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Summary

Summary

Carbonic anhydrases (CAs, EC 4.2.1.1) are a family of metalloenzymes widespread in all

life kingdoms genetically classified in 7 unrelated classes (i.e. a-, B-, y-, 0-, {-, n- and 0).

These enzymes catalyse a very simple and essential physiological reaction, which is the

carbon dioxide hydration to afford bicarbonate and protons. So far, 16 different a-CA

isoforms were isolated and characterized in mammals. In many tissues CAs are

concomitantly present in a variety of isoforms, which differ for their kinetics, structural

properties as well as cellular and tissutal abundancy.

To date, human (h) CAs are well established therapeutic targets to treat a hypertension,

glaucoma. New proof-of-concepts are therapeutic applications for the treatment of epilepsy,

obesity related pathologies and neuropathic pain. In the last years CA inhibitors (CAls) were

validated for the treatment of hypoxic tumors.

Within the scope of this Thesis, we report new and more isoform selective modulators of

CAs expressed in humans and/or in pathogenic organisms with the intent to pave the ways

to the treatment of pathologies by means of innovative approaches.

The current Thesis is composed of seven chapters, each one dealing with the drug design,

synthesis as well as in vitro kinetic assay of new CA modulators:

(1) Novel inhibitors against hCAs

(i) Potential anticancer drugs targeting primarily hCA IX and XII that are
predominantly expressed in tumor cells.

(iii))  New class of agents for the prevention of diabetic cerebrovascular pathology (which
probably target the mitochondrial isoforms hCA VA and/or hCA VB).

(iv)  Potential drug leads for the treatment of different neurological disorders such as
antiepileptic or neuropathic pain (probably targeting hCA II and VII).

) Agents that target various CAs from pathogenic microorganisms such as bacteria
and protozoa.

(vi)  New activators of hCAs

(vii)  Kinetic activation studies on no human expressed CAs such as the a-, B-, y-, 8-, (-

and n-classes.




Chapter 1

Chapter 1
The Carbonic Anhydrases
1.1 Introduction

Zinc plays a pivotal role in biochemistry and it is the second most abundant metal, after iron,
in biological systems. The main advantages for this metal lie in its distinctive chemical
properties, which among others combine Lewis acid strength, low redox potentials, fast
ligand exchange and stable association with macromolecules. Moreover, the zinc
coordination flexibility makes this metal highly adaptable to meet the catalytic needs of
enzymes to carry out biological activities as well as to allow the correct folding of the proteic
strains.!? Zinc containing proteins are present within the six major classes of enzymes (i.e.
oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases).>* When present
in enzymatic sites, zinc ions participate directly in the catalytic processes and exhibit a
distorted tetrahedral or trigonal bipyramidal coordination geometry having the metal ion
bound to three or four amino acid residues and/or a water molecule.*® Among the amino acid
residues coordinated to the metal ion the His, Glu, Asp, and Cys are the common ones.® The
presence of water within the metal sphere coordination is a distinguishing feature that allows
to differentiate a catalytic ion from a structural one.” As schematically reported in Figure 1,
the water molecule can be involved in the catalytic process as hydroxide ion (i.e. activated
as a nucleophile species by means of the polarizing effect played by the neighbouring amino

acids) or may directly interact with the substrate itself. >
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Figure 1. Role of the zinc-bound water molecule in catalysis: (a) ionization, (b) polarization,

(¢) displacement, and (d) expansion.

The relevance of zinc containing metalloenzymes to biomedical purposes is particularly
increased in the past decades, as they represent convenient targets for designing, developing
small-molecule drugs able to modulate their enzymatic activity. Nowadays modulators of
this kind are largely used in modern medicine for the treatment of several human diseases
such as cardiovascular, neurological, infectious and metabolic dysfunctions as well as

cancer.'%!!

1.2 Catalytic mechanism and reactions of Carbonic Anhydrases

Carbonic Anhydrases (CAs, EC 4.2.1.1) were first discovered in 1939, when the
erythrocytes were found to contain stoichiometric amounts of zinc, which was also proved
essential for the enzymatic activity to happen.'> CAs are ubiquitously expressed within all
kingdom life and are encoded by seven distinct and evolutionarily unrelated genes: the a-
CAs (present in vertebrates, bacteria, algae, and cytoplasm of green plants), the B-CAs

(predominantly expressed in bacteria, algae, and chloroplasts of both mono and di-
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cotyledons), the y-CAs (mainly found in archaea and some bacteria) and the §-, - and 6-
CAs which are present in marine diatoms, whereas the n-CAs in protozoa belong to the

Plasmodium spp.'>'*

a-CAs have been reported in vertebrates only and in humans 16
isozymes or CA-related proteins have been described. All of them differ for their catalytic
activities, subcellular localizations and tissue distributions as schematically reported in

Table 1).1%-2

Table 1. Kinetic parameters for CO; hydration reaction catalyzed by the 16 vertebrate a-CA

isozymes, at 20°C and pH 7.5, and their subcellular localization.?!

Subcellular Tissue/Organ

Isozyme keat (s:"_) Ky (MM} ke /Ky (M" s’]_) Localization Localization

hCA I 20 10° 4.0 5.0 % 107 Cytosol Erythrocytes, GI tract

hCATL 1.4 x10° 53 1.5 % 10° Cytosol Erythrocytes, eye, GI tract, bone osteoclasts,
kidney, lung, testis, brain

hCA I 1.0 x 10* 333 3.0x%10° Cytosol Skeletal muscle, adipocytes

hCA IV 1.1 10° 21.5 5.1x%107 Membrane bound Kidney, lung, pancreas, brain capillaries,
colon, heart muscle

hCAVA  29x10° 10.0 2.9 % 107 Mitochondria Liver

hCA VB 9.5x 10° 97 9.8 x 107 Mitochondria Heart and skeletal muscle, pancreas, kidney,
spinal cord, GI tract

hCA VI 34 10° 6.9 49 x 10 Secreted (saliva/milk)  Salivary and mammary glands

hCAVIL  9.5x 10 114 8.3 x 10 Cytosol CNS

hCA VI — o — Cytosol CNS

hCA IX 38 % 10° 6.9 55 % 107 Transmembrane Tumors; GI mucosa

hCA X — — — Cytosol CNS

hCA XI — — — Cytosol CNS

hCA XII 42 % 10° 12.0 3.5 % 107 Transmembrane Renal, intestinal, reproductive epithelia, eye,
tumors

hCA XII  1.5x10° 13.8 1.1 %107 Cytosol Kidney, brain, lung, gut, reproductive tract

hCAXIV  3.1x10° 79 3.9 x 107 Transmembrane Kidney, brain, liver

mCA XV 4.7 x 10° 14.2 33 %107 Membrane bound Kidney

h, human; m, mouse enzyme. hCA VIII, X, and XI are devoid of catalytic activity.

