.2 (Ar), 

137.6 (Ar), 148.5 (C=O), 187.3 (C=O). 
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General synthesis and characterization data of derivatives 5-16 

To a stirring solution of the proper aniline (1.0 equiv.) in dichloromethane at 0 °C, pyridine was 

added (1.2 equiv.). After 20 min, methyl 2-(chlorosulfonyl)benzoate (1 equiv.) was added 

portion wise and the reaction stirred under nitrogen atmosphere for 2 h. Once the synthesis 

completion the mixture was extracted with dichloromethane (3 × 20 mL) and HCl. The organic 

layers were reunited, dried over sodium sulphate and concentrated in vacuo. Purification 

through column chromatography on silica gel, using the proper solvents, gave compounds 5-16 

as white or yellow solids. 

 

 

Methyl 2-(N-phenylsulfamoyl)benzoate (5): white solid, mp 70-72 °C; 1H NMR (400 MHz, 

CDCl3): δ 4.07 (s, 3H, OCH3), 7.11-7.15 (m, 1H, Ar), 7.17-7.19 (m, 2H, Ar), 7.22-7.26 (m, 2H, 

Ar), 7.45-7.51 (m, 1H, Ar), 7.57-7.61 (m, 1H, Ar), 7.82-7.83 (m, 1H, Ar), 7.84-7.85 (m, 1H, 

Ar), 8.04 (br s, 1H, SO2NH, D2O exch.). 13C NMR (101 MHz, CDCl3): δ 53.6 (OCH3), 122.9 

(2 × Ar), 125.8 (Ar), 129.2 (2 × Ar), 130.4 (Ar), 130.5 (Ar), 130.6 (Ar), 131.5 (Ar), 132.6 (Ar), 

136.6 (Ar), 138.0 (Ar), 168.3 (C=O). 

 

 

Methyl 2-(N-(4-fluorophenyl)sulfamoyl)benzoate (6): white solid, mp 102-104 °C; 1H NMR 

(400 MHz, CDCl3): δ 4.07 (s, 3H, OCH3), 6.90-6.94 (m, 2H, Ar), 7.12-7.15 (m, 2H, Ar), 7.48-

7.52 (m, 1H, Ar), 7.59-7.63 (m, 1H, Ar), 7.77-7.79 (m, 1H, Ar), 7.84-7.86 (m, 1H, Ar), 8.02 

(br s, 1H, SO2NH, D2O exch.). 13C NMR (101 MHz, CDCl3): δ 53.6 (OCH3), 116.0 (d, 2JC-F = 

22.2 Hz, 2 × Ar), 125.4 (d, 3JC-F = 8.4 Hz, 2 × Ar), 130.5 (Ar), 130.6 (Ar), 130.6 (Ar), 131.5 

(Ar), 132.5 (d, 4JC-F = 3.03 Hz, Ar), 132.7 (Ar), 137.7 (Ar), 160.9 (d, 1JC-F = 245.5 Hz, C-F), 

168.4 (C=O). 
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Methyl 2-(N-(2-chlorophenyl)sulfamoyl)benzoate (7): white solid, mp 90-92 °C; 1H NMR 

(400 MHz, CDCl3): δ 4.07 (s, 3H, OCH3), 7.06-7.10 (m, 1H, Ar), 7.25-7.29 (m, 2H, Ar), 7.53-

7.58 (m, 1H, Ar), 7.62-7.66 (m, 1H, Ar), 7.74-7.76 (m, 1H, Ar), 7.87-7.91 (m, 2H, Ar), 8.51 

(br s, 1H, SO2NH, D2O exch.). 13C NMR (101 MHz, CDCl3): δ 53.5 (OCH3), 124.3 (Ar), 126.1 

(Ar), 126.2 (Ar), 127.7 (Ar), 129.5 (2 x Ar), 130.6 (Ar), 131.0 (Ar), 131.6 (Ar), 132.9 (Ar), 

133.8 (Ar), 138.9 (Ar), 167.5 (C=O). 

 

 

Methyl 2-(N-(4-chlorophenyl)sulfamoyl)benzoate (8): white solid, mp 108-112 °C; 1H NMR 

(400 MHz, CDCl3): δ 4.07 (s, 3H, OCH3), 7.11-7.14 (m, 2H, Ar), 7.19-7.22 (m, 2H, Ar), 7.50-

7.54 (m, 1H, Ar), 7.59-7.63 (m, 1H, Ar), 7.82-7.86 (m, 2H, Ar), 8.09 (br s, 1H, SO2NH, D2O 

exch.). 13C NMR (101 MHz, CDCl3): δ 53.6 (OCH3), 124.2 (2 × Ar), 129.3 (2 × Ar), 130.5 

(Ar), 130.5 (Ar), 130.7 (Ar), 131.5 (Ar), 131.6 (Ar), 132.8 (Ar), 135.2 (Ar), 137.8 (Ar), 168.4 

(C=O). 

 

 

Methyl 2-(N-(4-bromophenyl)sulfamoyl)benzoate (9): white solid, mp 116-118 °C; 1H NMR 

(400 MHz, CDCl3): δ 4.08 (s, 3H, OCH3), 7.36-7.39 (m, 2H, Ar), 7.57-7.67 (m, 2H, Ar), 7.87-

7.90 (m, 1H, Ar), 7.97-7.99 (m, 1H, Ar), 8.12-8.15 (m, 2H, Ar), 8.59 (br s, 1H, SO2NH, D2O 

exch.). 13C NMR (101 MHz, CDCl3): δ 53.6 (OCH3), 119.2 (Ar), 124.4 (2 × Ar), 130.4 (Ar), 

130.5 (Ar), 130.7 (Ar), 131.7 (Ar), 132.3 (2 × Ar), 132.8 (Ar), 135.8 (Ar), 137.7 (Ar), 168.4 

(C=O). 
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Methyl 2-(N-(4-(trifluoromethyl)phenyl)sulfamoyl)benzoate (10): white solid, mp 92-96 

°C; 1H NMR (400 MHz, CDCl3): δ 4.08 (s, 3H, OCH3), 7.32 (d, J = 8.4 Hz, 2H, Ar), 7.50 (d, J 

= 8.5 Hz, 2H, Ar), 7.53-7.57 (m, 1H, Ar), 7.60-7.65 (m, 1H, Ar), 7.85-7.88 (m, 1H, Ar), 7.90-

7.93 (m, 1H, Ar), 8.35 (br s, 1H, SO2NH, D2O exch.). 13C NMR (101 MHz, DMSO-d6): δ 53.7 

(OCH3), 121.6 (2 x Ar), 123.9 (d, 1JC-F = 271.9 Hz, CF3), 126.5 (q, 3JC-F = 3.8 Hz, 2 x Ar), 

127.4 (d, 2JC-F = 32.8 Hz, Ar), 130.4 (Ar), 130.4 (Ar), 130.9 (Ar),131.8 (Ar), 133.0 (Ar), 137.8 

(Ar), 140.0 (Ar), 168.3 (C=O). 

 

 

Methyl 2-(N-(3-nitrophenyl)sulfamoyl)benzoate (11): yellow solid, mp 168-170 °C; 1H 

NMR (400 MHz, CDCl3): δ 4.09 (s, 3H, OCH3), 7.45 (t, J = 8.1 Hz, 1H, Ar), 7.53-7.67 (m, 3H, 

Ar), 7.63-7.67 (m, 1H, Ar), 7.88-7.91 (m, 1H, Ar), 7.96-7.99 (m, 1H, Ar), 8.01-8.02 (m, 1H, 

Ar), 8.50 (br s, 1H, SO2NH, D2O exch.). 13C NMR (101 MHz, CDCl3): δ 53.8 (OCH3), 116.8 

(Ar), 120.3 (Ar), 128.1 (Ar), 130.1 (Ar), 130.3 (Ar), 130.4 (Ar), 131.2 (Ar), 131.9 (Ar), 133.2 

(Ar), 137.6 (Ar), 138.2 (Ar), 148.7 (Ar), 168.3 (C=O). 

 

 

Methyl 2-(N-(4-nitrophenyl)sulfamoyl)benzoate (12): yellow solid, mp 170-174 °C; 1H 

NMR (400 MHz, CDCl3): δ 4.08 (s, 3H, CH3), 7.35-7.39 (m, 2H, Ar), 7.56-7.61 (m, 1H, Ar), 

7.63-7.67 (m, 1H, Ar), 7.87-7.89 (m, 1H, Ar), 7.97-7.99 (m, 1H, Ar), 8.11-8.15 (m, 2H, Ar), 

8.60 (br s, 1H, SO2NH, D2O exch.). 13C NMR (101 MHz, CDCl3): δ 53.8 (OCH3), 120.7 (2 × 

Ar), 125.1 (2 × Ar), 130.3 (Ar), 130.3 (Ar), 131.2 (Ar), 131.9 (Ar), 133.3 (Ar), 137.7 (Ar), 

142.9 (Ar), 144.7 (Ar), 168.3 (C=O). 
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Methyl 2-(N-(p-tolyl)sulfamoyl)benzoate (13): white solid, mp 78-82 °C; 1H NMR (400 MHz, 

CDCl3): δ 2.27 (s, 3H, CH3), 4.07 (s, 3H, OCH3), 7.01-7.07 (m, 4H, Ar), 7.47-7.51 (m, 1H, Ar), 

7.57-7.61 (m, 1H, Ar), 7.80-7.85 (m, 2H, Ar), 7.94 (br s, 1H, SO2NH, D2O exch.). 13C NMR 

(101 MHz, CDCl3): δ 20.9 (CH3), 53.5 (OCH3), 123.3 (2 x Ar), 129.7 (2 x Ar), 130.5 (Ar), 

130.5 (Ar), 130.5 (Ar), 131.4 (Ar), 132.5 (Ar), 133.9 (Ar), 135.8 (Ar), 138.1 (Ar), 168.4 (C=O). 

 

 

Methyl 2-(N-(2,6-dimethylphenyl)sulfamoyl)benzoate (14): white solid, mp 170-174 °C; 1H 

NMR (400 MHz, CDCl3): δ 2.14 (s, 6H, 2 x CH3), 4.08 (s, 3H, OCH3), 7.03-7.12 (m, 3H, Ar), 

7.57-7.61 (m, 1H, Ar), 7.64-7.68 (m, 1H, Ar), 7.77 (br s, 1H, SO2NH, D2O exch.), 7.87-7.91  

(m, 2H, Ar). 13C NMR (101 MHz, CDCl3): δ 18.8 (2 x CH3), 53.5 (OCH3), 127.6 (Ar), 128.6 

(2 x Ar), 128.8 (Ar), 130.2 (Ar), 130.5 (Ar), 131.9 (Ar), 132.2 (Ar), 133.4 (Ar), 137.7 (2 x Ar), 

141.6 (Ar), 168.6 (C=O). 

 

 

Methyl 2-(N-(4-isopropylphenyl)sulfamoyl)benzoate (15): white solid, mp 58-62 °C; 1H 

NMR (400 MHz, CDCl3): δ 1.19 (d, J = 6.9 Hz, 6H, 2 × CH3), 2.80-2.87 (m, 1H, CH), 4.07 (s, 

3H, OCH3), 7.06-7.10 (m, 4H, Ar), 7.48-7.52 (m, 1H, Ar), 7.57-7.61 (m, 1H, Ar), 7.82-7.85 (m, 

2H, Ar), 7.96 (br s, 1H, SO2NH, D2O exch.). 13C NMR (101 MHz, CDCl3): δ 23.9 (2 × CH3), 

35.5 (CH), 53.5 (OCH3), 123.2 (2 × Ar), 127.1 (2 × Ar), 130.4 (Ar), 130.5 (Ar), 130.6 (Ar), 

131.4 (Ar), 132.5 (Ar), 134.1 (Ar), 138.3 (Ar), 146.7 (Ar), 168.4 (C=O). 
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Methyl 2-(N-(4-methoxyphenyl)sulfamoyl)benzoate (16): white solid, mp 108-112 °C; 1H 

NMR (400 MHz, CDCl3): δ 3.76 (s, 3H, OCH3), 4.07 (s, 3H, OCH3), 6.73-6.77 (m, 2H, Ar), 

7.04-7.08 (m, 2H, Ar), 7.48-7.50 (m, 1H, Ar), 7.57-7.61 (m, 1H, Ar), 7.75-7.77 (m, 1H, Ar), 

7.83-7.86 (m, 2H, 1H Ar + SO2NH, D2O exch.). 13C NMR (101 MHz, CDCl3): δ 53.6 (OCH3), 

55.4 (OCH3), 114.3 (2 x Ar), 125.7 (2 x Ar), 129.2 (Ar), 130.5 (Ar), 130.5 (Ar), 130.6 (Ar), 

131.4 (Ar), 132.5 (Ar), 138.1 (Ar), 158.1 (Ar), 168.4 (C=O). 

 

General synthesis and characterization of derivatives 17-28 

To a stirring solution of the proper ester derivative (1 equiv.) in dioxane (8 mL) 2 mL of aqueous 

KOH (2.2 equiv.) were added dropwise. The reaction was stirred at 50 °C for 48-72 h until 

completion of the synthesis; then the organic solvent was evaporated in vacuo. The basic 

solution, containing the potassium salt of the acidic derivative, was extracted at first with 

dichloromethane (3 × 20 mL) and then acidified with HCl 4N. The resulting suspension was 

filtered and the collected solid washed with n-hexane to afford the title compounds as white or 

yellow solids. 

 

 

2-(N-phenylsulfamoyl)benzoic acid (17): white solid, mp 160-162 °C; 1H NMR (400 MHz, 

DMSO-d6): δ 7.03 (t, J = 7.3 Hz, 1H, Ar), 7.10 (d, J = 7.6 Hz, 2H, Ar), 7.23 (t, J = 7.9 Hz, 2H, 

Ar), 7.58-7.64 (m, 1H, Ar), 7.67 (d, J = 3.9 Hz, 2H, Ar), 7.79 (d, J = 7.7 Hz, 1H, Ar), 9.94 (br 

s, 1H, SO2NH, D2O exch.), 13.65 (br s, 1H, COOH, D2O exch.). 13C NMR (101 MHz, DMSO-

d6): δ 120.7 (2 × Ar), 124.7 (Ar), 128.9 (Ar), 129.6 (2 × Ar), 129.6 (Ar), 131.0 (Ar), 133.4 (Ar), 

134.2 (Ar), 137.0 (Ar), 137.8 (Ar), 169.0 (COOH). 
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2-(N-(4-fluorophenyl)sulfamoyl)benzoic acid (18): white solid, mp 127-129 °C; 1H NMR 

(400 MHz, DMSO-d6): δ 7.06-7.13 (m, 4H, Ar), 7.55-7.62 (m, 1H, Ar), 7.64-7.69 (m, 2H, Ar), 

7.73-7.75 (m, 1H, Ar), 10.04 (br s, 1H, SO2NH, D2O exch.), 13.72 (br s, 1H, COOH, D2O 

exch.). 13C NMR (101 MHz, DMSO-d6): δ 116.3 (d, 2JC-F = 22.7 Hz, 2 × Ar), 123.6 (d, 3JC-F = 

8.28 Hz, 2 × Ar), 128.9 (Ar), 129.7 (Ar), 130.8 (Ar), 133.4 (Ar), 134.1 (d, 4JC-F = 2.2 Hz, Ar), 

134.6 (Ar), 136.7 (Ar), 159.6 (d, 1JC-F = 241.1, C-F), 169.0 (COOH). 

 

 

2-(N-(2-chlorophenyl)sulfamoyl)benzoic acid (19): white solid, mp 158-160 °C; 1H NMR 

(400 MHz, DMSO-d6): δ 7.13-7.17 (m, 1H, Ar), 7.25-7.29 (m, 1H, Ar), 7.36-7.42 (m, 2H, Ar), 

7.59-7.63 (m, 1H, Ar), 7.69-7.73 (m, 1H, Ar), 7.78-7.82 (m, 2H, Ar), 10.16 (br s, 1H, SO2NH, 

D2O exch.). 13C NMR (101 MHz, DMSO-d6): δ 125.4 (Ar), 127.1 (Ar), 127.5 (Ar), 128.3 (Ar), 

128.6 (Ar), 130.3 (Ar), 130.8 (Ar), 130.9 (Ar), 130.9 (Ar), 133.6 (Ar), 134.6 (Ar), 138.0 (Ar), 

169.1 (COOH). 

 

 

2-(N-(4-chlorophenyl)sulfamoyl)benzoic acid (20): white solid, mp 156-158 °C; 1H NMR 

(400 MHz, DMSO-d6): δ 7.10-7.13 (m, 2H, Ar), 7.28-7.32 (m, 2H, Ar), 7.60-7.64 (m, 1H, Ar), 

7.65-7.69 (m, 2H, Ar), 7.80 (d, J = 7.9 Hz, 1H, Ar), 10.13 (br s, 1H, SO2NH, D2O exch.), 13.64 

(br s, 1H, COOH, D2O exch.). 13C NMR (101 MHz, DMSO-d6): δ 122.3 (2 × Ar), 128.8 (Ar), 

128.9 (Ar), 129.5 (2 × Ar), 129.6 (Ar), 131.0 (Ar), 133.6 (Ar), 134.3 (Ar), 136.7 (Ar), 136.8 

(Ar), 168.9 (COOH). 
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2-(N-(4-bromophenyl)sulfamoyl)benzoic acid (21): white solid, mp 134-136 °C; 1H NMR 

(400 MHz, DMSO-d6): δ 7.03-7.06 (m, 2H, Ar), 7.39-7.42 (m, 2H, Ar), 7.45-7.48 (m, 1H, Ar), 

7.57-7.61 (m, 1H, Ar), 7.65-7.69 (m, 2H, Ar), 11.61 (br s, 1H, SO2NH, D2O exch.). 13C NMR 

(101 MHz, DMSO-d6): δ 116.5 (Ar), 123.0 (2 × Ar), 127.7 (Ar), 129.2 (Ar), 130.0 (Ar), 131.9 

(2 × Ar), 132.8 (Ar), 136.0 (Ar), 137.3 (Ar), 137.6 (Ar), 168.7 (COOH). 

 

2-(N-(4-(trifluoromethyl)phenyl)sulfamoyl)benzoic acid (22): white solid, mp 232-236 °C; 

1H NMR (400 MHz, DMSO-d6): δ 7.29 (d, J = 8.4 Hz, 2H, Ar), 7.34-7.38 (m, 1H, Ar), 7.51-

7.57 (m, 3H, Ar), 7.61-7.63 (m, 1H, Ar), 7.72-7.74 (m, 1H, Ar). 13C NMR (101 MH Z, DMSO-

d6): δ 121.5 (2 x Ar), 124.4 (Ar), 124.7 (d, 1JC-F = 271.4 Hz, CF3), 126.7 (2 x Ar), 127.4 (Ar), 

128.7 (Ar), 131.4 (Ar), 133.0 (Ar), 136.5 (Ar), 140.3 (Ar), 143.2 (Ar), 169.7 (COOH). 