Among the isoforms above reported, twelve isoforms showed catalytic activity. Five are
located in the cellular cytosolic (CA I, CA II, CA III, CA VII and CA XIII), five are
membrane-bound isozymes (CA IV, CA IX, CA XII, CA XIV and CA XV), two are
mitochondrial forms (CA VA and CA VB), and one is secreted in saliva and tears (CA
VI).2!All the catalytically active CAs reversibly hydrate carbon dioxide to bicarbonate ion
and proton. Although this reaction may also occur spontaneously at physiological pH values,
still is too slow to meet metabolic needs of most organisms. The CAs catalytic mechanism

occurs in two main steps according to the Figure 2.2
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Figure 2. Catalytic mechanism of reversible hydration of CO,to HCO3 and proton.

The first one is the nucleophilic attack of the Zn**-bound hydroxide ion to a CO, with
consequent formation of the enzyme-HCOj3 adduct (b to ¢), which is then displaced from the
active site by a water molecule (¢ to d). The last step (d to a), which is the kinetically rate
limiting step, regenerates the catalytically active Zn**-bound hydroxide ion through a proton
transfer reaction from the Zn**-bound water molecule to an exogenous proton acceptor or to

an active site residue (Figure 2).

In addition to the CO; hydration/bicarbonate dehydration processes (reaction 1 in Table 2),
different a-CAs possess a certain catalytic versatility, with the possibility to hydrate small
molecules similar to CO; such as COS (reaction 2),> CS, (reaction 3)** and cyanamide
(reaction 4)*% leading to H>S (and CO,) for the first reactions and urea for the last one.

Aldehydes were also shown to be hydrated to gem diols (reaction 5),”” whereas the esterase
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activity with carboxylic acid esters (reaction 6),° sulfonic acid esters (reaction 7),*!-?
phosphate esters (reaction 8).23%33 Some other less investigated hydrolytic processes
(reactions 10 and 11 in Table 2) were also found.>* Presently it is not known whether
reactions other than the CO, hydration/bicarbonate dehydration may have physiological
relevance, although the recently reported thioesterase activity** (reaction 13) may interfere
with the generation/hydrolysis of acyl-coenzyme A derivatives, and thus possess relevant

physiological role.

Table 2. Reactions catalysed by the a-Carbonic Anhydrases.

0=C=0 + H:0 — HCOy + H" )
0O=C=S + H20 <> H2S + CO2 (2)
S=C=S +2H20 < 2H2S + CO (3)
HN=C=NH + 2H>0 < H.NCONH» 4
RCHO + H20 «» RCH(OH)2 (5)
RCOOAr + H:0 «+= RCOOH + ArOH (6)
RSO3AT + H20 > RSO:H + ArOH 7
ArOPOsH2 + H20 < RSOsH + ArOH (8)
ArOPOsHz + H20 < ArOH + H3PO4 9
RaNCSSR’ + Ha0 <> R;NH + R’SH + COS (10)
PhCHOCOCI + H:0 <> PhCH,0H + CO; + HCI an
RSO:Cl + H20 <> RSO:H + HCI (12)
RCOSATr + H20 + RCOOH + ArSH (13)

1.3 Characteristics of CA classes
1.3.1 a-Carbonic Anhydrases

Most a-class enzymes are organized as monomers but homodimers were also reported for
some human and bacterial enzymes. The active site is placed deep down in a large, cone
shaped cavity that reaches the centre of the protein, where the metal ion (which is Zn(II) in

all a-CAs investigated up to now) is located.'*'¢ In detail X-ray crystallographic data showed




The Carbonic Anhydrases

the metal ion situated at the bottom of a 15 A deep active site cleft and coordinated by three
histidine residues His94, His96 and His119 (hCA II amino acid numbering system) and a

water molecule/hydroxide ion (Figure 3A).!+1°

A Thr199 B
| -
Qe
Glu106 ~ ’ y Hisd4
S |
e“\s His96 O_}J
(\“ His119

é
4

. His119

Q _

His96
His94

Figure 3. The Zn(Il) ion coordination in the hCA II active site (A) and the gate-keeping
residues (Thr199 and Glu106) (B) shown.

The zinc-bound water is also engaged in hydrogen bond interactions with the hydroxyl
moiety of Thr199, which in turn is bridged to the carboxylate moiety of Glul06; these
interactions enhance the nucleophilicity of the water molecule itself, and orient the substrate
(CO») in a favourable place for the nucleophilic attack to occur (Figure 3B).'*!® This is why
the residues Thr199 and Glul106, an important catalytic dyad for all a-CAs, are called gate-
keeping residues. Residues in position 121, 131, 141, 143, 198 and 207 delimit the
hydrophobic region, whereas those in position 62, 64, 67 and 92 identify the hydrophilic one
(Figure 4).
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Figure 4. Solvent accessible residues in and around CA II active site. Hydrophilic cleft
(blue) and hydrophobic cleft (red). Residues in yellow indicate residues of the “selective

pocket.”

Furthermore, the bulky Phe131 residue in hCA II, roughly in the middle of the hydrophobic
half, subdivides this part of the active site in two sub-sites in which various classes of

inhibitors bind in a specific manner.!+!®

1.3.2 -Carbonic Anhydrases

Many bacteria, archaea, algae and the chloroplasts of superior plants contain CAs belonging
to the B-class.!*!® The principal difference between these enzymes and the a-CAs discussed
above consists in the fact that usually the B-CAs are organized as oligomers, generally
formed by the assembly of 2-6 monomers each of 25-30 kDa. Although the Zn(II) ion is
essential for catalysis, its coordination is different and rather variable when compared to -
CAs. The metal ion in the active site is coordinated by one His and two Cys residues, with a

fourth coordination site occupied by water or analogue substrate (Figure 5A).
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Figure 5 The metal ion coordination pattern in the B-CAs, opened active site (A) and B-CAs

closed active site by an aspartate residues as the fourth zinc ligand (B).