 

 

2-(N-(3-nitrophenyl)sulfamoyl)benzoic acid (23): yellow solid, mp 170-172 °C; 1H NMR 

(400 MHz, DMSO-d6): δ 7.51-7.57 (m, 2H, Ar), 7.63-7.72 (m, 3H, Ar), 7.86-7.90 (m, 2H, Ar), 

7.97-7.98 (m, 1H, Ar), 10.69 (br s, 1H, SO2NH, D2O exch.), 13.63 (br s, 1H, COOH, D2O 

exch.). 13C NMR (101 MHz, DMSO-d6): δ 114.4 (Ar), 119.0 (Ar), 126.0 (Ar), 129.0 (Ar), 129.6 

(Ar), 131.1 (Ar), 131.2 (Ar), 133.9 (Ar), 134.4 (Ar), 136.4 (Ar), 139.2 (Ar), 148.6 (Ar), 168.7 

(COOH). 
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2-(N-(4-nitrophenyl)sulfamoyl)benzoic acid (24): yellow solid, mp 102-106 °C; 1H NMR 

(400 MHz, DMSO-d6): δ 7.30 (d, J = 9.2 Hz, 2H, Ar), 7.61-7.70 (m, 3H, Ar), 7.91 (d, J = 7.7 

Hz, 1H, Ar), 8.13 (d, J = 9.2 Hz, 2H, Ar). 13C NMR (101 MHz, DMSO-d6): δ 118.9 (2 x Ar), 

125.7 (2 x Ar), 128.7 (Ar), 130.1 (Ar), 130.9 (Ar), 133.8 (Ar), 135.1 (Ar), 136.6 (Ar), 143.0 

(Ar), 144.9 (Ar), 168.6 (COOH). 

 

 

2-(N-(p-tolyl)sulfamoyl)benzoic acid (25): white solid, mp 160-162 °C; 1H NMR (400 MHz, 

DMSO-d6): δ 2.18 (s, 3H, CH3), 6.98-7.04 (m, 4H, Ar), 7.57-7.62 (m, 1H, Ar), 7.63-7.68 (m, 

2H, Ar), 7.75 (d, J = 7.6 Hz, 1H, Ar), 9.70 (s, 1H, SO2NH, D2O exch.), 13.64 (br s, 1H, COOH, 

D2O exch.). 13C NMR (101 MHz, DMSO-d6): δ 20.8 (CH3), 121.3 (2 x Ar), 128.95 (Ar), 129.6 

(Ar), 130.01 (2 x Ar), 130.9 (Ar), 133.3 (Ar), 134.1 (Ar), 134.1 (Ar), 135.1 (Ar), 137.1 (Ar), 

169.1 (COOH). 

 

 

2-(N-(2,6-dimethylphenyl)sulfamoyl)benzoic acid (26): white solid, mp 176-178 °C; 1H 

NMR (400 MHz, DMSO-d6): δ 2.00 (s, 6H, 2 x CH3), 7.01-7.03 (m, 2H, Ar), 7.06-7.09 (m, 1H, 

Ar), 7.63-7.67 (m, 2H, Ar), 7.71-7.79 (m, 2H, Ar), 8.66 (s, 1H, SO2NH, D2O exch.), 13.79 (br 

s, 1H, COOH, D2O exch.). 13C NMR (101, MHz, CDCl3): δ 18.9 (2 x CH3), 127.8 (Ar), 128.5 

(Ar), 128.7 (2 x Ar), 130.01 (Ar), 131.5 (Ar), 132.8 (Ar), 133.2 (Ar), 134.1 (Ar). 138.2 (2 x 

Ar), 140.1 (Ar), 169.5 (COOH). 
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2-(N-(4-isopropylphenyl)sulfamoyl)benzoic acid (27): white solid, mp 80-84 °C; 1H NMR 

(400 MHz, DMSO-d6): δ 1.12 (d, J = 6.9 Hz, 6H, 2 × CH3), 2.74-2.81 (m, 1H, CH), 7.01 (d, J 

= 8.5 Hz, 2H, Ar), 7.10 (d, J = 8.5 Hz, 2H, Ar), 7.54-7.58 (m, 1H, Ar), 7.62-7.69 (m, 2H, Ar), 

7.76 (d, J = 7.8 Hz, 1H, Ar), 10.13 (br s, 1H, SO2NH, D2O exch.). 13C NMR (101 MHz, DMSO-

d6): δ 24.2 (2 × CH3), 33.2 (CH), 121.2 (2 × Ar), 127.3 (2 × Ar), 128.7 (Ar), 129.8 (Ar), 130.6 

(Ar), 133.2 (Ar), 135.0 (Ar), 135.6 (Ar), 137.2 (Ar), 144.9 (Ar), 169.2 (COOH). 

 

 

2-(N-(4-methoxyphenyl)sulfamoyl)benzoic acid (28): white solid, mp 152-156 °C; 1H NMR 

(400 MHz, DMSO-d6): δ 3.67 (s, 3H, CH3), 6.80 (d, J = 9.0 Hz, 2H, Ar), 7.01 (d, J = 9 Hz, 2H, 

Ar), 7.56-7.62 (m, 1H, Ar), 7.64-7.72 (m, 3H, Ar), 9.46 (br s, 1H, SO2NH, D2O exch.), 13.68 

(br s, 1H, COOH, D2O exch.). 13C NMR (101 MHz, DMSO-d6): δ 55.6 (CH3), 114.7 (2 x Ar), 

124.1 (2 x Ar), 129.1 (Ar), 129.7 (Ar), 130.2 (Ar), 130.9 (Ar), 133.3 (Ar), 133.9 (Ar), 137.1 

(Ar), 157.2 (Ar), 169.2 (COOH). 

 

General synthesis and characterization of derivatives 29-40 

Triethylamine (3 equiv.) and ethyl chloroformate (1.2 equiv.) were added to a stirring solution 

of the proper acid derivative (1.0 equiv.) in tetrahydrofuran and stirred under nitrogen 

atmosphere for 1 h at room temperature. Once the reaction completion, the mixture was 

extracted with ethyl acetate (3 × 20 mL) and 2N HCl. The organics were reunited, dried over 

sodium sulphate and concentrated in vacuo. Purification through column chromatography on 

silica gel, using the proper mixtures of solvents, gave compounds 29-40 as white or yellow 

solids. 
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2-phenylbenzo[d]isothiazol-3(2H)-one 1,1-dioxide (29): white solid, mp 188-190 °C; 1H 

NMR (400 MHz, CDCl3): δ 7.54-7.61 (m, 5H, Ar), 7.89-7.98 (m, 2H, Ar), 8.02-8.04 (m, 1H, 

Ar), 8.18-8.20 (m, 1H, Ar). 13C NMR (101 MHz, CDCl3): δ 121.3 (Ar), 125.7 (Ar), 127.2 (Ar), 

128.7 (Ar), 128.8 (2 × Ar), 129.9 (2 × Ar), 130.1 (Ar), 134.5 (Ar), 135.1 (Ar), 137.6 (Ar), 158.4 

(C=O). 

 

 

2-(4-fluorophenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (30): white solid, mp 163-165 

°C; 1H NMR (400 MHz, CDCl3): δ 7.25-7.31 (m, 2H, Ar), 7.53-7.58 (m, 2H, Ar), 7.91-7.95 

(m, 1H, Ar), 7.96-8.00 (m, 1H, Ar), 8.03-8.05 (m, 1H, Ar), 8.19-8.21 (m, 1H, Ar). 13C NMR 

(101 MHz, CDCl3): δ 117.1 (d, 2JC-F = 23.1 Hz, 2 × Ar), 121.3 (Ar), 124.4 (d, 4JC-F = 23.1 Hz, 

Ar), 125.7 (Ar), 127.1 (Ar), 131.0 (d, 3JC-F = 9.1 Hz, 2 × Ar), 134.6 (Ar), 135.2 (Ar), 137.6 

(Ar), 131.5 (Ar), 132.5 (d, J = 3.03 Hz, 1 × Ar), 132.7 (Ar), 137.7 (Ar), 158.4 (C=O), 163.5 (d, 

1JC-F = 250.9, C-F). 

 

 

2-(2-chlorophenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (31): white solid, mp 208-210 

°C; 1H NMR (400 MHz, CDCl3): δ 7.46-7.50 (m, 1H, Ar), 7.52-7.57 (m, 1H, Ar), 7.62-7.67  

(m, 2H, Ar), 7.91-7.99 (m, 2H, Ar), 8.03-8.05 (m, 1H, Ar), 8.20-8.22 (m, 1H, Ar). 13C NMR 

(101 MHz, CDCl3): δ 121.4 (Ar), 125.9 (Ar), 126.2 (Ar), 126.9 (Ar), 128.1 (Ar), 131.1 (Ar), 

132.0 (Ar), 132.0 (Ar), 134.5 (Ar), 135.2 (Ar), 135.3 (Ar), 138.1 (Ar), 157.5 (C=O). 
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2-(4-chlorophenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (32): white solid, mp 156-158 

°C; 1H NMR (400 MHz, CDCl3): δ 7.50-7.57 (m, 4H, Ar), 7.91-7.95 (m, 1H, Ar), 7.95-7.99 

(m, 1H, Ar), 8.0.3 (d, J = 7.3 Hz, 1H, Ar), 8.19 (d, J = 7.8 Hz, 1H, Ar). 13C NMR (101 MHz, 

CDCl3): δ 121.3 (Ar), 125.7 (Ar), 127.0 (Ar), 127.3 (Ar), 129.9 (2 × Ar), 130.2 (2 × Ar), 134.6 

(Ar), 135.3 (Ar), 136.3 (Ar), 137.5 (Ar), 158.2 (C=O). 

 

 

2-(4-bromophenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (33): white solid, mp 141-143 

°C; 1H NMR (400 MHz, CDCl3): δ 7.43-7.47 (m, 2H, Ar), 7.69-7.72 (m, 2H, Ar), 7.90-7.98 

(m, 2H, Ar), 8.01-8.03 (m, 1H, Ar), 8.18 (d, J = 7.4 Hz, 1H, Ar). 13C NMR (101 MHz, CDCl3): 

δ 121.3 (2 x Ar), 124.4 (Ar), 125.8 (Ar), 127.0 (Ar), 127.8 (Ar), 130.1 (2 × Ar), 133.2 (2 × Ar), 

134.6 (Ar), 135.3, (Ar), 137.5 (Ar), 158.2 (C=O). 

 

 

2-(4-(trifluoromethyl)phenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (34): white solid, 

mp 158-160 °C; 1H NMR (400 MHz, CDCl3): δ 7.75 (d, J = 8.4 Hz, 2H, Ar), 7.85 (d, J = 8.4 

Hz, 2H, Ar), 7.92-8.01 (m, 2H, Ar), 8.03-8.06 (m, 1H, Ar), 8.20-8.22 (m, 1H, Ar). 13C NMR 

(101 MHz, DMSO-d6): δ 121.3 (Ar), 123.6 (d, 1JC-F = 272.6 Hz, CF3), 125.9 (Ar), 126.9 (Ar), 

127.0 (q, 3JC-F = 3.7 Hz, 2 x Ar), 128.4 (2 × Ar), 131.9 (m, Ar), 132.5 (Ar), 134.7 (Ar), 135.4 

(Ar), 137.5 (Ar), 158.1 (C=O). 
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2-(3-nitrophenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (35): yellow solid, mp 136-138 

°C; 1H NMR (400 MHz, CDCl3): δ 7.78 (t, J = 8.2 Hz, 1H, Ar), 7.94-7.98 (m, 2H, Ar), 7.99-

8.03 (m, 1H, Ar), 8.04-8.06 (m, 1H, Ar), 8.22 (d, J = 7.2 Hz, 1H, Ar) 8.40-8.43 (m, 1H, Ar), 

8.49 (t, J = 2.0 Hz, 1H, Ar). 13C NMR (101 MHz, CDCl3): δ 121.4 (Ar), 123.6 (Ar), 124.6 (Ar), 

126.0 (Ar), 126.7 (Ar), 130.4 (Ar), 130.8 (Ar), 134.0 (Ar), 134.9 (Ar), 135.6 (Ar), 137.4 (Ar), 

149.0 (Ar), 158.1 (C=O). 

 

 

2-(4-nitrophenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (36): yellow solid, mp 232-234 

°C; 1H NMR (400 MHz, CDCl3): δ 7.92 (d, J = 9.0 Hz, 2H, Ar), 8.09 (t, J = 7.2 Hz, 1H, Ar), 

8.15 (t, J = 7.1 Hz, 1H, Ar), 8.24 (d, J = 7.5 Hz, 1H, Ar), 8.44-8.50 (m, 3H, Ar). 13C NMR (101 

MHz, CDCl3): δ 121.4 (Ar), 125.1 (2 × Ar), 126.0 (Ar), 126.7 (Ar), 128.0 (2 × Ar), 134.9 (Ar), 

135.3 (Ar), 135.7 (Ar), 137.3 (Ar), 147.9 (Ar), 157.9 (C=O). 

 

 

2-(p-tolyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (37): white solid, mp 172-174 °C; 1H 

NMR (400 MHz, CDCl3): δ 2.46 (s, 3H, CH3), 7.38 (d, J = 8.3 Hz, 2H, Ar), 7.43-7.45 (m, 2H, 

Ar), 7.88-7.96 (m, 2H, Ar), 8.01-8.03 (m, 1H, Ar), 8.16-8.18 (m, J = 8 Hz, 1H, Ar). 13C NMR 

(101 MHz, CDCl3): δ 21.4 (CH3), 121.3 (Ar), 125.6 (Ar), 125.8 (Ar), 127.3 (Ar), 128.7 (2 x 

Ar), 130.6 (2 x Ar), 134.4 (Ar), 135.03 (Ar), 137.7 (Ar), 140.5 (Ar), 158.5 (C=O). 
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2-(2,6-dimethylphenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (38): white solid, mp 224-

228 °C; 1H NMR (400 MHz, CDCl3): δ 2.36 (s, 6H, 2 x CH3), 7.24 (d, J = 7.6 Hz, 2H, Ar),  

7.32-7.36 (m, 1H, Ar), 7.90-7.98 (m, 2H, Ar), 8.02-8.04 (m, 1H, Ar), 8.19-8.21 (m, 1H, Ar). 

13C NMR (101 MHz, CDCl3): δ 18.5 (2 x CH3), 121.2 (Ar), 125.7 (Ar), 126.3 (Ar), 127.0 (Ar), 

129.2 (2 x Ar), 130.6 (Ar), 134.4 (Ar), 135.1 (Ar), 138.4 (Ar), 139.9 (Ar), 158.2 (C=O). 

 

 

2-(4-isopropylphenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (39): white solid, mp 138-

140 °C; 1H NMR (400 MHz, CDCl3): δ 1.32 (d, J = 6.9 Hz, 6H, 2 x CH3), 2.96-3.07 (m, 1H, 

CH), 7.42-7.48 (m, 4H, Ar), 7.88-7.96 (m, 2H, Ar), 8.02 (d, J = 7.2 Hz, 1H, Ar), 8.17-8.19 (m, 

1H, Ar). 13C NMR (101 MHz, CDCl3): δ 23.8 (2 x CH3), 34.0 (CH), 121.3 (Ar), 125.6 (Ar), 

126.0 (Ar), 127.3 (Ar), 128.1 (2 x Ar), 128.7 (2 x Ar), 134.4 (Ar), 135.03 (Ar), 137.7 (Ar), 

151.2 (Ar), 158.5 (C=O). 

 

 

2-(4-methoxyphenyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (40): white solid, mp 192-

196 °C; 1H NMR (400 MHz, CDCl3): δ 3.89 (s, 3H, OCH3), 7.06-7.10 (m, 2H, Ar), 7.44-7.48 

(m, 2H, Ar), 7.88-7.97 (m, 2H, Ar), 8.01-8.03 (m, 1H, Ar), 8.17-8.19 (m, 1H, Ar). 13C NMR 

(101 MHz, CDCl3): δ 55.6 (CH3), 115.3 (2 x Ar), 120.5 (Ar), 121.3 (Ar), 125.6 (Ar), 127.3 

(Ar), 130.5 (2 x Ar), 134.4 (Ar), 135.01 (Ar), 137.7 (Ar), 158.7 (Ar), 161.01 (C=O). 
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Synthesis and characterization data of intermediates S1 and I-VI 

 

 

2-(prop-2-yn-1-yl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (S1): for the synthesis and 

characterization data of the compound S1, see ref. [112]. 

 

NaNO2 (1.2 equiv.) was slowly added to a solution of the proper aniline (1.0 equiv.) in a 4M 

HCl aqueous solution at 0 °C. After 30 min NaN3 (1.5 equiv.) was added portion-wise and the 

resulting mixture stirred at room temperature for 1 h. The mixture was then extracted with ethyl  

acetate (3 × 20 mL). The organic layers were reunited, dried over sodium sulphate and 

concentrated in vacuo. The residual crude product was used directly without further 

purification. For the characterization data of azides I-VI, see references [140,146,147] 

 

Synthesis and characterization data of derivatives 41-46  

Propargylated saccharin (1.0 equiv.) and the proper benzyl azide (1.05 equiv.) were added to a 

stirring solution of CuI (0.02 equiv.), DIPEA (0.04 equiv.) and CH3COOH (0.04 equiv.) in 

dichloromethane and stirred at room temperature until the alkyne disappeared. The mixture was 

then extracted with dichloromethane (3 × 20 mL) and H2O. The organics were reunited, dried 

over sodium sulphate and concentrated in vacuo. Purification through column chromatography 

on silica gel, using the proper solvents mixtures, gave compounds STR1-STR6 as white solids. 