Recently, it has been reported the B-CA active site at pH 7.5 or lower showed the carboxylate
of an aspartic acid coordinated to Zn(Il) ion as fourth ligand and “locked” the active site
(Figure 5B).”” However, at pH values over 8.3, an opening of the active site occurs, with the
blocking aspartate forming a salt bridge with a conserved Arg residue so that a water
molecule/hydroxide ion has finally access to coordinate the metal ion for completion of its

tetrahedral geometry (Figure S5A).
1.3.3 y-Carbonic Anhydrases

The prototype of the y-class CAs, “Cam” has been isolated from the methanogenic archacon
Methanosarcina thermophila.>*® The active form of the enzyme is a trimer with three
distinct zinc-containing active sites, each located at the interface between two monomers
with the approximate molecular weight of 70 kDa. The Zn(Il) ion within the active site is
coordinated by three His residues, in analogy to a-CAs. The active cleft of y-CA contains an
additional metal-bound water ligand, when compared to the tetrahedral coordination
geometry a- CAs, so that the resulting coordination geometry is trigonal bipyramidal. The
catalytic mechanism of y-CAs was proposed to be similar with the one presented for the a-
class enzymes. Still, the finding that Zn(II) is not tetra-coordinated as originally reported but
penta-coordinated,>*® with two water molecules bound to the metal ion, demonstrates that

much is still to be understood regarding these enzymes.
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1.3.4 0- and {-Carbonic Anhydrases

Recently in the marine diatom Thalassiosira weissflogii have been identified two CA,
TweCA (or TWCA1) and CDCAL, belonging respectively to classes & and {.! TweCA is a
27 kDa protein, probably a monomer, which does not show significant sequence similarity
with other carbonic anhydrases and may represent an example of convergent evolution at
the molecular level. In the same diatom a rather perplexing discovery has been then made:
the first cadmium-containing enzyme, which is a CA-type protein.®! Purification of the CA-
active fraction leads to the isolation of a Cd-containing protein of 43 kDa being clear that 7.
weissflogii expresses a Cd-specific CA, which, particularly under conditions of Zn

limitation, can replace the Zn enzyme TWCAI1 in its carbon-concentrating mechanism.
1.3.5 n-Carbonic Anhydrases

In 2004, Krungkrai and coworkers cloned a truncated form of Plasmodium falciparum CA
gene (GenBank: AAN35994.2) encoding for an active CA (named PfCA1) with a primary
structure of 235 amino acid residues.®? Dipper investigations by means of sequence
alignments of the full length PfCA1 compared with several members of the a-CA class,

showed that the metal ion coordination pattern of this CA is unique (Figure 6).

"OH
z 2
n
//N// \O
HN’J

His N
VAR
His

NH,

Gln

Figure 6. The metal ion coordination pattern in the n-CAs,

As above reported the metal ion is coordinated by two His and one Gln residues, in addition
a water molecule/hydroxide ion. On the basis of these data, it was concluded that Plasmodia
CAs were the result of modifications of an ancestral a-CA gene, which originated a new

class of CA denominated as the n-class.'+!¢

10
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1.3.6 0-Carbonic Anhydrases

The 6-CA is a domain of the Cys-Gly-His—rich (CGHR) protein family.!” It has been recently
isolated into the lumen of the pyrenoid-penetrating thylakoid of the marine diatom
Phaeodactylum tricornutum, where it seems to play an essential function in photosynthesis,
although its reported that CO; hydration activity seems to be very low. Probably, its main
physiological function is to control the pH gradient across the thylakoid membrane and to
supply COs to the Calvin cycle.!” The detection of Zn in purified 6-CA strongly suggests
that at least three residues of the highly conserved CGHR domain amino acid sequence are
involved in Zn binding, such as Cys307, Asp309, His349, His363, and Cys387. On the basis
of putative active-site amino acids, 0-CA is dissimilar to a- and 6-CAs and most similar to
B- and {-CAs, which use Cys, His, and sometimes Asp to coordinate the metal ion. By
contrast, the recombinant 6-CA exhibited esterase activity in addition to CA activity.
Esterase activity is well known for a- and 6-CAs, thus, the biochemical properties of this 6-

CA appear to be distinct from other known CAs.

1.4 Catalytic inhibition and activation mechanisms

The catalytic inhibition mechanisms of carbonic anhydrases are understood in great detail.
For a long period, the only CA inhibition mechanism known involved primary sulfonamides
and their isosters (sulfamates and sulfamides).'*'® The primary sulfonamide moiety (R-
SO,NH2) is the most important and extensively used zinc binding group (ZBG) in the design
of Carbonic Anhydrase Inhibitors (CAls). To date, X-ray crystallographic structures are
available for many sulfonamide inhibitors in adducts with various CA isoforms.**” All
structures showed a ZBG in a deprotonated state with the nitrogen atom coordinated to Zn(II)
ion in a tetrahedral geometry (Figure 7A). Moreover, the NH moiety forms, also, a hydrogen
bond with the y-O of Thr199, which in turn donates a hydrogen bond to the carboxylate
group of Glul06. Finally, one of the oxygen atoms of the SO,NH moiety participates in a
hydrogen bond with the backbone NH moiety of Thr199.3%40 Other classes of inhibitors
which bind to the metal ion include carboxylates;*' hydroxamates;** dithiocarbamates and
isosteres.* However, this situation changed drastically in the last decade, with a large

number of novel CA inhibition mechanisms reported here in Figure 7 and new classes of

11
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CAlIs discovered apart from the zinc binders.** The second CA inhibition mechanism,
involved inhibitors that anchoring the metal ion coordinated water molecule/hydroxide ion
as shown in Figure 7B. These compounds incorporate an anchoring group (AG) which is
hydrogen bonded to the metal ion coordinated nucleophile, eventually making additional
hydrogen bonds with neighbouring residues such as the gate keeping ones (Thr199, Glu106)
in the a-class enzymes. Phenol was the first inhibitor for which this mechanism was
documented by X-ray crystallography,* followed thereafter by polyamines,* esters*’ and

sulfocoumarins.*®

Hydrophilic
part of active site Hydrophilic
«— TAIL part of active site TAIL
A
Glu 106 % SCAFFOLD o
NZJ_<E’ Glu 106 SCAFFOLD
S P
0 |
nydrqphobic part N H Hydrophaobic part
Thr 199 of active site Thr 199 | of active site
AT
H\s 119
His 94 His 96
B
- Hydrophilic INHIBITOR
Hydrophilic part of active site
part of active site TAIL
0
0 Glu 106 ;7
Glu 106 /7 SG SCAFFOLD @
N o, s Sy
L W
\O I-"I 0 |
’ e
IN H OH, Hydrophobic part N OH, Hydrophobic part
Thr 199 | of active site Thr 199 | l of active site
2+ 7n 2+
n
~Z \His 119 L \\‘Hrs 119
His 94 His 96 His 96
C D