 

 

2-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (41): 

white solid, 134-136 °C; 1H NMR (400 MHz, CDCl3): δ 5.18 (s, 2H, CH2), 7.41-7.45 (m, 1H, 

Ar), 7.49-7.52 (m, 2H, Ar), 7.71-7.73 (m, 2H, Ar), 7.84-7.93 (m, 2H, Ar), 7.96 (d, J = 7.2 Hz, 

1H, Ar), 8.08-8.10 (m, 1H, Ar), 8.13 (s, 1H, Ar-triazole). 13C NMR (101 MHz, CDCl3): δ 34.0 

(CH2), 120.7 (2 x Ar), 121.1 (Ar), 121.7 (Ar-triazole), 125.4 (Ar), 127.1 (Ar), 128.9 (Ar), 129.7 

(2 x Ar), 134.5 (Ar), 135.1 (Ar), 136.9 (Ar-triazole), 137.7 (Ar), 142.5 (Ar) 158.6 (C=O).  
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2-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)benzo[d]isothiazol-3(2H)-one 1,1-

dioxide (42): white solid, 196-198 °C; 1H NMR (400 MHz, CDCl3): δ 5.19 (s, 2H, CH2), 7.50 

(d, J = 8.8 Hz, 2H, Ar), 7.69 (d, J = 8.8 Hz, 2H, Ar), 7.86-7.94 (m, 2H, Ar), 7.98 (d, J = 7.3 Hz, 

1H, Ar), 8.11-8.12 (m, 2H, Ar-triazole + Ar). 13C NMR (101 MHz, CDCl3): δ 34.9 (CH2), 121.1 

(Ar), 121.6 (Ar-triazole), 121.8 (2 x Ar), 125.4 (Ar), 127.1 (Ar), 129.9 (2 x Ar), 134.4 (Ar), 

134.7 (Ar), 135.1 (Ar), 135.4 (Ar-triazole), 137.7 (Ar), 142.8 (Ar), 158.6 (C=O). 

 

 

2-((1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)methyl)benzo[d]isothiazol-3(2H)-one 1,1-

dioxide (43): white solid, 184-188 °C; 1H NMR (400 MHz, DMSO-d6): δ 5.10 (s, 2H, CH2), 

7.77-7.81 (m, 2H, Ar), 7.86-7.90 (m, 2H, Ar), 8.01-8.05 (m, 1H, Ar), 8.06-8.10 (m, 2H, Ar), 

8.15-8.17 (m, 1H, Ar), 8.88 (s, 1H, Ar-triazole). 13C NMR (101 MHz, DMSO-d6): δ 33.9 (CH2), 

121.9 (Ar-triazole), 122.1 (Ar), 122.4 (2 x Ar), 122.7 (Ar), 125.7 (Ar), 126.8 (Ar), 133.3 (2 x 

Ar), 135.8 (Ar), 136.1 (Ar-triazole), 136.4 (Ar), 137.3 (Ar), 143.2 (Ar), 158.8 (C=O). 

 

 

2-((1-(p-tolyl)-1H-1,2,3-triazol-4-yl)methyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (44): 

white solid, 172-174 °C; 1H NMR (400 MHz, CDCl3): δ 2.32  (s, 3H, CH3), 5.08 (s, 2H, CH2), 

7.20 (d, J = 8.6 Hz, 2H, Ar), 7.50 (d, J = 8.5 Hz, 2H, Ar), 7.74-7.88 (m, 3H, Ar), 7.99-8.01 (m, 

2H, Ar-triazole + Ar). 13C NMR (101 MHz, CDCl3): δ 21.1 (CH3), 34.1 (CH2), 120.6 (2 x Ar), 

121.1 (Ar), 121.6 (Ar-triazole), 125.4 (Ar), 127.2 (Ar), 130.2 (2 x Ar), 134.5 (Ar), 134.6 (Ar-

triazole), 135.1 (Ar), 137.7 (Ar), 139.0 (Ar), 142.4 (Ar), 158.6 (C=O). 
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2-((1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)benzo[d]isothiazol-3(2H)-one 1,1-

dioxide (45): white solid, 174-176 °C; 1H NMR (400 MHz, CDCl3): δ 3.86 (s, 3H, OCH3), 5.17 

(s, 2H, CH2), 6.98-7.02 (m, 2H, Ar), 7.59-7.63 (m, 2H, Ar), 7.84-7.88 (m, 1H, Ar), 7.88-7.92 

(m, 2H, Ar), 7.96 (d, J = 7.2 Hz, 1H, Ar), 8.04 (s, 1H, Ar-triazole). 13C NMR (101 MHz, 

CDCl3): δ 34.1 (OCH3), 55.6 (CH2), 114.7 (2 x Ar), 121.1 (Ar), 121.8 (Ar-triazole), 122.3 (2 x 

Ar), 125.4 (Ar), 127.2 (Ar), 130.3 (Ar-triazole), 134.5 (Ar), 135.1 (Ar), 137.7 (Ar), 142.4 (Ar), 

158.6 (Ar), 159.9 (C=O). 

 

 

2-((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (46): 

white solid, 130-132 °C; 1H NMR (400 MHz, DMSO-d6): δ 4.99 (s, 2H, CH2), 5.16 (s, 2H, 

CH2), 7.28-7.38 (m, 5H, Ar), 7.99-8.03 (m, 1H, Ar), 8.04-8.08 (m, 1H, Ar), 8.13 (m, 1H, Ar), 

8.20 (s, 1H, Ar-triazole), 8.32 (d , J = 7.5 Hz, 1H, Ar). 13C NMR (101 MHz, DMSO-d6): δ 34.0 

(CH2), 53.3 (CH2), 122.1 (Ar), 124.7 (Ar), 125.7 (Ar), 126.7 (Ar-triazole), 128.3 (2 x Ar), 128.6 

(Ar), 129.2 (2 x Ar), 135.8 (Ar), 136.4 (Ar), 136.4 (Ar-triazole), 137.3 (Ar), 141.9 (Ar), 158.7 

(C=O). 

 

General synthesis and characterization data of derivatives 47-49 

To a stirring solution of the proper saccharin derivative (1 equiv.) in tetrahydrofuran (10 mL) 

at room temperature 10 mL of aqueous 2N NaOH (5.0 equiv.) were added dropwise. After 2 h 

the organic solvent was evaporated and the basic solution, containing the acid derivative as 

sodium salt, acidified with 4N HCl. The resulting suspension was filtered and the collected 

solid washed with n-hexane to afford the title compounds as a white solid. 

  



83 

 

 

2-(N-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)sulfamoyl)benzoic acid (47): white solid, 

162-166 °C; 1H NMR (400 MHz, DMSO-d6): δ 4.29 (d, J = 3.7 Hz, 2H, CH2), 7.49 (t, J = 7.4 

Hz, 1H, Ar), 7.57-7.71 (m, 5H, Ar), 7.76-7.78 (m, 3H, 2 x Ar + SO2NH, D2O exch.), 7.88-7.91 

(m, 1H, Ar), 8.48 (s, 1H, Ar-triazole), 13.71 (br s, 1H, COOH, D2O exch.). 13C NMR (101 

MHz, DMSO-d6): δ 38.6 (CH2), 120.5 (2 x Ar), 122.0 (Ar-triazole), 128.9 (Ar), 129.1 (Ar), 

129.5 (Ar), 130.4 (2 x Ar), 131.1 (Ar), 133.0 (Ar), 133.4 (Ar-triazole), 136.9 (Ar-), 138.1 (Ar), 

144.8 (Ar), 169.4 (COOH). 

 

 

2-(N-((1-(p-tolyl)-1H-1,2,3-triazol-4-yl)methyl)sulfamoyl)benzoic acid (48): white solid, 

182-186 °C; 1H NMR (400 MHz, DMSO-d6): δ 2.37 (s, 3H, CH3), 4.27 (d, J = 5.5 Hz, 2H, 

CH2), 7.38 (t, J = 8.3 Hz, 2H, Ar), 7.60-7.69 (m, 5H, Ar), 7.73-7.77 (br s, 1H, SO2NH, D2O 

exch.), 7.83-7.90 (m, 1H, Ar), 8.41 (s, 1H, Ar-triazole), 13.70 (br s, 1H, COOH, D2O exch.). 

13C NMR (101 MHz, DMSO-d6): δ 21.0 (CH3), 38.6 (CH2), 120.4 (2 x Ar), 121.9 (Ar-triazole), 

129.0 (Ar), 129.5 (Ar), 130.7 (2 x Ar), 131.1 (Ar), 132.9 (Ar), 133.4 (Ar-triazole), 134.7 (Ar), 

138.1 (Ar), 138.8 (Ar), 144.6 (Ar), 169.4 (COOH). 

 

 

2-(N-((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)sulfamoyl)benzoic acid (49): white solid, 144-

146 °C; 1H NMR (400 MHz, DMSO-d6): δ 4.15 (s, 2H, CH2), 5.49 (s, 2H, CH2), 7.23-7.25  (m, 

2H, Ar), 7.31-7.40 (m, 3H, Ar), 7.54-7.59 (m, 1H, Ar), 7.64 (d, J = 4.1 Hz, 2H, Ar), 7.82 (d, J 

= 7.8 Hz, 1H, Ar), 7.85 (s, 1H, Ar triazole). 13C NMR (101 MHz, DMSO-d6): 38.7 (CH2), 53.1 
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(CH2), 123.7 (Ar-triazole), 128.4 (2 x Ar), 128.7 (Ar), 128.7 (Ar), 129.2 (2 x Ar), 129.7 (Ar), 

130.7 (Ar), 132.9 (Ar), 134.3 (Ar), 136.4 (Ar), 138.0 (Ar-triazole), 144.2 (Ar), 169.4 (COOH). 

 

3.5.3. Synthesis and characterization data of acesulfame-based derivatives 

 

 

6-methyl-3-(3-methylbut-2-en-1-yl)-1,2,3-oxathiazin-4(3H)-one 2,2-dioxide (50): 3,3-

dimethylallyl bromide (1 equiv.) was added to a stirring solution of acesulfame K (1 equiv.) in 

N,N-dimethylformamide and the reaction stirred under nitrogen atmosphere at 0° C for 48 h. 

The mixture was poured on ice and the resulting aqueous phase/emulsion extracted with 

dichloromethane (3 × 20 mL). The organic layers were reunited, dried over sodium sulphate, 

and concentrated in vacuo. Purification through column chromatography on silica gel (n-

hexane:ethyl acetate, 2:1) gave the title compound as a yellow oil (70% yield); 1H NMR (300 

MHz, CDCl3): δ 1.70 (s, 3H, CH3), 1.73 (s, 3H, CH3), 2.17 (s, 3H, CH3) 4.40 (d, J = 6.9 Hz, 

2H, CH2), 5.24 (t, J = 1.2 Hz, 1H, CH=), 5.76 (d, J = 1.2 Hz, 1H, CH=). 13C NMR (76 MHz, 

CDCl3): δ 17.8 (CH3), 19.6 (CH3), 25.7 (CH3), 41.0 (CH2), 104.4 (CH=, acesulfame), 117.1 

(CH=C), 139.0 (C=CH), 160.0 (C=O), 161.6 (COSO2). 

 

 

3-benzyl-6-methyl-1,2,3-oxathiazin-4(3H)-one 2,2-dioxide (51): benzyl bromide (1 equiv.) 

was added to a stirring solution of acesulfame K (1 equiv.) in N,N-dimethylformamide and the 

reaction stirred under nitrogen atmosphere at 0 °C for 48 h. The mixture was poured on ice and 

the resulting aqueous phase/emulsion extracted with dichloromethane (3 × 20 mL). The organic 

layers were reunited, dried over sodium sulphate and concentrated in vacuo. Purification 

through column chromatography on silica gel (n-hexane:ethyl acetate, 2:1) gave the title 

compound as a colourless oil (75% yield); 1H NMR (300 MHz, CDCl3): δ 2.23 (d, J = 0.3 Hz, 

3H, CH3), 5.37 (s, 2H, CH2), 5.81 (d, J = 0.6 Hz, 1H, CH=), 7.42 (s, 5H, Ar). 13C NMR (101, 

MHz, CDCl3): δ 20.5 (CH3), 70.7 (CH2), 95.7 (CH=, acesulfame), 128.8 (2 x Ar), 128.9 (2 x 

Ar), 129.2 (Ar), 133.5 (Ar), 168.8 (C=O), 169.1 (COSO2).  
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3-(3,4-dichlorobenzyl)-6-methyl-1,2,3-oxathiazin-4(3H)-one 2,2-dioxide (52): 3,4-

dichlorobenzyl bromide (1 equiv.) was added to a stirring solution of acesulfame K (1 equiv.) 

in N,N-dimethylformamide and the reaction stirred under nitrogen atmosphere at 0 °C for 48 h. 

The mixture was poured on ice and the resulting aqueous phase/emulsion extracted with 

dichloromethane (3 × 20 mL). The organic layers were reunited, dried over sodium sulphate 

and concentrated in vacuo. Purification through column chromatography on silica gel (n-

hexane:ethyl acetate, 2:1) gave the title compound as a white solid (75% yield); 93-94 °C; 1H 

NMR (400 MHz, CDCl3): δ 2.22 (s, 3H, CH3), 4.92 (s, 2H, CH2), 5.84 (d, J = 1.2 Hz, 1H, CH=), 

7.24-7.27 (m, 1H, Ar), 7.41 (d, J = 8.4 Hz, 1H, Ar), 7.51 (d, J = 2.4 Hz, 1H, Ar). 13C NMR (101 

MHz, CDCl3): δ 19.8 (CH3), 45.0 (CH2), 104.5 (CH=, acesulfame), 128.2 (2 x Ar), 130.7 (Ar), 

130.8 (Ar), 132.8 (Ar), 134.8 (Ar), 160.0 (C=O), 162.1 (COSO2). 

 

General synthesis and characterization data of intermediates ACEN, ACEO and I-IV 

 

 

6-methyl-3-(prop-2-yn-1-yl)-1,2,3-oxathiazin-4(3H)-one 2,2-dioxide (ACEN): propargyl 

bromide (1.1 equiv.) was added to a stirring solution of potassium acesulfame (1.0 equiv.) in 

N,N-dimethylformamide and stirred under nitrogen atmosphere for 24 h at 80 °C. Upon 

completion the mixture was poured on ice and extracted with dichloromethane (3 × 20 mL). 

The organic layers were reunited, dried over sodium sulphate and concentrated in vacuo. 

Purification through column chromatography on silica gel (petroleum ether:ethyl acetate, 5:1) 

afforded the title compound as a yellow oil (51% yield). 1H NMR (400 MHz, CDCl3): δ 2.18 

(d, J = 1.0 Hz, 3H, CH3), 2.31 (t, J = 2.5 Hz, 1H, CH=), 4.53 (d, J = 2.5 Hz, 2H, CH2), 5.79 (d, 

J = 1.0 Hz, 1H, CH).13C NMR (101, MHz, CDCl3): δ 19.8 (CH3), 31.6 (CH2), 73.6 (CH), 

75.9 (C), 104.3 (CH=C), 159.3 (CO), 162.2 (COSO2). 
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6-methyl-4-(prop-2-yn-1-yloxy)-1,2,3-oxathiazine 2,2-dioxide (ACEO): propargyl bromide 

(1.1 equiv.) was added to a stirring solution of potassium acesulfame (1.0 equiv.) in N,N-

dimethylformamide and stirred under nitrogen atmosphere for 24 h at room temperature. Once 

the completion the mixture was poured on ice and extracted with dichloromethane (3 × 20 mL). 

The organic layers were reunited, dried over sodium sulphate and concentrated in vacuo. 

Purification through column chromatography on silica gel (petroleum ether:ethyl acetate, 4:1) 

gave the title compound as a yellow oil (40% yield). For the characterization data see reference 

[113]. 

 

NaNO2 (1.2 equiv.) was slowly added to a solution of the proper aniline (1.0 equiv.) in a 4M 

HCl aqueous solution at 0 °C. After 30 min NaN3 (1.5 equiv.) was added portion-wise and the 

resulting mixture stirred at room temperature for 1 h. The mixture was then extracted with ethyl 

acetate (3 × 20 mL). The organic layers were reunited, dried over sodium sulphate and 

concentrated in vacuo. The residual crude product was used directly without further 

purification. For the characterization data of azides I-VI, see references [140,146,147]. 

 

General synthesis and characterization data of derivatives 53-60 

Propargylated acesulfame (1.0 equiv) and the proper benzyl azide (1.05 equiv) were added to a 

stirring solution of CuI (0.02 equiv), DIPEA (0.04 equiv) and CH3COOH (0.04 equiv) in 

dichloromethane and stirred at room temperature until the alkyne disappeared. The mixture was 

extracted with dichloromethane (3 × 20 mL) and H2O. The organics were reunited, dried over 

sodium sulphate and concentrated in vacuo. Purification through column chromatography on 

silica gel, using the proper solvents, gave compounds 53-60 as white solids. 

 

 

6-methyl-3-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)-1,2,3-oxathiazin-4(3H)-one 2,2-

dioxide (53): white solid, 140-142 °C; 1H NMR (400 MHz, CDCl3): δ 2.15 (s, 3H, CH3), 5.15 

(s, 2H, CH2), 5.78 (s, 1H, CH=), 7.34-7.38 (m, 1H, Ar), 7.44 (t, J = 7.7 Hz, 2H, Ar), 7.64 (d, J 
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= 7.7 Hz, 2H, Ar), 7.97 (s, 1H, Ar-triazole). 13C NMR (101 MHz, CDCl3): δ 19.8 (CH3), 37.8 

(CH2), 104.4 (CH=, acesulfame), 120.7 (2 x Ar), 121.8 (Ar-triazole), 128.9 (Ar), 129.8 (2 x 

Ar), 136.9 (Ar-triazole), 142.5 (Ar), 160.0 (C=O), 162.3 (COSO2). 

 

 

3-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-6-methyl-1,2,3-oxathiazin-4(3H)-

one 2,2-dioxide (54): white solid, 154-158 °C; 1H NMR (400 MHz, CDCl3): δ 2.16 (d, J = 0.9 

Hz, 3H, CH3), 5.14 (s, 2H, CH2), 5.78 (d, J = 0.9 Hz, 1H, CH=), 7.40-7.43 (m, 2H, Ar), 7.58-

7.62 (m, 2H, Ar), 7.96 (s, 1H, Ar-triazole). 13C NMR (101 MHz, CDCl3): δ 19.8 (CH3), 37.8 

(CH2), 104.4 (CH=, acesulfame), 121.7 (Ar-triazole), 121.8 (2 x Ar), 129.9 (2 x Ar), 134.7 (Ar), 

135.3 (Ar-triazole), 142.7 (Ar), 160.0 (C=O), 162.3 (COSO2). 

 

 

6-methyl-4-((1-phenyl-1H-1,2,3-triazol-4-yl)methoxy)-1,2,3-oxathiazine 2,2-dioxide (55): 

white solid, 118-120 °C; 1H NMR (400 MHz, CDCl3): δ 2.24 (d, J = 0.7 Hz, 3H, CH3), 5.60 (s, 

2H, CH2), 5.81 (d, J = 0.9 Hz, 1H, CH=), 7.46-7.50 (m, 1H, Ar), 7.54-7.57 (m, 2H, Ar), 7.73-

7.76 (m, 2H, Ar), 8.21 (s, 1H, Ar-triazole). 13C NMR (101 MHz, CDCl3): δ 20.6 (CH3), 61.3 

(CH2), 95.5 (CH=, acesulfame), 120.7 (2 x Ar), 123.3 (Ar-triazole), 129.2 (Ar), 129.9 (2 x Ar), 

136.7 (Ar), 141.3 (Ar-triazole), 168.9 (C=N), 169.2 (COSO2). 

 

 

6-methyl-4-((1-(p-tolyl)-1H-1,2,3-triazol-4-yl)methoxy)-1,2,3-oxathiazine 2,2-dioxide (56): 

white solid, 144-148 °C; 1H NMR (400 MHz, CDCl3): δ 2.24 (d, J = 0.7 Hz, 3H, CH3), 2.44 (s, 

3H, CH3), 5.59 (s, 2H, CH2), 5.81 (d, J = 0.7 Hz, 1H, CH=), 7.34 (d, J = 8.0 Hz, 2H, Ar), 7.61 

(d, J = 8.4 Hz, 2H, Ar), 8.16 (s, 1H, Ar-triazole). 13C NMR (101 MHz, CDCl3): δ 20.6 (CH3), 
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21.3 (CH3), 61.4 (CH2), 95.5 (CH=, acesulfame), 120.6 (2 x Ar), 123.2 (Ar-triazole), 130.4 (2 

x Ar), 134.4 (Ar), 139.4 (Ar), 141.1 (Ar-triazole), 168.9 (C=N), 169.2 (COSO2). 

 

 

4-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-6-methyl-1,2,3-oxathiazine 2,2-

dioxide (57): white solid, 152-154 °C; 1H NMR (400 MHz, CDCl3): δ 2.24 (s, 3H, CH3), 5.60 

(s, 2H, CH2), 5.81 (s, 1H, CH=), 7.52-7.55 (m, 2H, Ar), 7.69-7.72 (m, 2H, Ar), 8.20 (s, 1H, Ar-

triazole). 13C NMR (101 MHz, CDCl3): δ 20.6 (CH3), 61.2 (CH2), 95.5 (CH=, acesulfame), 

121.9 (2 x Ar), 123.2 (Ar-triazole), 130.1 (2 x Ar), 135.0 (2 x Ar), 135.1 (Ar), 141.5 (Ar-

triazole), 168.8 (C=N), 169.3 (COSO2). 

 

 

4-((1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-6-methyl-1,2,3-oxathiazine 2,2-

dioxide (58): white solid, 168-170 °C; 1H NMR (400 MHz, CDCl3): δ 2.25 (d, J = 0.7 Hz, 3H, 

CH3), 5.60 (s, 2H, CH2), 5.81 (d, J = 0.8 Hz, 1H, CH=), 7.63-7.66 (m, 2H, Ar), 7.68-7.71 (m, 

2H, Ar), 8.20 (s, 1H, Ar-triazole). 13C NMR (101 MHz, CDCl3): δ 20.6 (CH3), 61.2 (CH2), 95.5 

(CH=, acesulfame), 122.1 (2 x Ar), 123.0 (Ar-triazole), 123.2 (Ar), 133.1 (2 x Ar), 135.6 (Ar), 

141.6 (Ar-triazole), 168.8 (C=N), 169.3 (COSO2). 

 

 

4-((1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methoxy)-6-methyl-1,2,3-oxathiazine 2,2-

dioxide (59): white solid, 138-140 °C; 1H NMR (400 MHz, CDCl3): δ 2.24 (d, J = 0.7 Hz, 3H, 

OCH3), 3.88 (s, 3H, CH3) 5.85 (s, 2H, CH2), 5.81 (d, J = 0.8 Hz, 1H, CH=), 7.03-7.05 (m, 2H, 

Ar), 7.62-7.65 (m, 2H, Ar), 8.12 (s, 1H, Ar-triazole). 13C NMR (101, MHz, CDCl3): δ 20.6 

(CH3), 55.7 (CH3), 61.4 (CH2), 95.5 (CH=, acesulfame), 114.9 (2 x Ar), 122.4 (2 x Ar), 123.4 

(Ar-triazole), 130.1 (Ar), 135.6 (Ar), 141.0 (Ar-triazole), 168.9 (C=N), 169.2 (COSO2).  



89 

 

 

 

4-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)-6-methyl-1,2,3-oxathiazine 2,2-dioxide (60): 

white solid, 142-144 °C; 1H NMR (400 MHz, CDCl3): δ 2.13 (s, 3H, CH3), 5.39 (s, 2H, CH2), 

5.47 (s, 2H, CH2), 5.68 (s, 1H, CH=), 7.21-7.23 (m, 2H, Ar), 7.28-7.35 (m, 3H, Ar), 7.59 (s, 

1H, Ar-triazole). 13C NMR (101 MHz, CDCl3): δ 20.6 (CH3), 54.4 (CH3), 61.4 (CH2), 95.5 

(CH=, acesulfame), 124.8 (Ar-triazole), 128.2 (2 x Ar), 129.0 (Ar), 129.3 (2 x Ar), 134.1 (Ar), 

140.9 (Ar-triazole), 168.8 (C=N), 169.1 (COSO2). 

 

HPLC analysis of the derivatives 1-60 
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3.5.4. Enzyme inhibition assays 

An Applied Photophysics stopped-flow instrument was used for assaying the CA-catalysed CO2 

hydration activity [126]. Phenol red, at a concentration of 0.2 mM, was used as an indicator, 

working at the maximum absorbance of 557 nm with 20 mM Hepes, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, (pH 7.5 for α-CAs) as buffer and 20 mM Na2SO4 (for 

maintaining constant the ionic strength, but without inhibiting the enzyme). The initial rates of 

the CA-catalysed CO2 hydration reaction were followed 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 

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

same manner and subtracted from the total observed ones. Stock solutions of each inhibitor (0.1 

mM) were prepared in distilled−deionized water and dilutions up to 0.01 nM were done 

thereafter with distilled−deionized water. Inhibitor and enzyme solutions were preincubated 

together for 15 min at room temperature prior to assay to allow for the formation of the E−I 

complex. The inhibition constants were obtained by nonlinear least-squares methods using the 

Cheng-Prusoff equation and represent the mean from at least three different determinations. 
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Errors were in the range of ± 5−10% of the reported KI values. Human CA isoforms were 

recombinant enzymes obtained in-house as reported earlier [148–150]. The enzyme 

concentrations in the assay system were as follows: hCA I, 13.2 nM; hCA II, 8.4 nM; hCA IX, 

7.9 nM; hCA XII, 15.2 nM. 

 

3.5.5. Molecular modelling studies 

The crystal structures of hCA IX (pdb 5DVX) [80] and hCA XII (pdb 1JCZ) [22] were prepared 

using the Protein Preparation Wizard tool implemented in Maestro - Schrödinger suite, 

assigning bond orders, adding hydrogens, deleting water molecules, and optimizing H-bonding 

networks [151]. Energy minimization protocol with a root mean square deviation (RMSD) 

value of 0.30 was applied using an Optimized Potentials for Liquid Simulation (OPLS3e) force 

field. 3D ligand structures were prepared by Maestro [151a] and evaluated for their ionization 

states at pH 7.4 ± 0.5 with Epik [151b]. OPLS3e force field in Macromodel [151e] was used 

for energy minimization for a maximum number of 2500 conjugate gradient iteration and 

setting a convergence criterion of 0.05 kcal mol-1Å-1. The centroid of the zinc-bound water 

molecule was selected as grid center and Glide used with default settings. Ligands were docked 

with the standard precision mode (SP) of Glide [151e] and the best 5 poses of each molecule 

retained as output. The best pose for each compound to CA IX and CA XII, evaluated in terms 

of anchorage, hydrogen bond interactions and hydrophobic contacts, was submitted to a MD 

simulation using Desmond and the OPL3e force field. Specifically, the system was solvated in 

an orthorhombic box using TIP4PEW water molecules, extended 15 Å away from any protein 

atom. It was neutralized adding chlorine and sodium ions. The simulation protocol included a 

starting relaxation step followed by a final production phase of 100 ns. In particular, the 

relaxation step comprised the following: (a) a stage of 100 ps at 10 K retaining the harmonic 

restraints on the solute heavy atoms (force constant of 50.0 kcal mol−1 Å−2) using the NPT 

ensemble with Brownian dynamics; (b) a stage of 12 ps at 10 K with harmonic restraints on the 

solute heavy atoms (force constant of 50.0 kcal mol−1 Å−2), using the NVT ensemble and 

Berendsen thermostat; (c) a stage of 12 ps at 10 K and 1 atm, retaining the harmonic restraints 

and using the NPT ensemble and Berendsen thermostat and barostat; (f) a stage of 12 ps at 300 

K and 1 atm, retaining the harmonic restraints and using the NPT ensemble and Berendsen 

thermostat and barostat; (g) a final 24 ps stage at 300 K and 1 atm without harmonic restraints, 

using the NPT Berendsen thermostat and barostat. The final production phase of MD was run 

using a canonical NPT Berendsen ensemble at temperature 300 K. During the MD simulation, 
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a time step of 2 fs was used while constraining the bond lengths of hydrogen atoms with the M-

SHAKE algorithm. The atomic coordinates of the system were saved every 100 ps along the 

MD trajectory. Protein and ligand RMSD values, ligand torsions evolution and occupancy of 

intermolecular hydrogen bonds and hydrophobic contacts were computed along the production 

phase of the MD simulation with the Simulation Interaction Diagram tools implemented in 

Maestro. 

 

 

Figure 3.7. Replacement of the benzyl moiety of 2 and 46 with a phenyl ring (to give 29 and 41, respectively) 

within the ligand/target complexes found by docking. Compound 29 in the active site of A) hCA IX and B) hCA 

XII; compound 41 in the active site of C) CA IX and D) CA XII. All graphical representations point out significant 

protein-ligand clashes. 
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Figure 3.8. Representation of the hCA IX predicted binding mode of 2 and 51 in hCA I and hCA II after isoforms 

overlay. (A) 2-CA I, (B) 2-CA II, (C) 51-CA I and (D) 51-CA II. All graphical representations point out significant 

protein-ligand clashes. 
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Section II. 

Development of novel ligands targeting human tyrosinase 

and tyrosinase related protein 1 
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1. Introduction to human tyrosinase and tyrosinase related 

proteins 

1.1. Structural features and functions of human tyrosinase and tyrosinase 

related proteins 

Tyrosinases (TYRs) are type three copper proteins [152], largely spread in the biosphere 

[153,154], possessing monooxygenase and oxidase activity that leads to the formation of o-

quinone derivatives from the corresponding monophenols and o-diphenols derivatives (Figure 

1.1) [155].  

 

 

Figure 1.1. Schematic representation of the monooxygenase and oxidase activity of TYR. 

 

These enzymes are involved in the rate limiting step of melanin biosynthesis, called 

melanogenesis, catalysing the conversion of L-tyrosine (monophenol) to L-dopaquinone [156], 

the precursor of melanin pigments [157]. 

In humans, melanogenesis is related to the function of the TYR protein family that includes 

Tyrosinase related proteins 1 and 2 (TYRP1 and TYRP2), as well as human TYR (hTYR) [153]. 

These melanogenic proteins are located in melanosomes, organelles contained in the 

melanocytes found in the skin and hair  [152,156]. These proteins are codified by three separate 

genes, 40% of amino acid sequence identity and 70% of amino acid homology [158].  

They are single transmembrane proteins containing metals in their active sites and sharing the 

same structural features: N-terminal signal peptide, a single transmembrane α-helix, a small 

flexible C-terminal cytoplasmatic domain and a large intra melanosome domain. The 

transmembrane domain is responsible for the anchoring to the melanosome membrane. The 

intra-melanosome domain contains a cysteine (Cys)-rich subdomain (unique in mammalian 

TYR and TYRPs) and a catalytic TYR subdomain containing the binuclear metal binding sites 
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[152,159] bound to O2, forming a peroxide bridge [160,161], and coordinating two sets of 

conserved histidine residues (Figure 1.2) [152,159].  

 

 

Figure 1.2. Structures of the human melogenic proteins hTYR, TYRP1 and TYRP2 based on the crystal 

structural model of TYRP1. Copper and zinc ions (A and B) are represented as yellow and orange spheres[152]. 

 

The type of ions differs among these three proteins as it consists of copper atoms for hTYR 

[162] and zinc atoms for TYRPs [163,164]. This is the reason of the distinct catalytic functions 

of the three enzymes in melanogenesis [153]: the redox properties of the two copper ions, 

usually identified as CuA and CuB in hTYR [165], contribute to its oxidation reactions 

(monooxygenase and oxidase activity), whereas the redox lacking properties of the two zinc 

ions in TYRP2 contributes to its isomerization reaction [159]. TYRP2 gene is related to the 

dopachrome tautomerase, a protein involved in the conversion of dopachrome to 5,6-

dihydroxyindole-2-carboxylic acid (DHICA) [166,167]. It has been suggested that TYRP1 

could be involved in melanogenesis oxidation reactions, although recent studies [153,168] and 

the identification of its crystal structure have refuted this hypothesis [169]. Thus, its mechanism 

of action remains under debate, although the consequences of mutations in TYRP1 gene suggest 

a significant role of this protein in melanogenesis [153,169,170]. Interestingly, TYRP1 binds 

typical hTYR substrates through a quite similar ligand coordination pattern, suggesting a certain 

conservation of the active site [152]. 
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hTYR is the only melogenic protein possessing an established mechanism of action in vivo 

[171] and though Lai et al succeeded in the recombinant production of the intra-melanosome 

hTYR [172], its crystal structure has not been identified [152]. Its unique catalytic mechanism 

has been briefly described, focusing on its monooxygenase and oxidase activity, which leads to 

formation of L-DOPA [156], disproving the common claim that L-DOPA is synthesised as an 

oxidative intermediate of L-Tyrosine [156]. hTYR is found in four diverse oxidation states that 

determine its monooxygenase and oxidase activities, that arise from the binding of O2 to the Cu 

atoms located in the active site [153]: 

• the met-state: represents the resting and stable form of hTYR that enables the oxidation 

of catechols to o-quinone; the hydroxyl ion is bound to two Cu(II) ions; 

• the deoxy-state: enables the binding of O2 restoring the active form; the copper ions are 

reduced to Cu(I); 

• the oxy-state:  represents the active form of hTYR, that enables the oxidation of 

monophenols through its monooxygenase activity and cathecols to o-quinone through 

its oxidase activity; O2 is held in place in a peroxyl form by two Cu(II) ions 

• the deact-state: the copper atoms are reduced to Cu0,  represents the inactive form of 

hTYR; the copper atoms are reduced to Cu0 (Figure 1.3) [154,156,173,174]. 

 

 

Figure 1.3. Schematic representation of the four oxidation states of hTYR. 

 

The oxidation of L-Tyrosine to L-dopaquinone, i.e. the first step of melanogenesis, occurs in 

the oxy-state of hTYR. It has been suggested that the oxygen of the phenol binds to Cu followed 
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by the electrophilic monooxygenation of the ring. This leads to a structure that, binding both 

the Cu(I), undergoes a homolytic dissociation yielding the L-dopaquinone and the deoxy-form 

of the enzyme that, after binding the O2, restores the oxy-form (Figure 1.4).  

 

 

Figure 1.4.  Schematic representation of the mechanism of hTYR monooxygenase activity. 

 

The described mechanism represents the monooxygenase activity through which hTYR 

catalyses the conversion of L-Tyrosine to L-dopaquinone [156]. It does not include the 

formation of L-DOPA intermediate, as sometimes reported in literature [175,176], that occurs 

through a non-enzymatic mechanism [156]: proceeding in the synthesis of melanin pigments, 

as soon as L-dopaquinone is produced, it undergoes the intramolecular addition of the amino 

group yielding cyclodopa (leucodopachrome). The redox exchange among cyclodopa and 

dopaquinone leads to the formation of dopachrome and L-DOPA. Thus, L-DOPA is formed in 

this step during melanogenesis (Figure 1.5). It is then oxidized to L-dopaquinone by the oxy-

form (oxidase activity) or the met-form of the enzyme [156]. 
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Figure 1.5. Synthesis of L-DOPA through a non-catalytic reaction during melanogenesis. 

 

Dopachrome, formed in the same step of L-DOPA, is then converted to either 5,6-

dihydroxyindole (DHI) through a spontaneous decarboxylation [159] or to DHICA in presence 

of TYRP1 [157]. The ratio DHI/DHICA depends on the amount of TYRP2 in melanosomes 

[177] and since DHI seems to be more unstable than DHICA, it has been suggested that this 

enzyme could protect melanocytes from the cytotoxic effects of DHI [159].  

These dihydroxy indoles are oxidized to form eumelanin, the black-brown pigment. However, 

if cysteine is presents in the environment, dopaquinone rapidly reacts to cysteine to give 5-

Scysteinyldopas that are oxidized to give benzothiazine intermediates producing pheomelanin, 

the yellow-red soluble pigments [157,178]. 

The amount of melanin formed is proportional to dopaquinone production, that is in turn 

proportional to hTYR and TYRPs activities [178]. Thus, this enzymatic and not enzymatic 

process, results in the synthesis of eumelanin and pheomelanin [157,178]. 

 

1.2. Tyrosinase and tyrosinase related protein 1: activators and inhibitors  

Since hTYR and TYRPs are involved in the rate-limiting step of melanogenesis, they have been 

recognized as therapeutic targets for the treatment of pigmentation related disorders [179,180]. 

The melanogenesis activators, being skin pigmentation agents, could be used for the treatment 

of vitiligo, characterised by the loss of the melanocyte functions. Some of these stimulators 

target the catalytic activity of hTYR, others can induce an increase and activation of TYRPs. 
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Most of these agents are still in the early phase of drug discovery, as they are often related to 

poor activity and severe side effects [181]. 

Always because of their role as skin pigmentation agents, melanogenesis inhibitors, are used 

for the treatment of melasma, actinic and senile lentigines and disorders related to an over 

production of melanin synthesis [180]. Even if a huge number of inhibitors have been identified 

to date[182], only a small amount of them have reached clinical application because of 

[183,184]: 

• their safety concerns [183,185];  

• their poor activity on hTYR [183–186]. 

Many hTYR inhibitors such as hydroquinone, arbutin, kojic acid, azelaic acid, L-ascorbic acid 

and ellagic acid, used for topical applications in clinical practice, are associated with several 

problems . Hydroquinone is mutagenic to mammalian cells and can cause several side effects. 