Figure 7. CA inhibition mechanisms: (A) Zinc binding. (B) Anchoring to the metal ion
coordinated water. (C) Occlusion of the active site entrance. (D) Out of the active site

binding.
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The mechanism of inhibition discovered for coumarins**->°

and other classes of structurally
similar compounds (i.e the sulfocoumarins),’!>? incorporate a sticky group (SG) which may
be of the OH, amino, COOH and other types, and did not directly involve coordination of
the metal ion. The SG moieties are created in situ upon hydrolysis of the coumarin or
sulfocoumarin moiety and such a product relocates at the entrance of the CA active site
occluding it (Figure 7C). The last and more recently CA inhibition mechanism (Figure 7D),
documented by X-ray crystallography,*® involved a particular benzoic acid derivative, which
was observed bounded outside the CA cavity, and anchored in a hydrophobic pocket
adjacent to the rim of the enzymatic cleft. In the latter the catalytic inhibition is achieved by
fixing the proton shuttle residue (His64) in its out conformation, which leads to the collapse
of the entire enzymatic cycle.”® Traditionally the CA activation has been less investigated
than the inhibitors. Only recently major interests in this area are present, thus contributing
to reveal in detail the mechanisms of activation in CAs (at least for the a-class) by means of
in vitro kinetic, spectroscopic and X-ray crystallographic studies.>*** All available reports in
the literature exhibit CA activators (i.e. amines and amino acids) bound at the entrance of
the CA active site and actively participating in the “proton shuttling” stage which is
necessary to restore the enzymatic active form (d to a in Figure 2). Assuming as model the
a-CA 11, all X-ray co-crystallographic adducts showed CA activators bound at the entrance
of the active site (distinct from the inhibitor binding pocket), and establishing hydrogen bond
interactions with amino acids (i.e. Asn62, Asn67 and GIn92 among others) and water

molecules (W129, 130 and 152) (Figure 8).
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Figure 8. Scheme of the hydrogen-bonding pathways in the hCA II linking the zinc-bound
Wat150 to the histamine molecule and to His64.

The formation of the complex activator-enzyme results in enhancing the enzyme
regeneration rate which also is the kinetic limiting step of the entire cycle. In the absence of
activators this step is assisted by the amino acid residue His64 situated in the middle of the
active cavity, which also possess a pH-dependent mobility through a 64° ring-flipping.>*¢

Thy activation mechanism is in agreement with the equation below reported and since the
species do interact intramolecularly, it is far more efficient than the corresponding process

happening via the intermolecular fashion. !¢

H,0
EZn—OH, + A ===[RZn’—OH,— A | ===[EZn’t—OH" —AH"| === EZn’—OH" 1 AH'

1.5 Physiological functions of carbonic anhydrases

Among the multitude of reactions reported in Table 2 only the CO, hydration/bicarbonate
dehydration has well established physiological relevance, being thoroughly investigated
over the past 70 years in vertebrates, including Homo sapiens.'>'4#161920 Specifically the h(CA
I, I, IV and XII isoforms are involved in respiration and regulation of the acid/base
homeostasis.?® The latter is involved in the transport of COa/bicarbonate between
metabolizing tissues and excretion sites (lungs, kidneys), CO, elimination in capillaries and
pulmonary microvasculature, elimination of H* ions in the renal tubules and collecting ducts
as well as reabsorption of HCO;™ in the brush border and thick ascending Henle loop in
kidneys.?® Usually, these isoforms are also expressed within the eyes by producing the
bicarbonate-rich aqueous humor and their malfunction results in increase of the intraocular
pressure.!” hCA 1I is also involved in the bone development and function, such as the
differentiation of osteoclasts or the provision of acid for bone resorption in osteoclasts.!®
Different CAs are involved in the secretion of electrolytes in many other tissues/organs, such
as cerebrospinal fluid formation, by providing bicarbonate and by regulating the pH in the
choroid plexus; saliva production in acinar and ductal cells; gastric acid production in the
stomach parietal cells; bile production; pancreatic juice production; and intestinal ion

transport.'*!* CAs are also involved in gustation and olfaction, protection of gastrointestinal
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tract from extreme pH conditions (too acidic or too basic), regulation of pH and bicarbonate
concentration in the seminal fluid, muscle functions, and adaptation to cellular stress. Some
isoforms such as hCA V are involved in molecular signalling processes, such as insulin
secretion signalling in pancreas B cells.!*!” hCA II and VA are involved in important
metabolic processes, as they provide bicarbonate for gluconeogenesis, fatty acids de novo
biosynthesis, or pyrimidine base synthesis. Finally, hCA IX and XII are quite abundant in
tumors and are involved in oncogenesis and tumor progression.'*!%1¢ Although the
physiological function of some human isoforms such as hCA I and III are still unclear or
poorly understood.

In this panorama, modulators, and in particular inhibitors of these enzymes, found a firm
application in clinical medicine. Acetazolamide (AAZ) was the first nonmercurial diuretic
agent introduced in clinical since 1954.> At present, CA inhibitors are widely used as
antiglaucoma agents, diuretics, antiepileptics, for the treatment of gastric and duodenal
ulcers, neurological disorders and osteoporosis. 416

The aim of this work is the discovery of new and more specific modulators of CAs expressed
in humans as well as in pathogenic organisms with the intent to pave the ways to the

treatment of different pathologies by means of new approaches.

The current thesis is composed of seven chapters, each one dealing with the drug design,
synthesis as well as in vitro kinetic assay of new CA modulators as potential tools for the

treatment of various diseases as follows:

(1) Novel inhibitors against hCAs

(i1) Potential anticancer drugs targeting primarily hCA IX and XII that are
predominantly present in tumor cells.

(ii1)  New class of agents for prevention of diabetic cerebrovascular pathology (which
probably target the mitochondrial isoforms hCA VA and/or hCA VB).

(iv) Potential drug for the treatment of different neurological disorders such as
antiepileptic or neuropathic pain (probably targeting hCA II and VII).

) Agents that target various CAs from pathogenic microorganisms such as the bacteria
and protozoa.

(vi)  New activators of hCAs

15



(vii)

Chapter 1

Kinetic activation studies on no human expressed CAs such as thea, -, y-, 8-, - and

n-classes.

16



The Carbonic Anhydrases

References

10.

11.

12.
13.

14.

15.

Vallee B.L., Falchuk K. The biochemical basis of zinc physiology. Physiol Rev.
1993, 73, 79-118.

Andreini C., Bertini 1., Cavallaro G. Minimal functional sites allow classification of
zinc sites in proteins. PLoS ONE. 2011, 6, €26325.

Vallee B.L., Galdes A. The metallobiochemistry of zinc enzymes. Adv Enzymol
Relat Areas Mol Biol 1984; 56, 283-430.

McCall K.A., Huang C.C., Fierke C.A. Function and mechanism of zinc
metalloenzymes. J. Nutr. 2000, 130, 1437S-1446S

Auld D.S., Zinc enzymes. In Encyclopedia of Inorganic Chemistry, 2nd ed.; Bruce
King, R., Ed.; John Wiley & Sons, Ltd: Chichester, 2005, Vol. IX, pp 5885-5927.
Auld D.S. Zinc coordination sphere in biochemical zinc sites. BioMetals 2001, 14,
271-313.

O’Dell B.L. Zinc plays both structural and catalytic roles in metalloproteins. Nutr.
Rev. 1992, 50, 48-50.

Christianson D.W. Structural biology of zinc. Adv. Protein Chem. 1991, 42, 281—
355.

Lee Y.-M., Lim C. Physical basis of structural and catalytic Zn-binding sites in
proteins. J. Mol. Biol. 2008, 379, 545-553.

Anzellotti A.L, Farrell N.P. Zinc metalloproteins as medicinal targets. Chem. Soc.
Rev. 2008, 37, 1629-1651.

Jacobsen F.E., Lewis J.A., Cohen S.E. The design of inhibitors for medicinally
relevant metalloproteins. ChemMedChem 2007, 2, 152—-171.

Keilin D., Mann T. Carbonic anhydrase. Nature. 1939, 144, 442443,

Neri D., Supuran C.T. Interfering with pH regulation in tumours as a therapeutic
strategy. Nature Rev Drug Discov. 2011, 10, 767-777.

Supuran C.T. Structure-based drug discovery of carbonic anhydrase inhibitors. J
Enzyme Inhib Med Chem. 2012, 27, 759—772.

Capasso C., Supuran C.T. An overview of the alpha-, beta- and gamma-carbonic
anhydrases from Bacteria: can bacterial carbonic anhydrases shed new light on

evolution of bacteria? J Enzyme Inhib Med Chem. 2015, 30, 325-332.

17



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Chapter 1

Supuran C.T. Structure and function of carbonic anhydrases. Biochem J. 2016, 473,
2023-2032.

Kikutani S., Nakajima K., Nagasato C., Tsuji Y., Miyatake A., Matsuda Y.
Thylakoid luminal 8-carbonic anhydrase critical for growth and photosynthesis in
the marine diatom Phaeodactylum tricornutum. Proc Natl Acad Sci USA. 2016, 113,
9828-9833.

Del Prete S., Vullo D., Fisher G.M., Andrews K.T., Poulsen S.A., Capasso C.,
Supuran C.T. Discovery of a new family of carbonic anhydrases in the malaria
pathogen Plasmodium falciparum—the n-carbonic anhydrases. Bioorg Med Chem
Lett. 2014, 15, 4389-4396.

Supuran C.T. Carbonic anhydrases: novel therapeutic applications for inhibitors and
activators. Nature Rev Drug Discov. 2008, 7, 168—181.

Supuran C.T. Structure and function of carbonic anhydrases. Biochem J. 2016, 473,
2023-2032.

Supuran C.T. Carbonic Anhydrases as drug tagets: general presentation, in Drug
Design of Zinc-Enzyme Inhibitors: Functional, Structural, and Disease
Applications; Supuran C.T., Winum J.-Y Eds.; Wiley: Hoboken, NJ, 2009; 15-38.
Supuran C.T. Advances in structure-based drug discovery of carbonic anhydrase
inhibitors. Expert Opin Drug Discov. 2017, 12, 61-88.

Ogawa T., Noguchi K., Saito M., Nagahata Y., Kato H., Ohtaki A., Nakayama H.,
Dohmae N., Matsushita Y., Odaka M., Yohda M., Nyunoya H., Katayama Y.
Carbonyl sulfide hydrolase from Thiobacillus thioparus strain THI115 is one of the
f-carbonic anhydrase family enzymes. J. Am. Chem. Soc. 2013, 135, 3818-3825
Smeulders, M.J., Barends, T.R., Pol, A., Scherer, A., Zandvoort, M.H., Udvarhelyi,
A.,Khadem, A.F., Menzel, A., Hermans, J., Shoeman, R.L. et al. Evolution of a new
enzyme for carbon disulphide conversion by an acidothermophilic archaeon. Nature
2011, 478, 412-416

Briganti F., Mangani S., Scozzafava A., Vernaglione G., Supuran C.T. Carbonic
anhydrase catalyzes cyanamide hydration to urea: is it mimicking the physiological

reaction? J. Biol. Inorg. Chem. 1999, 4, 528-536

18



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

The Carbonic Anhydrases

Guerri A., Briganti F., Scozzafava A., Supuran C.T., Mangani S. Mechanism of
cyanamide hydration catalyzed by carbonic anhydrase II suggested by cryogenic X-
ray diffraction. Biochemistry 2000, 39, 12391-12397

Pocker Y., Meany, J.E. The catalytic versatility of carbonic anhydrase from
erythrocytes. The enzymatic catalyzed hydration of acetaldehyde. J. Am. Chem. Soc.
1965, 87, 1809—-1811.

Pocker Y., Stone J.T. The catalytic versatility of erythrocyte carbonic anhydrase.
The enzyme-catalyzed hydrolysis of para -nitrophenyl acetate. J. Am. Chem. Soc.
1965, 87, 5497-5498.