Arbutin, a prodrug of hydroquinone, is unstable and it can release hydroquinone, catabolized to 

benzene metabolites known to possess potential toxicity for bone marrow. Kojic acid is 

supposed to be carcinogenic and unstable during storage. L-Ascorbic acid is sensitive to heat 

thus it degrades easily and ellagic acid is insoluble and poorly bioavailable (Figure 1.6) [187].  

 

 

Figure 1.6. Structures of TYR inhibitors. 

 

Since the recombinant production of intra-melanosome hTYR has become available only in 

recent years[172], the in vitro assays to determine the IC50 of potential hTYR inhibitors have 

usually been performed on mushroom Tyrosinase from Agaricus bisporus (mTYR) 

[182,188,189], even though there are several differences among mTYR and hTYR, which share 

only 23% of their identity [190]. Thus, a lot of mTYR inhibitors become around 10-fold less 
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potent or even inactive against hTYR [186]. Precisely, Kojic acid exhibits 10-fold higher 

activity on mTYR (IC50 of 53.70 μM) than hTYR (IC50 of 571.17 μM) and other inhibitors such 

as phenylthiourea, L-mimosine, cinnamic acid, benzoic acid, and aesculetin exhibits significant 

differences in the inhibitory activities on mTYR and hTYR. Aesculetin, another potent mTYR 

inhibitor, possesses no detectable inhibitory activity against hTYR [190]. Compounds 

possessing a promising inhibitory activity on hTYR are found to be the  and  derivatives of 

thujaplicins possessing the IC50 values of 8.98 and 1.15 µM, respectively [191]; linderanolide 

B and subamolide A able to reduce the 50% of hTYR activity at a dose of 1 µM after 48 h of 

treatment[192] and 4-butyl resorcinol possessing an IC50 of 21 µM and a complete inhibition at 

100 µM and its derivatives (Figure 1.7) [185]. Particularly, topical products containing 4-butyl 

resorcinol resulted efficacious on age spots, melasma and facial hyperpigmentation [193]. 

 

 

Figure 1.7. Structures of hTYR inhibitors. 

 

Recently, Mann et al conducted a screening of 50 thousand compounds on a recombinant 

hTYR, constructed from human embryonic kidney (HEK-293) [194], identifying thiazolyl 

resorcinol as the most promising class (resorcinol is a redundant scaffold in TYR inhibitors, 

e.g., 4-butylresorcinol) [183,195]. After a lead optimization, aimed at increasing the physical-

chemical properties, they identified Thiamidol™ or isobutylamido thiazolyl resorcinol (IC50 = 

1.1 µM, Ki = 0.25 M for competitive inhibition) as the most potent derivative (Figure 1.8) 

[183,184]. 
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Figure 1.8. Structure of the novel hit compound Thiamidol™. 

 

The modelling studies of Thiamidol™ revealed that one of the hydroxyl group of the aromatic 

ring interacts with the di-copper centre, the second one forms hydrogen bonds with the side 

chain of S380, that seems to be involved in the monophenolase activity of hTY. The thiazolyl 

ring is held in place through hydrophobic interactions in the nonpolar pocket, formed by the 

side chains of amino acids (Figure 1.9) [183]. Similar docking results have also been obtained 

using the X-ray structure of TYRP1 [183], suggesting a certain homology among these proteins 

(in TYRP1 Ser380 corresponds to Ser394) [164].   

 

 

Figure 1.9. Schematic representation of the interactions of Thiamidol in the hTYR active site [183]. 

 

Conversely, Thiamidol™ has resulted to be a poor inhibitor of mTYR (IC50 = 108 M), as also 

proved by the docking studies, since S380 is not present in the TYR from lower species and the 

amino acids of the nonpolar pocket differ from each other [169,183]. 

Interestingly, when comparing the inhibitory profile of some traditional hTYR inhibitors as 

hydroquinone, arbutin and kojic acid to Thiamidol™ on hTYR, the same authors found that the 

novel identified compound is the most potent [179,183]. Thus, it has been selected for clinical 

studies, were it has demonstrated a strong pigmentation reduction [183] and it has been 

approved as a topic product for the treatment of hyperpigmentation related disorders [196,197]. 
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1.3. Tyrosinase and tyrosinase related protein 1: melanoma specific antigens 

Being involved in the rate limiting step of melanogenesis, hTYR is an established target for the 

treatment of melanin disorders [179,180]. Although the research of novel compounds is 

challenging for the reasons previously reported, recent findings suggest that the large scale of 

hTYR [172] and the solved structure of TYRP1 [164], could support the design and 

development of novel inhibitors. 

hTYR has been emerging as a potential target for melanoma,  because its expression increases 

during tumorigenesis [177] and its localization is almost confined to the surface of melanoma 

lesions [198,199], as proved by several studies based on immunostaining [200] and fluorescent 

imaging [201] of the enzyme in the tumour site and on the tissue specific conversion of 

prodrugs[202]. Moreover, primary and secondary metastatic melanoma lesions are related to 

changes in tyrosinase-mediated pigmentation [203,204]. Several studies  also reported 

successful results in treating melanoma based on the activation of a T-lymphocyte-mediated 

response, using hTYR as tumour associated antigen [205,206].  

Similarly to hTYR, TYRP1 is also largely detectable and stable in melanoma progression 

[170,207,208]:  TA99, a murine IgG2a anti-TYRP1 mAb, succeeded in  localizing TYRP1 in 

subcutaneous melanoma xenograft [209] and in vivo [210] and a recent study succeeded in 

evaluating the efficient antitumor activity of a recombinant IgG1 mAb targeting TYRP1 [211]. 

Particularly noteworthy are the results obtained from the Protein Atlas that suggest that the 

expression of hTYR and TYRP1 is confined to the surface of melanoma lesions being poorly 

detectable in a limited set of healthy tissues, such as skin, eyes and hairs (Figure 1.10, antigens 

stained in black). 
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Figure 1.10. Selective expression of hTYR (on the top) and TYRP1 (on the bottom) in melanoma (red outline). 
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1.4. The aim of the project 

hTYR and TYRP1 can be considered melanoma specific antigens due their limited confinement 

and upregulation on the surface of melanoma lesions [177]  and as such are ideal targets for 

tumour targeting applications. Particularly, small molecule ligands could serve as suitable 

vehicles of chemical moieties for the selective targeting of hTYR and TYRP1, not affecting 

other tissues [212,213]: their use in drug delivery has been emerging over the last decades for 

their deeper tissue penetration, faster pharmacokinetics, and lower immunogenicity [214,215].  

Thus, the aim of this project was to develop and evaluated small molecule ligands specific to 

hTYR and TYRP1 and suitable for the tumour targeting applications. The project was conduct 

using previously collected data elaborated from the DNA encoded chemical libraries (DELs, 

particularly GB-DEL [216]), novel technologies aimed at the de novo lead compounds 

identification [217], and the multivalent approach applied to an alkyne derivative of 

Thiamidol™, a novel identified inhibitor of hTYR, approved for the treatment of irregular 

pigmentation of the skin [183,184,196,197]. 
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These two Chapters are part of the paper “Discovery, affinity maturation and multimerization 

of small molecule ligands against human Tyrosinase and Tyrosinase related protein 1” by M. 

Catalano, G. Bassi, G. Rotondi, L. Khettabi, M. Dichiara, P. Murer, J. Scheuermann, M. Soler-

Lopez, D. Neri. Submitted and accepted by RSC Medicinal Chemistry. 
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2. Development of small molecule ligands from DNA encoded 

chemical libraries 

DELs technologies are large collections of organic molecules covalently linked to DNA 

fragments, serving as carrier for the ligand identity [218], aimed at in vitro screening and 

selection of novel ligands [219]. They can be distinguished as:  

• single strand (SS) libraries: compounds are attached to one DNA fragment, sometimes 

through a central scaffold; 

• dual strand (DS) libraries: compounds are coupled to the extremity of the 

complementary strands of the DNA [219]. 

The development of DNA encoded chemical libraries usually occurs using split and pool 

synthesis [217]. Briefly, the first step consists in the coupling of a first set of building blocks 

(BBs) to short encoding DNA fragments. The so-obtained products are thus pooled and split in 

vessels, the second BBs added and reacted (one BB for each vessel) and then encoded to the 

proper DNA tag. These synthetic and encoding steps are repeated based on the number of BBs 

used in the library. Then, the last encoding step is pooled to yield the DNA encoded chemical 

library [214]. These technologies involve the creation of libraries containing millions of 

compounds [217] that are usually screened through affinity capture procedures on a target 

protein of interest, immobilized on a solid support [220,221]: molecules able to interact with 

the target protein are retained on the solid support, amplified through PCR of DNA barcodes 

and then decoded using high-throughput DNA sequencing [219]. The data from the library 

selections can be represented and evaluated on suitable plots, called fingerprints, that report the 

relative enrichment for each member able to interact with the protein of interest. Then, the best 

identified combinations are synthesized and validated as suitable ligands for the protein of 

interest (hit validation) to confirm the results of the libraries [219]. 

 

2.1. Design of small molecule ligands from DNA encoded chemical libraries 

The data for the design of these novel compounds were elaborated from GB-DEL, recently 

developed in the Research Group of Prof. Dario Neri [216].  

Briefly, this library was constructed using a derivative of the glutamic acid bearing two sets of 

building blocks (BBs), amines and carboxylic acids or alkynes, respectively. It contains 

366’600 encoded compounds [216].  
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The description and the results of the selections, obtained after screening the GB-DEL on 

biotinylated hTYR and TYRP1, previously coated on streptavidin magnetic beads, are shown 

on the bi- and tri-dimensional plots (Figure 2.1 and Figure 2.2).  

Figure 2.1 and Figure 2.2 indicate that the best combination is the combination of A26 and 

B389 because these BBs, besides describing persistent and continuous lines, form an enriched 

cross or combination, that in DEL technology stands for the preferential binding to the proteins. 

Interestingly, these BBs were simultaneously selected on both hTYR and TYRP1, revealing 

comparable and reproducible fingerprints and suggesting a certain conservation of their active 

sites. 

 

  

Figure 2.1. Results from the selections performed on hTYR. 

 

 

Figure 2.2. Results from the selections on TYRP1. 

 

Thus, based on these promising results, the glutamic acid based-compounds bearing the A26 

and B389 (Figure 2.3), in the L and D isomeric form, were synthesized and then evaluated as 

inhibitors and binders of hTYR and TYRP1, using pure preparations of these proteins. The 

inhibitory profile was determined through the determination of the IC50 that requires the 

compound as it is avoiding structural modifications and the binding profile through the 
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determination of the dissociation constant (Kd) that could require modifications on the scaffold, 

suitable for the insertion of fluorescein moieties (e.g., fluorescein isothiocyanate, fluorescein-

5-maleimide) [222,223]. 

 

 

Figure 2.3. Chemical structures of A26 and B389 identified after selections on hTYR and TYRP1. 

 

2.2. Chemistry  

Compounds L/D-Gln-A26-B389 were synthesized employing standard solid phase synthesis 

(SPPS) starting from the commercially available Rink amide resin.  

Briefly, the Rink amide resin was coupled to Fmoc-L-glutamic acid 5-allyl ester or Fmoc-D-

glutamic acid 5-allyl ester in presence of HATU and DIPEA. After the O-allyl deprotection 

using Pd(PPh3)4 and PhSiH3, the resin was coupled to the proper amine, A26,  and, after the 

Fmoc deprotection, to the 2-(4-(dimethylamino)phenyl)acetic, B389 (Scheme 2.1). The  

resulting compounds were cleaved from the resin and purified over a reverse phase high-

performance liquid chromatography (RP-HPLC). 
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Scheme 2.1. Synthetic procedure of compounds L/D-Gln-A26-B389. 

 

Compounds L/D-Lys-Gln-A26-B389 were synthesized employing standard solid phase 

synthesis (SPPS), starting from the commercially available FmocLys(Boc)-Wang resin that was 

selected since it contains the suitable amino group for the coupling to the fluorescein 

isothiocyanate (FITC).  

Briefly, FmocLys(Boc)-Wang resin, pre-treated with a 20% solution of piperidine in DMF to 

remove the Fmoc group, was coupled to Fmoc-L-glutamic acid 5-allyl ester or Fmoc-D-

glutamic acid 5-allyl ester in presence of HATU and DIPEA. After the O-allyl deprotection 

using Pd(PPh3)4 and PhSiH3, the resin was coupled to the (2-(pyrrolidin-1-

yl)phenyl)methanamine (A26) and, after the Fmoc deprotection, to the 2-(4-

(dimethylamino)phenyl)acetic (B389) (Scheme 2.2). The resulting compounds were cleaved 

from the resin and purified over RP-HPLC. Then, they were labelled incorporating fluorescein 

isothiocyanate (FITC). 
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Scheme 2.2. Synthetic procedure of compounds L/D-FI-Lys-Gln-A26-B389. 

 

2.3. Biological evaluation 

Compounds L/D-Gln-A26-B389 were evaluated as hTYR inhibitors. The enzymatic assay used 

was based on the L-DOPA oxidase activity of hTYR that involves the rapid capture and 

derivatization of the unstable L-dopaquinone with the suitable substrate. Precisely, in case of 

partial or total inhibition of the protein, L-DOPA, used as hTYR substrate, leads to the 

formation of L-dopaquinone that, as it reacts to MBTH which is used as colorimetric compound, 

yields a UV-visible product measurable at 490-510 nm. The intensity of the colour is a measure 

of the inhibitory profile of the tested compounds [224,225]. The results, given as a function of 

time and optical density (OD) are reported in Figure 2.4. 
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The fluorescein compounds L/D-FI-Lys-Gln-A26-B389 were evaluated as TYRP1 binders in 

FP. The compounds, at a fixed concentration, were titrated and incubated using increasing 

concentration of TYRP1 to determine their binding profile, through the increase of the 

fluorescence anisotropy (FA). The results, given as functions of protein concentration and  FA, 

are reported in Figure 2.5. 

 

2.4. Results and discussion 

Based on the results obtained from GB-DEL [216], L/D-Gln-A26-B389 and L/D-FI-Lys-Gln-

A26-B389 were synthesized in SPPS and their inhibitory activity and binding profile was 

determined through the enzymatic assay and FP.  

Briefly, to determine if a compound is able to inhibit the enzyme at an established 

concentration, its line slope, reported on a suitable plot, should be evaluated: a flat line indicates 

that no activity is detectable and that the tested compound is inhibiting the enzyme at that 

concentration.  

Thus, the typical plot that an inhibitor should possess is reported:  the line slopes of the 4-butyl-

resorcinol [185] at a concentration of 100 M and 500 M result flats because the enzyme is 

completely inhibited. However, with a decrease in concentration the slope increases, showing 

the biggest slope in the absence of 4-butyl-resorcinol. Subsequently, plotting the slopes to the 

4-butyl-resorcinol concentration, the IC50 was determined (Figure 2.3).  

 

 

Figure 2.3. Inhibitory profile and IC50 of 4-butyl-resorcinol on hTYR. 

 

Before determining the IC50 value of a compound, it is good practice to discriminate inhibitors 

in the single digit M IC50 range. Thus, the first enzymatic assay was performed using the 

concentration of 50 M at pH = 6.8 for the hit compounds.  As shown by the plots (Figure 2.4), 
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none of the tested compounds possessed a significant inhibition in these conditions, apart from 

the 4-butyl-resorcinol, used as positive control.  

 

 

Figure 2.4. Inhibitory profile of compounds L/D-Gln-A26-B389 on hTYR. 

 

The typical plot of a binder should produce a sigmoidal curve that starts from the baseline for 

free ligand and rises to a plateau (highest polarisation value) that corresponds to the complete 

binding of the ligand to the protein [222]. As shown in the FP plot (Figure 2.5), the selected 

compounds do not saturate TYRP1, even at higher concentration of the protein, suggesting that 

they could result in a micromolar binding. 

 

 

Figure 2.5. Binding profile of the L/D-FI-Lys-Gln-A26-B389 on TYRP1. 

 

2.5. Conclusions 

The synthesis and in vitro biological assays of the novel hit compounds from the GB-DEL, 

were reported. Surprisingly, regardless of  the promising and consistent results obtained from 

the selections performed on hTYR and TYRP1 [216], these compounds were proven to act in 

the micromolar range. 
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2.6. Experimental section 

2.6.1 General 

High-Resolution Mass Spectrometry (HRMS) spectra and analytical Reversed-Phase Ultra 

Perfor- mance Liquid Chromatography (UPLC) were recorded on a Waters Xevo G2-XS QTOF 

coupled to a Waters Acquity UPLC H-Class System with PDA UV detector, using a ACQUITY 

UPLC BEH C18 Column, 130 Å, 1.7 μm, 2.1 mm × 50 mm at a flow rate of 0.6 ml/min with 

linear gradients of solvents A and B (A = Millipore water with 0.1% FA, B = MeCN with 0.1% 

FA). Preparative re-versed-phase high-pressure liquid chromatography (RP-HPLC) were 

performed on a Waters Alliance HT RP-HPLC with PDA UV detector, using a Synergi 4μm, 

Polar-RP 80Å 10 × 150 mm C18 column at a flow rate of 4 ml/min with linear gradients of 

solvents A and B (A = Millipore water with 0.1% TFA, B = MeCN with 0.1% TFA). Proton 

(1H) nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV400 (400 MHz). 

Carbon (13C) NMR spectra were recorded on a Bruker AV400 (100 MHz) spectrometer. Shifts 

are given in ppm using residual solvent as the internal standard. Coupling constants (J) are 

reported in Hz with the following abbreviations used to indicate splitting: s = singlet, d = 

doublet, t = triplet, dd = doublet of doublets. 

All compounds and chemical reagents were obtained from Sigma-Aldrich, TCI Europe, 

Enamine or ABCR, and used without further purification. Peptide grade N,N-

dimethylformamide (DMF) for solid phase synthesis was bought from ABCR. H-Rink amide 

ChemMatrix® resin was purchased from Sigma Aldrich (Cat. Nr 727768-5G).  Fmoc-

Lys(Boc)-Wang resin, 200-400mesh was purchased from Bachem (Cat. Nr. 4003241.0005). 

495142-1g). 