Innocenti A., Supuran C.T. Paraoxon, 4-nitrophenyl phosphate and acetate are
substrates of a- but not of B-, vy - and { -carbonic anhydrases. Bioorg. Med. Chem.
Lett. 2010, 20, 6208—6212

Innocenti A., Scozzafava A., Parkkila S., Puccetti L., De Simone G., Supuran C.T.
Investigations of the esterase, phosphatase, and sulfatase activities of the cytosolic
mammalian carbonic anhydrase isoforms I, II, and XIII with 4-nitrophenyl esters as
substrates. Bioorg. Med. Chem. Lett. 2008, 18, 2267-2271

Kazancioglu E.A., Guney M., Senturk M., Supuran, C.T. Simple methanesulfonates
are hydrolyzed by the sulfatase carbonic anhydrase activity. J. Enzyme Inhib. Med.
Chem. 2012, 27, 880—885

Cavdar H., Ekinci D., Talaz O., Saracoglu N., Senturk M., Supuran, C.T. a-Carbonic
anhydrases are sulfatases with cyclic diol monosulfate esters. J. Enzyme Inhib. Med.
Chem. 2012, 27, 148154

Carta F., Maresca A., Scozzafava A., Supuran C.T. 5- and 6-membered
(thio)lactones are prodrug type carbonic anhydrase inhibitors. Bioorg. Med. Chem.
Lett. 2012, 22,267-270

Tanc M., Carta F., Scozzafava A., Supuran C.T. a-Carbonic anhydrases possess
thioesterase activity. ACS Med. Chem. Lett. 2015, 6, 292-295

Supuran C.T., Conroy C.W., Maren T.H. Is cyanate a carbonic anhydrase substrate?
Proteins 1997, 27, 272-278

Supuran C.T. Carbonic anhydrase inhibitors. Bioorg. Med. Chem. Lett. 2010, 20,
3467-3474

19



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Chapter 1

De Simone, G., Supuran C.T. (In)organic anions as carbonic anhydrase inhibitors.
J. Inorg. Biochem. 2012, 111, 117-129

Angeli A., Di Cesare Mannelli L., Lucarini E., Peat T.S., Ghelardini C., Supuran
C.T. Design, synthesis and X-ray crystallography of selenides bearing
benzenesulfonamide moiety with neuropathic pain modulating effects. Eur J Med
Chem. 2018, 154, 210-219

Angeli A., Di Cesare Mannelli L., Trallori E., Peat T.S., Ghelardini C., Carta F.,
Supuran C.T. Design, Synthesis, and X-ray of Selenides as New Class of Agents for
Prevention of Diabetic Cerebrovascular Pathology. ACS Med Chem Lett. 2018, 9,
462-467.

Angeli A., Tanini D., Peat T.S., Di Cesare Mannelli L., Bartolucci G., Capperucci
A., Ghelardini C., Supuran C.T., Carta F. Discovery of New Selenoureido
Analogues of 4-(4-Fluorophenylureido)benzenesulfonamide as Carbonic
Anhydrase Inhibitors. ACS Med Chem Lett. 2017, 8, 963-968

Innocenti A., Vullo D., Scozzafava A., Casey J.R., Supuran C.T. Carbonic
anhydrase inhibitors. Interaction of isozymes I, II, IV, V and IX with carboxylates.
Bioorg. Med. Chem. Lett. 2005, 15, 573-578

Di Fiore A., Maresca A., Supuran C.T., De Simone G. Hydroxamate represents a
versatile zinc binding group for the development of new carbonic anhydrase
inhibitors. Chem. Commun. 2012, 48, 8838-8840

Carta F., Aggarwal M., Maresca A., Scozzafava A., McKenna R., Masini E.,
Supuran C.T. Dithiocarbamates strongly inhibit carbonic anhydrases and show
antiglaucoma action in vivo. J. Med. Chem. 2012, 55, 1721-1730

Supuran C.T. How many carbonic anhydrase inhibition mechanisms exist? J.
Enzyme Inhib. Med. Chem. 2016, 31, 345-360

Nair S.K., Ludwig P.A., Christianson D.W. Two-site binding of phenol in the active
site of human carbonic anhydrase II: structural implications for substrate
association. J. Am. Chem. Soc. 1994, 116, 3659-3660

Carta F., Temperini C., Innocenti A., Scozzafava A., Kaila K., Supuran, C.T.
Polyamines inhibit carbonic anhydrases by anchoring to the zinc-coordinated water

molecule. J. Med. Chem. (2010), 53, 5511-5522

20



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

The Carbonic Anhydrases

Davis R.A., Hofmann A., Osman A., Hall R.A., Muhlschlegel F.A., Vullo D.,
Innocenti A., Supuran C.T., Poulsen S.A. Natural product-based phenols as novel
probes for mycobacterial and fungal carbonic anhydrases. J. Med. Chem. 2011, 54,
1682-1692

Tars K., Vullo D., Kazaks A., Leitans J., Lends A., Grandane A., Zalubovskis R.,
Scozzafava A., Supuran C.T. Sulfocoumarins (1,2-benzoxathiine-2,2-dioxides): a
class of potent and isoform-selective inhibitors of tumor-associated carbonic
anhydrases. J. Med. Chem. 2013, 56, 293-300

Maresca A., Temperini C., Vu H., Pham N.B., Poulsen S.A., Scozzafava A., Quinn
R.J., Supuran C.T. Non-zinc mediated inhibition of carbonic anhydrases: coumarins
are a new class of suicide inhibitors. J. Am. Chem. Soc. 2009, 131, 3057-3062
Maresca A., Temperini C., Pochet L., Masereel B., Scozzafava A., Supuran C.T.
Deciphering the mechanism of carbonic anhydrase inhibition with coumarins and
thiocoumarins. J. Med. Chem. 2010, 53, 335-344

Touisni N., Maresca A., McDonald P.C., Lou Y., Scozzafava A., Dedhar S., Winum
J.Y., Supuran C.T. Glycosylcoumarin carbonic anhydrase IX and XII inhibitors
strongly attenuate the growth of primary breast tumors. J. Med. Chem. 2011, 54,
8271-8277

Bonneau A., Maresca A., Winum J.Y., Supuran, C.T. Metronidazole-coumarin
conjugates and 3-cyano-7-hydroxy-coumarin act as isoform-selective carbonic
anhydrase inhibitors. J. Enzyme Inhib. Med. Chem. 2013, 28, 397401
D’Ambrosio K., Carradori S., Monti S.M., Buonanno M., Secci D., Vullo D.,
Supuran C.T., De Simone G. Out of the active site binding pocket for carbonic
anhydrase inhibitors. Chem. Commun. 2015, 51, 302-305

Briganti F., Mangani S., Orioli P., Scozzafava A., Vernaglione G., Supuran C.T.
Carbonic anhydrase activators: X-ray crystallographic and spectroscopic
investigations for the interaction of isozymes I and II with histamine, Biochemistry
1997, 36, 10384—-10392.

Clare B.W., Supuran C.T., Carbonic anhydrase activators. 3: structure-activity
correlations for a series of isozyme Il activators, J. Pharm. Sci. 1994, 83, 768-773.

Supuran C.T. Future Med Chem. 2018 10, 561-573. Carbonic anhydrase activators.

21



57.

58.

59.

60.

61.

62.

Chapter 1

Cronk J.D., Rowlett R.S., Zhang K.Y., Tu C., Endrizzi J.A., Lee J., Gareiss P.C.,
Preiss J.R. Identification of a novel noncatalytic bicarbonate binding site in
eubacterial beta-carbonic anhydrase. Biochemistry 2006, 45, 4351-4361

Alber B.E., Ferry J.G. A carbonic anhydrase from the archaeon Methanosarcina
thermophile. Proc. Natl. Acad. Sci. U.S.4. 1994, 91, 6909-6913

Kisker C., Schindelin H., Alber B.E. Ferry, J.G., Rees, D.C. A left-hand beta-helix
revealed by the crystal structure of a carbonic anhydrase from the archaeon
Methanosarcina thermophila. EMBO J. 11996, 5, 2323-2330

Iverson T.M., Alber B.E., Kisker C., Ferry J.G., Rees D.C. A closer look at the active
site of gamma-class carbonic anhydrases: high-resolution crystallographic studies
of the carbonic anhydrase from Methanosarcina thermophila . Biochemistry 2000,
39, 9222-9231

Alterio V., Langella E., Viparelli F., Vullo D., Ascione G., Dathan N.A., Morel
F.M., Supuran C.T., De Simone G., Monti S.M. Structural and inhibition insights
into carbonic anhydrase CDCA1 from the marine diatom Thalassiosira weissflogii.
Biochimie. 2012, 94, 1232-41.

Reungprapavut S., Krungkrai S.R., Krungkrai J. Plasmodium falciparum carbonic
anhydrase is a possible target for malaria chemotherapy. J Enzyme Inhib Med Chem.
2004, 9, 249-56.

22



Novel inhibitors against human carbonic anhydrases

Chapter 2
Novel inhibitors against human carbonic anhydrases

2.1 Primary sulfonamides with subnanomolar carbonic anhydrase II and IX inhibitory

activities and X-ray investigation

In order to synthesize chemically novel and sulfur-containing CA inhibitors we developed a
synthetic procedure based on the reaction of the disulfide 2 with an electrophilic agents as

below reported.

HSO5CI S\} NH4OH 37% aq.

S .
©/ 7> CHCI, /©/ > THF
10°C1040°C, 1 (iog t, 30 min

1

S
IOk
H,NO,S

2

Scheme 1: Synthesis of disulfide 2, bearing the benzenesulfonamide moiety

The disulfide 2 was conveniently obtained by treating the readily obtained
disulfonylchloride 1 with a 37% aqueous ammonium hydroxide solution. The intermediate
sulfonylchloride 1 was prepared according to reported procedures ! using the commercially
available diphenyl disulfide and chlorosulfonic acid (Scheme 1). In order to synthesize
unsymmetrical sulfides incorporating the benzenesulfonamide moiety, compound 2 was
reduced with NaBHs, and the corresponding thiolate 3 was treated in situ with the
appropriate electrophilic species 4a-e to afford the sulfides Sa-e in good yield, as reported

in the Scheme 2.
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S i) NaBH, (3.0 eq.) s@
Q i EtOH, r.t. 2h Q
H,NO,S H,NO,S
2 3
ii) Electrophile (E) 4,6,8
(2.1eq.)
0°Ctort.,3h

H,NO,S

Sa-e from alkyl halides
7a-e from epoxides
9 from aziridines

Scheme 2: Synthesis of sulfides bearing benzenesulfonamide moiety

Interestingly, the product Se (Table 1, entry 5) was selectively formed from methyl 3-
bromopropionate 4e, as no traces of compounds arising from substitution or reduction at the
carbonyl position have been observed. Having explored the reactivity of 3 with alkyl halides,
we turned our attention on the ring opening reaction of strained heterocycles. Thus,
monosubstituted epoxides 6a-d were treated with thiolate 3 under the above reported
conditions affording the B-hydroxysulfides 7a-d (Table 1, entries 6-9), bearing saturated or
unsaturated carbon chains, and protected or free hydroxyl groups. Furthermore, the limonene
derived sulfide 7e was synthesised from the disubstituted epoxide 6e. Finally, with the aim
of enlarging the scope of such a procedure to another class of three-membered heterocycles,
the enantio-enriched N-tosyl aziridine 8, obtained from L-phenylalanine, afforded the -

amino substituted sulfide 9 (Table 1, entry 11).
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Table 1. Sulphides 5-9 bearing benzenesulfonamide moiety

Entry Electrophile Product
S\/\/\
1 B 4a /©/ 5a
H,NO,S
Spp
2 p~Ph J@f 5b
H,NO,S
S_Z
3 L Z  4e O 5¢
H,NO,S
N
4 g~ OH 4d O 5d
H,NO,S

S O
© 4 Y Se
5 /\)J\ e ¢ O
Br O H2NOZS OH

6 8\/ 6a Q S A
H,NO,S

OH
O SW
7 N ~F 6b /©/ 7b
H,NO,S JOE/
O S OH
8 L\/OH 6¢ Te
0 S _A_OAIl
9 L\/O All 6d /©/ 7d
H,NO,S
0 S OH
10 6e Q Te
g H,NO,S
X
Ts

“NH
11 E\/ 8 OSJ\/Ph 9
Ph
H,NO,S

All the ring opening reactions here described were demonstrated to be highly regio-selective,

as only the isomer arising from the nucleophilic attack at the less hindered carbon of the
strained heterocycle was observed.?* Having obtained a set of sulfides through the reaction
of 2 with different electrophiles, we extended this procedure to the synthesis of thiol esters

bearing the benzenesulfonamide moiety. Thus, the thiolate 3 was treated in situ with acyl
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chlorides to afford the thiol esters 10a-e. The reaction proved to be efficient, allowing the
synthesis of saturated and unsaturated fatty acid derived thiol esters 10a-c (i.e. caprylic,
stearic, and oleic acids). Furthermore, a,B-unsaturated thiol ester 10d and aromatic thiol
esters 10e were achieved from cinnamoyl chloride and 2,4-bis(trifluoromethyl)benzoyl

chloride as reported in Scheme 3.

i) NaBH, (3.0 eq.)