 

2.6.1. Synthesis and characterization data  

 

 

(S)-2-(2-(4-(dimethylamino)phenyl)acetamido)-N1-(2-(pyrrolidin-1-

yl)benzyl)pentanediamide (L-Gln-A26-B389): commercially available Rink amide resin 

(0.02048 g, 0.1 mmol) was swollen in N,N-dimethylformamide (20 mL) for 2 h in a syringe 
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provided with a filter pad. A solution of Fmoc-L-glutamic acid 5-allyl ester (4.0 equiv., 0.4 

mmol), DIPEA (4.0 equiv., 0.4 mmol) and HATU (4.0 equiv., 0.4 mmol) in N,N-

dimethylformamide (4 mL) was added to the syringe, allowed to react for 16 h and washed with 

N,N-dimethylformamide (5 × 4 mL × 1 min). The O-allyl deprotection was performed using 

palladium-tetrakis(triphenylphosphine) (Pd(PPh3)4, 0.25 equiv., 0.025 mmol) and phenylsilane 

(PhSiH3, 24 equiv., 2.4 mmol) in dichloromethane (4 mL) for 2 h. After washing with 

dichloromethane (5 × 4 mL × 1 min) and N,N-dimethylformamide (5 × 4 mL × 1 min), a solution 

of (2-(pyrrolidin-1-yl)phenyl)methanamine (4 equiv., 0.4 mmol), DIPEA (8 equiv., 0.8 mmol) 

and HATU (4.0 equiv., 0.4 mmol) in N,N-dimethylformamide  (4 mL) was added to the syringe 

and allowed to react for 16 h and washed with N,N-dimethylformamide (5 × 4 mL × 1 min). 

The Fmoc group was removed using a solution of 20% piperidine in N,N-dimethylformamide 

for 20 min and then washed with N,N-dimethylformamide (5 × 4 mL × 1 min). The coupling to 

the 2-(4-(dimethylamino)phenyl)acetic (4 equiv., 0.4 mmol) was performed using the same 

conditions reported before. After washing with N,N-dimethylformamide (5 × 4 mL × 1 min) 

the resin was cleaved using a solution of TFA:TIPS:mqH2O (95:2.5:2.5, v:v) for 1 h at room 

temperature. The so-obtained solution was collected in a round-bottom flask, dried under 

vacuum and purified over a RP HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% 

over 14 min). After lyophilization the final compound was collected as a white solid; 1H-NMR 

(400 MHz, DMSO-d6) δ 1.75-1.88 (m, 1H), 1.88-1.93 (m, 4H), 1.93-1.99 (m, 1H), 2.12 (dd, J 

= 8.1, 6.2, 3.4 Hz, 2H), 2.88-2.91 (m, 6H), 3.11 (td, J = 8.8, 2.6 Hz, 4H), 3.39 (s, 2H), 4.27-

4.30 (m, 1H), 4.31 (d, J = 5.7 Hz, 2H), 6.69 (dd, J = 9.2, 2.4 Hz, 2H), 6.80 (s, 1H), 6.89 (t, J = 

7.4 Hz, 1H), 6.98 (d, J = 8.0 Hz, 1H), 7.12 (d, J = 8.7 Hz, 2H), 7.14-7.22 (m, 2H), 7.31 (s, 1H), 

8.12 (d, J = 8.0 Hz, 1H), 8.25 (t, J = 5.6 Hz, 1H). 13C-NMR (101, MH Z, DMSO-d6) δ 24.9 (2 

× CH2), 28.5 (CH2), 32.0 (CH2), 39.8 (2 × CH3), 40.8 (CH2), 41.7 (CH2), 51.5 (2 × CH2), 52.9 

(CH), 112.9 (2 × Ar), 116.8 (Ar), 120.8 (Ar), 124.3 (Ar), 127.7 (Ar), 128.7 (Ar), 129.8 (Ar), 

130.0 (2 × Ar), 148.6 (Ar), 149.6 (Ar), 171.3 (CONH2), 171.9 (CONH), 174.1 (CONH). 

 HRMS (ES) calculated for [M+H]+(m/z): 466.2813, found 466.2308. 
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(R)-2-(2-(4-(dimethylamino)phenyl)acetamido)-N1-(2-(pyrrolidin-1-

yl)benzyl)pentanediamide (D-Gln-A26-B389): commercially available Rink amide resin 

(0.02048 g, 0.1 mmol) was swollen in N,N-dimethylformamide (20 mL) for 2 h in a syringe 

provided with a filter pad. A solution of Fmoc-D-glutamic acid 5-allyl ester (4.0 equiv., 0.4 

mmol), DIPEA (4.0 equiv., 0.4 mmol) and HATU (4.0 equiv., 0.4 mmol) in N,N-

dimethylformamide (4 mL) was added to the syringe, allowed to react for 16 h and washed with 

N,N-dimethylformamide (5 × 4 mL × 1 min). The O-allyl deprotection was performed using 

palladium-tetrakis(triphenylphosphine) (Pd(PPh3)4, 0.25 equiv., 0.025 mmol) and phenylsilane 

(PhSiH3, 24 equiv., 2.4 mmol) in dichloromethane (4 ml) for 2 h. After washing with 

dichloromethane (5 × 4 mL × 1 min) and N,N-dimethylformamide (5 × 4 mL × 1 min), a solution 

of (2-(pyrrolidin-1-yl)phenyl)methanamine (4 equiv., 0.4 mmol), DIPEA (8 equiv., 0.8 mmol) 

and HATU (4.0 equiv., 0.4 mmol) in N,N-dimethylformamide  (4 mL) was added to the syringe 

and allowed to react for 16 h and washed with N,N-dimethylformamide (5 × 4 mL × 1 min). 

The Fmoc group was removed using a solution of 20% piperidine in N,N-dimethylformamide 

for 20 min and then washed with N,N-dimethylformamide (5 × 4 mL × 1 min). Thus, the 

coupling to the 2-(4-(dimethylamino)phenyl)acetic (4 equiv., 0.4 mmol) was performed using 

the same conditions reported before. After washing with N,N-dimethylformamide (5 × 4 mL × 

1 min) the resin was cleaved using a solution of TFA:TIPS:mqH2O (95:2.5:2.5, v:v) for 1 h at 

room temperature. The so-obtained solution was collected in a round-bottom flask, dried under 

vacuum and purified over a RP HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% 

over 14 min). After lyophilization the final compound was collected as a white solid; 1H NMR 

(400 MHz, DMSO-d6) δ 1.76-1.84  (m, 1H, CH2), 1.89-1.92 (m, 4H, 2 × CH2), 1.94-1.99 (m, 

1H, CH2), 2.10-2.15 (m, 2H, CH2), 2.90 (s, 6H, 2 × CH3), 3.08-3.14 (m, 4H, 2 × CH2), 3.39 (s, 

2H, CH2), 4.27-4.29 (m, 1H, CH), 4.31 (d, J = 5.7 Hz, 2H, CH2), 6.68-6.71 (m, 2H, Ar), 6.80 

(s, 1H, CONH2), 6.87-6.91 (m,1H, Ar), 6.97-6.99 (m, 1H, Ar), 7.12 (d, J = 8.7 Hz, 2H, Ar), 

7.15-7.20 (m, 2H, Ar), 7.31(s, 1H, CONH2), 8.12 (d, J = 8.0 Hz, 1H, CONH), 8.25 (t, J = 5.6 

Hz, 1H, CONH); 13C NMR (101, MH Z, DMSO-d6) δ 24.9 (2 × CH2), 28.55 (CH2), 32.00 

(CH2), 39.8 (2 × CH3), 40.8 (CH2), 41.7 (CH2), 51.55 (2 × CH2), 52.9 (CH), 112.9 (2 × Ar), 
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116.8 (Ar), 120.85 (Ar), 124.3 (Ar), 127.70 (Ar), 128.7 (Ar), 129.8 (Ar), 130.0 (2 × Ar), 148.6 

(Ar), 149.6 (Ar), 171.3 (CONH2), 171.9 (CONH), 174.1 (CONH). 

 HRMS (ES) calculated for [M+H]+ (m/z): 466.2813, found 466.2308. 

 

 

2-amino-6-((S)-4-(2-(4-(dimethylamino)phenyl)acetamido)-5-oxo-5-((2-(pyrrolidin-1-

yl)benzyl)amino)pentanamido)hexanoic acid (Lys-L-Gln-A26-B389): commercially 

available Fmoc-Lys(Boc)-Wang resin (0.25 mmol) was swollen in N,N-dimethylformamide (10 

mL) for 2 h inside a syringe provided with a filter pad. The Fmoc group was removed using a 

solution of 20% piperidine in N,N-dimethylformamide for 20 min and after washing the resin 

with N,N-dimethylformamide (5 × 10 mL × 1 min), a solution of Fmoc-L-glutamic acid 5-allyl 

ester (4.0 equiv., 1 mmol), DIPEA (8.0 equiv., 2 mmol) and HATU (4.0 equiv., 1 mmol) in 

N,N-dimethylformamide (10 mL) was added to the syringe, allowed to react for 16 h and 

washed with N,N-dimethylformamide (5 × 10 mL × 1 min). The O-allyl deprotection was 

performed using palladium-tetrakis(triphenylphosphine) (Pd(PPh3)4, 0.25 equiv., 0.0625 mmol) 

and phenylsilane (PhSiH3, 24 equiv., 6 mmol) in dichloromethane (20 ml) for 2 h. After 

washing with dichloromethane (5 × 10 mL × 1 min) and N,N-dimethylformamide (5 × 10 mL 

× 1 min) a solution of the (2-(pyrrolidin-1-yl)phenyl)methanamine (4 equiv., 1 mmol), DIPEA 

(8 equiv., 2 mmol) and HATU (4.0 equiv., 2 mmol) in N,N-dimethylformamide  (10 mL) was 

added to the syringe and allowed to react for 16 h. After washing with N,N-dimethylformamide 

(5 × 10 mL × 1 min) the Fmoc group was removed and the coupling  to the 2-(4-

(dimethylamino)phenyl)acetic acid (4 equiv., 1.0 mmol) was performed using the same 

conditions reported before. After washing with N,N-dimethylformamide (5 × 10 mL × 1 min) 

the resin was cleaved using a solution of TFA:TIPS:mqH2O (95:2.5:2.5, v:v) for 1 h at room 

temperature. The so-obtained solution was collected in a round-bottom flask, dried under  

vacuum and purified over a RP-HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 100% 

over 14 min). After lyophilization the final compound was collected as a white solid. 

HRMS (ES) calculated for [M+H]+ (m/z): 595.3603, found 595.3643. 
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FI-Lys-L-Gln-A26-B389: to a solution of Lys-L-Gln-A26-B389 (2.8 mg, 1 equiv.) in 

dimethyl sulfoxide (100 μL) was added DIPEA (20 μL) and a solution of commercially 

available fluorescein isothiocyanate (3.7 mg, 2.0 equiv.) in dimethyl sulfoxide (100 μL). After 

stirring for 30 min in the dark, the reaction was diluted with a solution of DMSO:mqH2O (1:1 

v:v,) and purified over a RP HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 100% 

over 14 min). The fractions containing the product, identified by mass spectrometry, were 

collected and then lyophilized to give the title compound as a yellow powder. 

HRMS (ES) calculated for [M+H]+ (m/z): 984.3961, found 984.3460.  

 

 

2-amino-6-((R)-4-(2-(4-(dimethylamino)phenyl)acetamido)-5-oxo-5-((2-(pyrrolidin-1-

yl)benzyl)amino)pentanamido)hexanoic acid (Lys-D-Gln-A26-B389): 

commercially available Fmoc-LysBoc-Wang resin (0.25 mmol) was swollen in N,N-

dimethylformamide (10 mL) for 2 h inside a syringe provided with a filter pad. The Fmoc group  

was removed using a solution of 20% piperidine in N,N-dimethylformamide for 20 min and 

after washing the resin with N,N-dimethylformamide (5 × 10 mL × 1 min), a solution of Fmoc-

D-glutamic acid 5-allyl ester (4.0 equiv., 1 mmol), DIPEA (8.0 equiv., 2 mmol) and HATU (4.0 

equiv., 1 mmol) in N,N-dimethylformamide (10 mL) was prepared, added to the syringe, 
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allowed to react for 16 h and washed with N,N-dimethylformamide (5 × 10 mL × 1 min). The 

O-allyl deprotection was performed using palladium-tetrakis(triphenylphosphine) (Pd(PPh3)4) 

(0.25 equiv., 0.0625 mmol) and phenylsilane (PhSiH3) (24 equiv., 6 mmol) in dichloromethane 

(20 ml) for 2 h. After washing with dichloromethane (5 × 10 mL × 1 min) and N,N-

dimethylformamide (5 × 10 mL × 1 min) a solution of the (2-(pyrrolidin-1-

yl)phenyl)methanamine (4 equiv., 1 mmol), DIPEA (8 equiv., 2 mmol) and HATU (4.0 equiv., 

2 mmol) in N,N-dimethylformamide  (10 mL) was added to the syringe and allowed to react for 

16 h. After washing with N,N-dimethylformamide (5 × 10 mL × 1 min) the Fmoc group was 

removed and the coupling to the 2-(4-(dimethylamino)phenyl)acetic (4 equiv., 1.0 mmol) 

performed using the same conditions reported before. After washing with N,N-

dimethylformamide (5 × 10 mL × 1 min) the resin was cleaved using a solution of 

TFA:TIPS:mqH2O (95:2.5:2.5, v:v) for 1 h at room temperature. The so-obtained solution was 

collected in a round-bottom flask, dried under vacuum and purified over a reversed-phase 

HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 100% over 14 min). After 

lyophilization the final compound was collected as a white solid. 

HRMS (ES) calculated for [M+H]+(m/z): 595.3603, found 595.3448. 

 

 

FI-Lys-D-Gln-A26-B389: to a solution of Lys-D-Gln-A26-B389 (3.3 mg, 1 equiv.) in 

dimethyl sulfoxide (100 μL) was added DIPEA (20 μL) and a solution of commercially 

available fluorescein isothiocyanate (4.3 mg, 2.0 equiv.) in dimethyl sulfoxide (100 μL).  

After stirring for 30 min in the dark, the reaction was diluted with a solution of DMSO:mqH2O 

(1:1 v:v) and purified over a reversed-phase HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. 

TFA to 100% over 14 min). The fractions containing the product identified by mass 

spectrometry, collected and then lyophilized to give the title compound as a yellow powder. 
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HRMS (ES) calculated for [M+H]+ (m/z): 984.3961, found 984.3598. 

 

2.6.3. Biological evaluation 

Enzymatic assay 

The enzymatic activity of Tyrosinase was measured at 25 °C following already described 

procedures using L-DOPA as substrate [224,225]. In 384-well microtiter clear plates (Greiner 

non-binding), a mixture of 1 mM L-DOPA, 4 mM MBTH, 200 nM human Tyrosinase and the 

inhibitor was prepared (final volume 30 L in PBS 1% DMSO, pH=6.8). The increase of the 

absorption at 490-510 nm, due to the formation of the L-dopaquinone-MBTH complex, was 

recorded using a Spectra Max Paradigm multimode plate reader (Molecular Devices) over 10 

minutes. Experiments were performed in duplicates and the values were fitted using Graphpad 

Prism software. The obtained OD values were plotted as a function of time. Linear regression 

 of the plotted points was performed. IC50 values were calculated fitting the obtained slope as 

function of the inhibitor concentration. 

 

Fluorescence polarization  

The dilution series were done in a non-binding black 384-well microplate (Greiner Bio On.). In 

a final volume of 30 μL, 50 nM of the fluorescein-conjugated ligand was incubated with a 1:1 

dilution series of TYRP1 in PBS pH 7.4 The fluorescence anisotropy was measured on a Spectra 

Max Paradigm multimode plate reader (Molecular Devices). Experiments were performed in 

triplicate and the anisotropy values fitted using Graphpad Prism software. 
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3. Development of multimeric ligands of Thiamidol™ 

The multivalent approach is a useful and promising tool to improve tumour targeting: it is based 

on multiple molecular recognition events that could occur among a multimeric ligand and the 

related protein and on the binding to transmembrane proteins [226], as hTYR and TYRP1. 

Particularly, multivalent ligands can bind to the proteins with improved potency possessing 

multiple copies of the pharmacophore or binder [227], thus leading to an increase in the total 

binding and a longer residence time in the tumour lesions compared to their monovalent 

counterpart, as proved from several investigations [228–233]. 

 

3.1. Design of multimeric ligands of Thiamidol™  

The design of multimeric ligands involved the use of a binder, able to interact with hTYR and 

TYRP1, and attached to multimeric structures of different valence.  

The pharmaophore selected for the conjugation was Thiamidol™, recently identified as novel 

and potent inhibitor of hTYR and TYRP1 [183] and approved for the treatment of 

hyperpigmentation related disorders [196,197]. Thiamidol™ was modified by inserting an 

hexynoic moiety in place of the isobutyl one on the amino group to enable further 

derivatizations based on a Cu-catalysed alkyne-azide cycloaddition (Figure 3.1). The choice of 

modifying this position was due to previous modelling studies that demonstrated that both the 

hydroxyl groups and the thiazolyl ring must be intact for an efficient inhibition of hTYR 

[183,184]. Despite this modification, the alkyne derivative still retains a proper IC50 value, even 

if this was slightly worse than its parent compound (Figure 1.18). These values were in 

accordance with previous measurements performed on a series of thiazolyl-resorcinol variants 

[184]. 
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Figure 3.1. Structural modification on Thiamidol™ and relative IC50 of the parent and novel compounds 

performed on hTYR. 

 

After the validation of the alkyne-Thiamidol™ as suitable binder, the monomeric and 

multimeric structures were designed and synthesised. Particularly, to improve the solubility, 

these structures were based on a peptidic charged structure, containing a terminal azide for the 

Cu-catalysed alkyne-azide cycloaddition to the Thiamidol™-alkyne. 

Initially, two bivalent ligands defined, for ease, as medium and long dimers, as well as 

theirmonomer counterpart were synthesised and evaluated to assess the contribution of the 

multivalent approach. Then, after determining that the multimeric ligands obtained an increased 

binding profile, the tetramer, bearing four molecules of Thiamidol™-alkyne, was synthesized 

and evaluated.  

The first part of the linker included the sequence cysteine (C)-caproic acid (C6)-aspartate (D)-

arginine (R)-aspartate (D) instead of the sequence CDRD, initially selected [231,234,235]. The 

insertion of the 6-aminocaproic acid resulted fundamental in avoiding the intra molecular 

elimination of the CD, that occurred spontaneously during the cleavage from the resin, and in 

retaining the C as first amino acid, particularly convenient for its reactivity to the thiol reagents, 

such as the fluorescein-5 maleimide used in these studies (Figure 3.2).  
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Figure 3.2. Schematic representation of the modification on the CDRD based sequence. 

 

Intriguingly, from the first coupling reactions, the synthesis of CDRD resulted dirty: each 

chromatogram, contained at least two main peaks, the desired product and a side product that 

corresponded to the expected mass minus 218. After performing the click reaction on the 

monomer, the chromatogram revealed, as usual, two main peaks close to each other not 

separable over the HPLC (Chromatogram 3.1).  

 

   

 

Chromatogram 3.1. Chromatogram of the CDRD-monomer after the Cu-catalysed alkyne-azide cycloaddition. 

 

Nonetheless, the last coupling to the fluorescein-5-maleimide was performed and the 

chromatogram revealed that the peak, correspondent to the desired product, reacted to the 

desired product  = - 218 
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fluorescein-5-maleimide but not the other one. Since fluorescein-5-maleimide had to react to 

the thiol group through the Michael addition, it meant that the product, that did not react, could 

not contain the cysteine (Chromatogram 3.2). It could be suggested that the side product could 

be the desired product lacking the first two amino acids. Hence, the decision of adding a 

molecule of 6-aminocaproic acid, that dramatically improved the yield of the total synthetic 

procedure.  

 

 

Chromatogram 3.2. Chromatogram of the FI-CDRD-monomer after fluorescein-5-maleimide reaction. 

 

The coupling of the lysine (Lys) to this C-C6-DRD based sequence enabled the dimerization 

and the synthesis of the medium and long dimers, that differ for a molecule of 6-aminocaproic 

acid, located between the Lys and the 5-azido pentanoic acid. This was the last component of 

the structures that provided the Cu-catalysed alkyne-azide cycloaddition to the Thiamidol™-

alkyne (Figure 3.3).  

 

desired product 
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Figure 3.3. Structures of the Monomer, medium_Dimer and long_Dimer. Each component is outlined in 

diverse colours: in red is reported the common based sequence; in blue the lysine, in purple the 6-aminocaproic 

acid, in green the 5-azido-pentanoic acid, in orange the triazole, that constitutes the junction site between the 

linker and the pharmacophore and in black the alkyne. 
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The tetramer was synthesized using the same procedure but by reacting another molecule of 

Lys resulting in four sites available for the further couplings to the 6-aminocaproic acid, the 5-

azido pentanoic acid, and the four molecules of Thiamidol™-alkyne (Figure 3.4). 

 

 

Figure 3.4. Structures of the Tetramer. Each component is outlined in diverse colours: in red is reported the 

common based sequence; in blue the lysine, in purple the 6-aminocaproic acid, in green the 5-azido-pentanoic 

acid, in orange the triazole, that constitutes the junction site between the linker and the pharmacophore and in 

black the alkyne. 

 

3.2. Chemistry  

The Thiamidol™-alkyne is not commercially available, so its synthesis was  optimized into a 

2-step procedure, despite the 4 steps of the published protocol [184].  

The first step consisted of the activation of the 5-hexynoic acid using oxalyl chloride, followed 

by a nucleophilic substitution between the commercially available 4-(2-aminothiazol-4-

yl)benzene-1,3-diol and the fresh chloride. Performing a selective substitution on the amino 

group was challenging due to the presence of the resorcinol moiety and, to overcome this issue, 
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an excess of chloride equivalents was used to obtain the tri-alkylated product that was then 

selectively hydrolysed using methylamine solution (Scheme 3.1). 

 

 

Scheme 3.1. Synthetic procedure of Thiamidol™-alkyne.  

 

After obtaining the Thiamidol™-alkyne, the Monomer, medium_Dimer, long_Dimer and the 

Tetramer were synthesized employing standard Fmoc-based solid phase peptide synthesis 

(SPPS) proceeding from the successive couplings of the chosen amino acids or the proper acid 

to the commercially available Cysteine-Wang resin in presence of HATU and DIPEA.  

Briefly, Cysteine-Wang resin, pre-treated with a 20% solution of piperidine in DMF in order to 

remove the Fmoc group, was coupled to Fmoc-6-aminocaproic acid, Fmoc-Asp(OtBu)-OH, 

Fmoc-Arg(Pbf)-OH and Fmoc-Asp(OtBu)-OH to obtain the based sequence C-C6-DRD 

(Scheme 3.2).  
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Scheme 3.2. Synthetic procedure for the based sequence CC6DRD. 

 

The resin was split for synthesizing each of the multimeric ligands.  

The Monomer was synthesized capping C-C6-DRD to the 5-azido pentanoic acid that then was 

clicked to the Thiamidol™-alkyne.  

After coupling the C-C6-DRD to the Fmoc-Lys(Fmoc)-OH, the resin was split again.  

The medium_Dimer was obtained capping the Lys-based peptide to the 5-azido pentanoic acid 

clicked to the Thiamidol™-alkyne.  

The long_Dimer was obtained coupling and then capping the Lys-based peptide to the Fmoc-

6-aminocaproic acid and to the 5-azido pentanoic acid clicked to the Thiamidol™-alkyne.  

The Cu-catalyzed alkyne-azide cycloaddition was performed in presence of CuI, sodium 

ascorbate, DIPEA, 2,6-lutidine and the Thiamidol™-alkyne (Scheme 3.3)[236]. 
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Scheme 3.3. Synthetic procedure of Monomer, medium_Dimer and long_Dimer. 

 

The Tetramer was obtained coupling and capping the Lys-based peptide to another Lys, Fmoc-

6aminocaproic acid and 5-azido pentanoic.  

The Cu-catalyzed alkyne-azide cycloaddition was performed using the same conditions 

reported before, adjusting the amount of Thiamidol™-alkyne (Scheme 3.4) [236].  
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Scheme 3.4. Synthetic procedure of Tetramer.  

 

After cleaving the resin and purifying the so-obtained compounds, they were labelled with 

fluorescein-5-maleimide yielding the final FI-Monomer, FI-medium_Dimer, FI-long_Dimer 

and FI-Tetramer (Scheme 3.5 and Scheme 3.6).  
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Scheme 3.5. Synthetic procedure of FI-Monomer, FI-medium_Dimer and FI-long_Dimer. 

 

Scheme 3.6. Synthetic procedure of FI-Tetramer. 
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The same procedure was also used for the synthesis of the negative control bearing the 5-

hexynoic acid in place of the Thiamidol™-alkyne. 

 

3.3. Biological evaluation 

FI-Monomer, FI-medium_Dimer, FI-long_Dimer and FI-Tetramer were evaluated as 

hTYR and TYRP1 binders employing a recently described Enzyme-linked immunosorbent 

assay (ELISA) [237], FP and Fluorescence-activated cell sorting (FACS). 

The ELISA involved the use of an IgG anti FITC able to react to the fluorescein moiety of the 

ligands. Precisely, after coating the proteins and incubating the compounds, the IgG anti FITC 

was added to bind to the fluorescein moiety of the ligands, if retained on the protein. This was 

then, in turn, bound to the protein A-horseradish peroxidase conjugate (pA-HRP) that is able to 

selectively recognize the Fc-region of the IgG anti FI, through the pA and to react, through the 

HRP, to the 3,3’,5,5’-Tetramethylbenzidine (TMB) that developed a blue coloration. The 

intensity of the colour is proportional to the amount of complex formed and to the concentration 

of ligands retained on the protein surface. After quenching the reaction, the plate was measured 

at 450 nm [237]. The results, given as function of ligand concentration and absorbance (Abs), 

are reported in Figure 3.5, Figure 3.6 and Figure 3.8 and Figure 3.9. 

The FI-Monomer was evaluated as hTYR and TYRP1 binder in FP. This compound, at a fixed 

concentration, was titrated and incubated using increasing concentration of hTYR and TYRP1. 

The results, given as function of protein concentration and FA, are reported in Figure 3.7. 

Then, the FACS analysis were set up using the B16-F10 melanoma cells as sources of the 

melanogenic enzymes. They were incubated with fluorescein-labelled compounds, washed to 

eliminate the non-binding residues and stained with an IgG anti FI labelled with Cy5-

fluorophore (Figure 3.10). 

 

3.4. Results and discussion 

Based on the proven statement that the multimerization can enhance the affinity and the potency 

of a pharmacophore, FI-Monomer, FI-medium_Dimer, FI-long_Dimer then FI-Tetramer 

and the negative control were synthesized employing SPPS and then evaluated as binders of 

hTYR and TYRP in ELISA, FP and FACS. 

FI-medium_Dimer and the FI-long_Dimer were found to be tenfold more potent than the FI-

Monomer and the FI-long_Dimer was even more potent than the FI-medium_Dimer, 

Nonetheless, this plot suggested some critical issues: the use of the negative control did not 
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result convenient since it was found to possess a slight interaction with hTYR. Besides, though 

the FI-medium_Dimer and FI-long_Dimer resulted more potent than the FI-Monomer, 

suggesting that the dimerization was successful in enhancing the affinity, FI-medium_Dimer 

and FI-long_Dimer possessed Kd values around 10 M (Figure 3.5). Similar results were 

obtained in the ELISA performed on TYRP1, where the use of the IgG TA99 [209,238], used 

as positive control, stressed the huge gap among the IgG and these ligands (Figure 3.6).  

 

 

Figure 3.5. Binding profile on hTYR determined in ELISA. 

 

 

Figure 3.6. Binding affinities on TYRP1 determined in ELISA. 

 

To further investigate this result, the FP for FI-Monomer was performed. The plot shows that, 

even at high concentration of the proteins, the compound did not saturate hTYR or TYRP1 

(Figure 3.7).  
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Figure 3.7. Binding affinities of FI-Monomer on hTYR and TYRP1 determined in FP. 

 

The FI-long_Dimer obtained the best outcome, and so the evaluation of the related FI-

Tetramer, bearing four molecules of Thiamidol™-alkyne was attempted. Effectively, the FI-

Tetramer showed the strongest binding interaction with both the proteins, reaching single-digit 

micromolar affinity, never measured before, though this affinity was even worse than TA99 

(Figure 3.8 and Figure 3.9) [209,238]. 

 

 

Figure 3.8. Binding affinities on hTYR determined in ELISA. 

 

Figure 3.9. Binding affinities on TYRP1 determined in ELISA. 
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Subsequently, to further evaluate the ligands binding properties, FI-Monomer, FI-long_Dimer 

and FI-Tetramer were tested in FACS using B16-F10 melanoma cells as a source of hTYR 

and TYRP1. Similarly to the results obtained in ELISA, FI-Tetramer was found to be a better 

ligand on B16-F10 cells, compared to its analogue FI-long_Dimer and Monomer (3.10).  

 

 

Figure 3.10. Binding properties on B16-F10 melanoma cells determined in FACS using the Cy5 dye.  

 

3.5. Conclusions 

The multimeric ligands of Thiamidol™, tested on hTYR and TYRP1, provided insight in the 

use of the multivalent approach, since the multimerization resulted in an increased binding 

compared to the dimeric monovalent counterpart. The FI-Tetramer showed the best results in 

terms of binding, achieving a 10-fold increase in the affinity compared to the FI-long_Dimer 

and 100-fold increase compared to the FI-Monomer though its binding profile has been worse 

than the TA99, the antibody targeting TYRP1. 

 

3.6. Experimental section 

3.6.1. General  

High-Resolution Mass Spectrometry (HRMS) spectra and analytical Reversed-Phase Ultra 

Performance Liquid Chromatography (UPLC) were recorded on a Waters Xevo G2-XS QTOF 

coupled to a Waters Acquity UPLC H-Class System with PDA UV detector, using a ACQUITY 

UPLC BEH C18 Column, 130 Å, 1.7 μm, 2.1 mm × 50 mm at a flow rate of 0.6 ml/min with 

linear gradients of solvents A and B (A = Millipore water with 0.1% FA, B = MeCN with 0.1% 
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FA). Preparative re-versed-phase high-pressure liquid chromatography (RP-HPLC) were 

performed on a Waters Alliance HT RP-HPLC with PDA UV detector, using a Synergi 4μm, 

Polar-RP 80Å 10 × 150 mm C18 column at a flow rate of 4 ml/min with linear gradients of 

solvents A and B (A = Millipore water with 0.1% TFA, B = MeCN with 0.1% TFA). Proton 

(1H) nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV400 (400 MHz). 

Carbon (13C) NMR spectra were recorded on a Bruker AV400 (100 MHz) spectrometer. Shifts 

are given in ppm using residual solvent as the internal standard. Coupling constants (J) are 

reported in Hz with the following abbreviations used to indicate splitting: s = singlet, d = 

doublet, t = triplet, dd = doublet of doublets. 

All compounds and chemical reagents were obtained from Sigma-Aldrich, TCI Europe, 

Enamine or ABCR, and used without further purification. Peptide grade N,N-

dimethylformamide (DMF) for solid phase synthesis was bought from ABCR. Fmoc-Cys(Trt)-

Wang resin (100-200 mesh, 0.40-1.00 mmol/g) was purchased from Bachem (Cat. Nr. 

4028211.0001). 4-(2-aminothiazol-4-yl)benzene-1,3-diol was purchased from Fluorochem 

(Cat. Nr. 495142-1g). 

 

3.6.2. Synthesis and characterization data  

 

 

Hex-5-ynoyl chloride: To a stirring solution of 5-hexynoic acid (1.0 equiv.) in 

dichloromethane (0.1 M) and in presence of a catalytic amount of N,N-dimethylformamide, a 

2.0 M solution of oxalyl chloride in dichloromethane (1.1 equiv.) was added dropwise at 0 °C. 

After 1 h, the reaction was completed, evaporated under vacuum and the so obtained red 

precipitate resuspended in a solution of tetrahydrofuran, in presence of a catalytic amount of 

pyridine. 

 

 

N-(4-(2,4-dihydroxyphenyl)thiazol-2-yl)hex-5-ynamide (Thiamidol™-alkyne): to a stirring 

solution of 4-(2-aminothiazol-4-yl)benzene-1,3-diol (1.0 equiv.) in tetrahydrofuran (0.1 M) the 

fresh solution of hex-5-ynoyl chloride (from 3.0 to 5.0 equiv. depending on the stability of the 
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chloride) was added drop-wise. The reaction was controlled through LC-MS analysis until the 

formation of a tri-functionalized derivative. After 16 h, the reaction mixture was treated with a 

33 % solution of methylamine in absolute ethanol (8 M, 10 equiv.). After 2 h, the reaction was 

dried under vacuum, resuspended in the proper amount of CH3CN:mqH2O and purified over a 

Buchi Sepacore RP-MPLC system (2% MeCN in 0.1% aq. TFA over 10 min, 2% MeCN in 

0.1% aq. TFA to 70% over 30 min). The fractions containing the product identified by mass 

spectrometry, were collected and then lyophilized to give the title compound as a white solid; 

1H NMR (400 MHz, DMSO-d6) δ 1.76-1.83 (m, 2H, CH2), 2.22-2.26 (m, 2H, CH2), 2.57 (t, J 

= 7.4 Hz, 2H, CH2), 2.84 (t, J = 2.6 Hz, 1H, CH), 6.29-6.32 (m, 2H, Ar), 7.41 (s, 1H, CH 

thiazole), 7.66 (d, J = 8.5 Hz,  1H, Ar), 9.49 (s, 1H, OH), 10.90 (s, 1H, OH), 12.26 (s, 1H, 

CONH); 13C NMR (101 MHz, DMSO) δ 170.6, 158.2, 156.7, 156.2, 146.3, 128.1, 110.5, 107.0, 

105.1, 102.8, 83.6, 71.6, 33.6, 23.2, 17.1. 

HRMS (ES) calculated for [M+H]+ (m/z): 303.0803, found 303.0596. 

 

 

N-(4-(2,4-dihydroxyphenyl)thiazol-2-yl)isobutyramide (Thiamidol™): to a stirring solution 

of 4-(2-aminothiazol-4-yl)benzene-1,3-diol (1.0 equiv.) in tetrahydrofuran (0.1 M) the 

commercially available isobutyryl chloride (5.0 equiv.) was added drop-wise in presence of 

pyridine (0.1 equiv.). The reaction was controlled through LC-MS analysis until the formation 

of a tri-functionalized derivative. After 16 h, the reaction mixture was treated with a 33 % 

solution of methylamine in absolute ethanol (8 M, 10 equiv.). After 2 h, the reaction was dried 

under vacuum, resuspended in the proper amount of CH3CN:mqH2O and purified over a 

Purification Systems (2% MeCN in 0.1% aq. TFA over 10 min, 2% MeCN in 0.1% aq. TFA to 

70% over 30 min). The fractions containing the product identified by mass spectrometry, were 

collected and then lyophilized to give the title compound as a white solid; 1H NMR (400 MHz, 

DMSO-d6) δ 1.14 (d, J = 6.8 Hz, 6H), 2.75 (m, J = 6.8 Hz, 1H), 6.37 – 6.20 (m, 2H), 7.41 (s, 

1H), 7.66 (d, J = 8.3 Hz, 1H), 9.48 (s, 1H), 10.88 (s, 1H), 12.16 (s,1H). NMR data are in full 

agreement with previously reported values [184].  
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General procedure on-resin 

Commercially Fmoc-Cys(Trt) Wang resin (0.7 g, 0.5 mmol) was swollen in N,N-

dimethylformamide (20 mL) for 1 h inside a syringe provided with a filter pad. The Fmoc group 

was removed using a solution of 20% piperidine in N,N-dimethylformamide for 20 min and 

then the resin washed with N,N-dimethylformamide (5 × 20 mL × 1 min). A solution of Fmoc-

6-aminocaproic acid (4.0 equiv., 2 mmol), DIPEA (8.0 equiv, 4 mmol) and HATU (4.0 equiv., 

2 mmol) in N,N-dimethylformamide (20 mL) was prepared, added to the syringe and allowed 

to react for 2 h. After washing with N,N-dimethylformamide (5 × 20 mL × 1 min) the Fmoc 

group was removed using a solution of 20 % piperidine in N,N-dimethylformamide. The peptide 

was extended with Fmoc-Asp(OtBu)-OH, Fmoc-Arg(Pbf)-OH and Fmoc-Asp(OtBu)-OH using 

the same coupling conditions (HATU/DIPEA equiv.), Fmoc deprotection (20% piperidine in 

DMF) and washing step as reported before.  

The resin was split into different parts for the synthesis of the Thiamidol™-derivatives and the 

negative control. 
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Monomer: after removing the Fmoc-group, 0.1 mmol of the obtained resin was reacted with a 

solution of 5-azido pentanoic acid (4 equiv., 0.4 mmol), DIPEA (8.0 equiv., 0.4 mmol) and 

HATU (4.0 equiv., 0.4 mmol) in N,N-dimethylformamide (4 mL) for 2 h. After washing with 

N,N-dimethylformamide (5 × 4 mL × 1 min) the Cu-catalysed alkyne-azide cycloaddition was 

performed. A solution of sodium ascorbate (1 equiv.), 2,6-lutidine (10 equiv.) and DIPEA (10 

equiv.) in degassed mqH2O was added to a solution of CuI (1.0 equiv.) in N,N-

dimethylformamide. The resulting solution and the alkyne (2.0 equiv.) were added to the resin 

and allowed to react for 16 h. After washing with N,N-dimethylformamide (5 × 4 mL × 1 min), 

50 mM aq. EDTA solution pH = 8 (5 × 4 mL × 1 min), N,N-dimethylformamide (5 × 4 mL × 1 

min) and dichloromethane (5 × 4 mL × 1 min), the resin was cleaved using a mixture  

of TFA (3.30 mL, 82.5 %), m-Cresol (200 mL, 5 %), thioanisol (200 mL, 5 %), mq-H2O (200 

mL, 5 %) and TIPS (100 mL, 2.5 %) for 2 h at room temperature and then washed with TFA (1 

× 1 mL × 1 min). The combined cleavage and washing solutions were added dropwise to ice 

cold diethyl ether (20 mL), leading to precipitate formation that was collected by centrifugation, 

washed with ice cold diethyl ether (3 × 20 mL × 2 min, 2000 rpm), dried, re-dissolved in 

mqH2O:DMSO and treated with Tris(2-carboxyethyl)phosphine hydrochloride (2 equiv.). The 

solution was injected and purified over a RP-HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. 

TFA to 80% over 14 min), the fractions containing the product identified by mass spectrometry 

collected and then lyophilized to give the title compound as a white solid. 

HRMS (ES) calculated for [M+H]+ (m/z): 1048.3980, found 1048.3822. 
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FI-Monomer: to a solution of C-C6-DRD-monomer-Thiamidol (2.0 mg, 1 equiv.) in dimethyl 

sulfoxide (100 μL) was added a 0.1 M solution of commercially available fluorescein-5-

maleimide (0.8 mg, 1.0 equiv.) in dimethyl sulfoxide (19.1 μL). After stirring for 30 min in the 

dark, the reaction was quenched with the proper volume of DMSO:mqH2O, injected and 

purified over a reversed-phase HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 70% 

over 14 min). The fractions containing the product were identified by mass spectrometry, 

collected and lyophilized to give the title compound as a yellow solid. 

HRMS (ES) calculated for [M+2H]+ (m/z): 1476.4753, found 1476.4056. 
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Medium_Dimer: after removing the Fmoc-group, 0.2 mmol of the resin was reacted with a 

solution of Fmoc-Lys(Fmoc)-OH (4 equiv., 0.8 mmol), DIPEA (8 equiv., 1.6 mmol) and HATU 

(4.0 equiv., 0.8 mmol) in N,N-dimethylformamide (8 mL) for 2 h. After washing with N,N-

dimethylformamide (5 × 8 mL × 1 min). The peptide was capped to the 5-azido pentanoic acid 

fixing the coupling conditions (5-azido pentanoic acid and HATU 6 equiv., DIPEA 12 equiv.) 

and using the same washing step reported before. After this last coupling step, the Cu-catalysed 

alkyne-azide cycloaddition was performed. A solution of sodium ascorbate (1.5 equiv.), 2,6-

lutidine (15 equiv.) and DIPEA (15 equiv.) in degassed mqH2O as added to a solution of CuI 

(1.5 equiv.) in N,N-dimethylformamide. The resulting solution and the alkyne (3 equiv.) were 

added to the resin and allowed to react for 16 h. After washing with N,N-dimethylformamide 

(5 × 8 mL × 1 min), 50 mM aq. EDTA solution pH = 8 (5 × 8 mL × 1 min), N,N-

dimethylformamide (5 × 8 mL × 1 min) and dichloromethane (5 × 8 mL × 1 min), the resin was 

cleaved using a mixture of TFA (6.6 mL, 82.5 %), m-Cresol (400 mL, 5 %), thioanisol (400 

mL, 5 %), mq-H2O (400 mL, 5 %) and TIPS (200 mL, 2.5 %) for 2 h at room temperature and 

then washed with TFA (1 × 4 mL × 1 min). The combined cleavage and washing solutions were 

added drop-wise to ice cold diethyl ether (40 mL) leading to precipitate formation that was 

collected by centrifugation, washed again with ice cold diethyl ether (3 × 40 mL × 2 min, 2000 

rpm), dried, redissolved in mqH2O:DMSO and treated with Tris(2-carboxyethyl)phosphine 

hydrochloride (2 equiv.). This solution was injected and purified over a reversed-phase HPLC 

HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% over 14 min), the fractions 

containing the product identified by mass spectrometry, collected and lyophilized to give the 

title compound as a white solid. 

HRMS (ES) calculated for [M+H]+ (m/z): 1603.6244, found 1603.5746.  
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FI-medium_Dimer: to a solution of the so-obtained compound (3.2 mg, 1 equiv.) in dimethyl 

sulfoxide (100 L) was added a 0.1 M solution of commercially available fluorescein-5-

maleimide (0.8 mg, 1.0 equiv.) in dimethyl sulfoxide (20 L). After stirring for 30 min in the 

dark, the reaction was quenched with the proper volume of DMSO:mqH2O, injected and 

purified over a reversed-phase HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% 

over 14 min). The fractions containing the product were identified by mass spectrometry, 

collected and lyophilized to give the title compound as a yellow solid. 

HRMS (ES) calculated for [M+H]+ (m/z): 2031.6970, found 2031.6736. 
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Long_Dimer: after removing the Fmoc-group, 0.2 mmol of the resin was reacted with a 

solution of Fmoc-Lys(Fmoc)-OH (4 equiv., 0.8 mmol), DIPEA (8 equiv., 1.6 mmol) and HATU 

(4.0 equiv, 0.8 mmol) in N,N-dimethylformamide (8 mL) for 2 h. After washing with N,N-

dimethylformamide (5 × 8 mL × 1 min) the peptide was extended with Fmoc-6-aminocaproic 

acid and then capped with 5-azido pentanoic acid fixing the coupling conditions (Fmoc-6-

aminocaproic or 5-azido pentanoic and HATU 6 equiv., DIPEA 12 equiv.), using the same 

Fmoc deprotection conditions (20 % piperidine in DMF) and washing step mentioned before. 

After the last coupling step, the Cu-catalysed alkyne-azide cycloaddition was performed. A 

solution of sodium ascorbate (1.5 equiv.), 2,6-lutidine (15 equiv.) and DIPEA (15 equiv.) in 

degassed mqH2O was added to a solution of CuI (1.5 equiv.) in N,N-dimethylformamide. The 

resulting solution and the alkyne (3 equiv.) were added to the resin and allowed to react for 16 

h. After washing with N,N-dimethylformamide (5 × 8 mL × 1 min), 50 mM aq. EDTA solution 

pH = 8 (5 × 8 mL × 1 min), N,N-dimethylformamide (5 × 8 mL × 1 min) and dichloromethane 

(5 × 4 mL × 1 min), the resin was cleaved using a mixture of TFA (6.60 mL, 82.5 %), m-Cresol 

(400 mL, 5 %), thioanisol (400 mL, 5 %), mq-H2O (400 mL, 5 %) and TIPS (200 mL, 2.5 %) 

for 2 h at room temperature and washed with TFA (1 × 4 mL × 1 min). The combined cleavage 

and washing solutions were added dropwise to ice cold diethyl ether (40 mL) leading to 

precipitate formation that was collected by centrifugation, washed again with ice cold diethyl 

ether (3 × 40 mL × 2 min, 2000 rpm), dried, re-dissolved in mqH2O:DMSO and treated with 

Tris(2-carboxyethyl)phosphine hydrochloride (2 equiv.). The solution was injected and purified 
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over a RP HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% over 14 min), the 

fractions containing the product identified by mass spectrometry, collected and lyophilized to 

give the title compound as a white solid. 

HRMS (ES) calculated for [M+2H]+ (m/z): 1830.8004, found 1830.7086.  

 

 

 

FI-long_Dimer: To a solution of the so-obtained compound (3.2 mg, 1 equiv.) in dimethyl 

sulfoxide (100 μL) was added a 0.1 M solution of commercially available fluorescein-5-

maleimide (0.8 mg, 1.0 equiv.) in dimethyl sulfoxide (20 μL). After stirring for 30 min in the 

dark, the reaction was quenched with the proper volume of DMSO:mqH2O, injected and 

purified over a reversed-phase HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% 

over 14 min). The fractions containing the product were identified by mass spectrometry, 

collected and lyophilized to give the title compound as a yellow solid. 

HRMS (ES) calculated for [M+H]+ (m/z): 2257.8651, found 2258.0203. 
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Tetramer: after removing the Fmoc-group, 0.2 mmol of the resin was reacted with a solution 

of Fmoc-Lys(Fmoc)-OH (4 equiv., 0.8 mmol), DIPEA (8 equiv., 1.6 mmol) and HATU (4.0 

equiv, 0.8 mmol) in N,N-dimethylformamide (8 mL) for 2 h. After washing with N,N-

dimethylformamide (5 × 8 mL × 1 min) the peptide was extended with Fmoc-Lys(Fmoc)-OH, 

Fmoc-6-aminocaproic acid and then capped with 5-azido pentanoic acid fixing the coupling 

conditions (Fmoc-Lys(Fmoc)-OH  and HATU 6 equiv., DIPEA 12 equiv., Fmoc-6-

aminocaproic or 5-azido pentanoic and HATU 12 equiv., DIPEA 24 equiv.), using the same  

Fmoc deprotection conditions (20 % piperidine in DMF) and washing step mentioned before. 

After the last coupling step, the Cu-catalysed alkyne-azide cycloaddition was performed. A 

solution of sodium ascorbate (3 equiv.), 2,6-lutidine (30 equiv.) and DIPEA (30 equiv.) in 

degassed mqH2O was added to a solution of CuI (3 equiv.) in N,N-dimethylformamide. The 

resulting solution and the alkyne (6 equiv.) were added to the resin and allowed to react for 16 

h. After washing with N,N-dimethylformamide (5 × 8 mL × 1 min), 50 mM aq. EDTA solution 

pH = 8 (5 × 8 mL × 1 min), N,N-dimethylformamide (5 × 8 mL × 1 min) and dichloromethane 

(5 × 4 mL × 1 min), the resin was cleaved using a mixture of TFA (6.60 mL, 82.5 %), m-Cresol 

(400 mL, 5 %), thioanisol (400 mL, 5 %), mq-H2O (400 mL, 5 %) and TIPS (200 mL, 2.5 %) 

for 2 h at room temperature and washed with TFA (1 × 4 mL × 1 min). The combined cleavage 
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and washing solutions were added dropwise to ice cold diethyl ether (40 mL) leading to 

precipitate formation that was collected by centrifugation, washed again with ice cold diethyl 

ether (3 × 40 mL × 2 min, 2000 rpm), dried, re-dissolved in mqH2O:DMSO and treated with 

Tris(2-carboxyethyl)phosphine hydrochloride (2 equiv.). The solution was injected and purified 

over a RP HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% over 14 min), the 

fractions containing the product identified by mass spectrometry, collected and lyophilized to 

give the title compound as a white solid. 

HRMS (ES) calculated for [M+2H]+ (m/z): 1584.2132, found 1584.2404.  

 

 

FI-Tetramer: To a solution of the so-obtained compound (4.9 mg, 1 equiv.) in dimethyl 

sulfoxide (100 μL) was added a 0.1 M solution of commercially available fluorescein-5-

maleimide (0.6 mg, 1.0 equiv.) in dimethyl sulfoxide (15.5 μL). After stirring for 30 min in the 

dark, the reaction was quenched with the proper volume of DMSO:mqH2O, injected and 

purified over a reversed-phase HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% 

over 14 min). The fractions containing the product were identified by mass spectrometry, 

collected and lyophilized to give the title compound as a yellow solid. 

HRMS (ES) calculated for [M+2H]+ (m/z):, 1797.7523 found 1798. 15. 

 



151 

 

 

negative control: after removing the Fmoc-group, 0.1 mmol of the obtained resin was reacted 

with a solution of 5-azido pentanoic acid (4 equiv., 0.4 mmol), DIPEA (8.0 equiv., 0.4 mmol) 

and HATU (4.0 equiv., 0.4 mmol) in N,N-dimethylformamide (4 mL) for 2 h. After washing 

with N,N-dimethylformamide (5 × 4 mL × 1 min) the Cu-catalysed alkyne-azide cycloaddition 

was performed. A solution of sodium ascorbate (1 equiv.), 2,6-lutidine (10 equiv.) and DIPEA 

(10 equiv.) in degassed mqH2O was added to a solution of CuI (1.0 equiv.) in N,N-

dimethylformamide. The resulting solution and the 5-hexynoic acid (2.0 equiv.) were added to 

the resin and allowed to react for 16 h. After washing with N,N-dimethylformamide (5 × 4 mL 

× 1 min), 50 mM aq. EDTA solution pH = 8 (5 × 4 mL × 1 min), N,N-dimethylformamide (5 × 

4 mL × 1 min) and dichloromethane (5 × 4 mL × 1 min), the resin was cleaved using a mixture 

of TFA (3.30 mL, 82.5 %), m-Cresol (200 mL, 5 %), thioanisol (200 mL, 5 %), mq-H2O (200 

mL, 5 %) and TIPS (100 mL, 2.5 %) for 2 h at room temperature and then washed with TFA (1 

× 1 mL × 1 min). The combined cleavage and washing solutions were added dropwise to ice 

cold diethyl ether (20 mL). The obtained precipitate was centrifuged, washed with ice cold 

diethyl ether (3 × 20 mL × 2 min, 2000 rpm), dried, re-dissolved in mqH2O:DMSO and treated 

with Tris(2-carboxyethyl)phosphine hydrochloride (2 equiv.). This solution was injected and 

purified over a reversed-phase HPLC (Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% 

over 14 min), the fractions containing the product were identified by mass spectrometry 

collected and then lyophilized to give the title compound as a white solid. 

To a solution of the so-obtained compound (2.0 mg, 1 equiv.) in dimethyl sulfoxide (100 L) 

was added a 0.1 M solution of commercially available fluorescein-5-maleimide (1.0 mg, 1.0 

equiv.) in DMSO (19.1 L). After stirring for 30 min in the dark, the reaction was quenched 

with the proper volume of DMSO:mqH2O, injected and purified over a reversed-phase HPLC 

(Synergi RP Polar, 5% MeCN in 0.1% aq. TFA to 80% over 14 min). The fractions containing 
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the product were identified by mass spectrometry, collected and lyophilized to give the title 

compound as a yellow solid. 

HRMS (ES) calculated for [M+H]+ (m/z): 1285.4472, found 1285.3888. 

 

3.6.3. Biological evaluation 

Enzymatic assay 

The enzymatic activity of Tyrosinase was measured at 25 °C following already described 

procedures using L-DOPA as substrate [224,225]. In 384-well microtiter clear plates (Greiner 

non-binding), a mixture of 1 mM L-DOPA, 4 mM MBTH, 200 nM human Tyrosinase and the 

inhibitor was prepared (final volume 30 L in PBS 1% DMSO, pH=6.8). The increase of the 

absorption at 490-510 nm, due to the formation of the L-dopaquinone-MBTH complex, was 

recorded using a Spectra Max Paradigm multimode plate reader (Molecular Devices) over 10 

minutes. Experiments were performed in duplicates and the values were fitted using Graphpad 

Prism software. The obtained OD values were plotted as a function of time. Linear regression 

 of the plotted points was performed. IC50 values were calculated fitting the obtained slope as 

function of the inhibitor concentration. 

 

Fluorescence polarization  

The dilution series were done in a non-binding black 384-well microplate (Greiner Bio On.). In 

a final volume of 30 μL, 50 nM of the fluorescein-conjugated ligand was incubated with a 1:1 

dilution series of TYRP1 in PBS pH 7.4 The fluorescence anisotropy was measured on a Spectra 

Max Paradigm multimode plate reader (Molecular Devices). Experiments were performed in 

triplicate and the anisotropy values fitted using Graphpad Prism software. 

 

ELISA 

The Enzyme-Linked ImmunoSorbent Assay (ELISA) was performed following already 

described procedures.[237] Nunc MaxiSorpTM ELISA stripes (ThermoFisher) were incubated 

over night at 4 °C with 100 μL of 100 nM solution in PBS of protein (i.e., TYR and TYRP1). 

The supernatant was removed and 200 μL of a 4% solution of Milk powder in PBS (M-PBS) 

was used as blocking agent for 30-45 minutes. Wells were then washed three times with 200 

μL PBS and dried. 50 μL of a pre-made serial dilution of the fluorescein-ligand conjugate was 

added and incubated for 45 minutes in the dark. Carefully, the supernatant was removed and 

the wells were quickly washed twice with 200 μL PBS. 100 μL of anti-fluorescein IgG (200 
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nM) in 2% M-PBS were added and incubated for 45 minutes. The supernatant was removed 

and wells washed three times with 200 μL PBS. 100 μL of a solution of 1:1000 diluted enzyme-

linked protein (i.e., proteinA-HRP) in 2% M-PBS was added and incubated for 45 minutes in 

the dark. The supernatant was removed and wells washed three times with 200 μL of a 0.1% 

solution of Tween 20 in PBS and three times with PBS. Finally, 60 μL of 3,3’,5,5’-

tetramethylbenzi- dine (TMB) was added to each well and left for 10 to 50 seconds at room 

temperature developing in the dark until formation of a visible intense blue. The reaction was 

then quenched upon addition of 30 μL of 1 M H2SO4(aq). Absorbance at 450 nm and 620 nm 

were measured with Spectra Max Paradigm multimode plate reader (Molecular Devices) and 

values were fitted using Graphpad Prism software.  

 

Flow Cytometry 

Adherent B16F10 cells cultured in T-150 flasks were detached with 2 mM EDTA. Resuspended 

cells are counted, centrifuged, and resuspended in FACS buffer (2 mM EDTA + 0.5% BSA in 

PBS, filtered solution) to reach a concentration of 2.5 Mio/mL. In 96-well plate (Greiner Bio 

On.), 500.000 cells were incubated with 10 μM solutions of fluorescein linked ligands in FACS 

buffer. After 60 minutes, 1x wash was performed and then cells were incubated with Cy5-

conjugated anti-Fluorescein IgG (100 nM) for 60 minutes. Cells were 2x washed and sorted by 

FACS (CytoFLEX, BeckmanCoulter, Brea, CA) and analyzed using FlowJo software 

(FlowJo,Ashland, OR).  
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