S% EtOH, r.t, 2 h S. _R/Ar
Q 2 o) ©/ j)r
HzNOzS 11 HZNOZS

i1) )J\

2 Cl R/Ar 10a-e
(2.1eq.)
0°Ctort, 1h
S\n/\/\/\/
O
H,NO,S 10a

S
HZNOZSQ/ O 10b

S _
HZNOZSJ@/ O 10c

s F5C CF,
O SY\Q
H,NO,S Q
10 H,NO,S

d O 10e

Scheme 3: Synthesis of thiol esters bearing benzenesulfonamide moiety

Having synthesised a representative series of functionalized sulfides and thiol esters
encorporating the benzenesulfonamide moiety, we also prepared disulfides 11a-c, bearing
two primary and two secondary sulfonamide groups. Compounds 11a-c¢ could be easily
achieved by reacting the disulphonylchloride 1 with the suitable amine in the presence of

trimethylamine (Scheme 4).
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Ar/R-NH, (2.0 eq.)

oy oK
2 0, 2
Cl0,S EGN(Q22eq)  Apr. S

1

THF, rt, 3h N0 11ac
(1.0 eq.)
Entry Electrophile Product
SO,NH,
S
1 H,NO,S
sy o T
-S
13a NOo 1a
NH,

SO,NH, Sy,
Q :
2 N- S\\O
13b H 11b
H,NO,S

NH,

SO2NH2 S
H,NO,S o /©/ 7\2
3 'S

13¢ NH, 1lc

Scheme 4: Synthesis of disulfides 11a-¢

All compounds 2, Sa-e, 7a-e, 9, 10a-e and 11a-c were tested in vitro for their inhibitory
activity against the physiologically relevant hCA isoforms I, II, IV and IX by means of the
stopped-flow carbon dioxide hydration assay* and their activities were compared to the

standard CAI acetazolamide (AAZ) (Table 2).
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Table 2. Inhibition constants of hCA I, hCA II, hCA IV and hCA IX with compounds 2, 5a-g, 7a-e,
9, 10a-e, 11a-c and AAZ by a stopped-flow CO> hydrase assay*

Ki (nM)*
Compound hCA1 hCA 11 hCA 1V hCA IX
2 412.7 0.9 368.3 0.5
Sa 773.6 0.4 436.5 0.6
5b 227.5 04 80.9 0.9
Sc 30.2 29.5 838.9 7.6
5d 135.6 372 878.0 36.7
Se 41.7 0.6 808.4 6.6
Ta 138.1 0.8 683.6 2.0
7b 139.9 4.0 505.6 6.8
Tc 74.8 31.0 552.6 41.7
7d 50.4 3.7 709.6 6.0
Te 9.8 1.4 87.7 0.6
9 6852 197.2 2046 969.0
10a 76.7 47.0 5357 166.3
10b 5133 663.5 9500 4687
10c 519.3 879.0 9647 373
10d 89.3 4.9 6888 268.9
10e 323 4.9 4933 5.2
11a 88.1 53.1 430.9 5.6
11b 542.5 69.0 752.8 554
11c 244.4 83 1985 1393
AAZ 250 12.1 74.0 25.8

* Mean from three determinations by a stopped-flow, COz hydrase method. Standard errors were in

the range of 5-10% of the reported values.

The following structure—activity relationship (SAR) can be drawn from the data obtained

and reported in Table 2:

)

The cytosolic isoform, hCA I, was inhibited by disulfide 2 with inhibition constant
in the high nanomolar range (K; 412.7 nM). Thioether scaffolds 5a-e play a crucial
role for the potency of inhibition. Compounds 5S¢ and 5e showed an efficacy over 4
fold than the similar derivatives. On the other hand, B-hydroxysulfide from natural

product limonene 7e resulted the most potent inhibitor against this isoform. Like as
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compounds mentioned above, thioesters tails lead to significant changes in the
inhibition potency. Compounds 10b-c¢ with high hydrophobic moieties showed a
significant decrease of the inhibitory potency in high nanomolar range (K; 513.3 and
519.3 nM respectively), instead, the efficacy increased when the moiety was
changed with short aliphatic chain (10a and 10e) or cinnamic scaffold (10d). The
potency of inhibition for disulfides 1la-c can be modulate by changing the
methylene chain length. Indeed, compound 11a showed a potency over 2 times
better than compound with an ethylene chain (11¢) and over 6 times for compound

with a single methylene (11b).

The dominant cytosolic isoform, hCA II, was strong inhibited by disulfide 2 and
most thioether compounds 5a-e in sub-nanomolar range (K; 0.4 to 0.9 nM). An
interesting case is constituted by the thioesther compounds 10a-e, for which the long
hydrophobic tails led to a decrease of potency over 100 fold compared to the other
similar products (K; 663.5 and 879.0 nM for 10b, ¢ than 4.9 nM 10d, e). Unlike the
hCA I cytosolic isoform, the introduction of a methylene linker in compounds 11a-
¢ had diverse effects on the inhibition profile. A decrease of the potency was
observed for a methylene linker with one or without a carbon atom (11b, a K; of 69.0
nM and 11a a K; of 53.1 nM), whereas, a further chain elongation, as in 11¢, led to

an increase of the potency, with a K; of 8.2 nM.

The membrane-bound hCA IV was inhibited by most of the compounds investigated
here in the high nanomolar range or in the micromolar range. Thioethers 5a-e and
B-hydroxysulfides 7a-e compounds showed an efficacy against this isoform, near
ten times better than thioesters derivatives 10a-e (K; 0.4 to 37.2 nM for Sa-e and 7a-
e than 4.9 to 879.0 nM for 10a-e).

hCA IX, the tumor-associated isoform, was effectively inhibited by many of the
compounds reported here, especially thioether derivatives Sa-b, 7e and disulphide 2
in sub-nanomolar range (K; 0.5 to 09 nM). On the other hand, compounds 10a-e
showed an over 100 times decrease in potency against this isoform. Unlike the other
isoforms, the introduction of methylene chain in compounds 11a-¢ had an almost

linear effect on efficacy of inhibition. Indeed, increasing the linker led to loss of
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potency near ten fold with one atom of carbon (11b K; 55.4 nM) and over 20 fold
with two atoms of carbon (11¢ K; 139.3 nM).

To better understand the strong inhibition of thioether derivatives (5a-e) reported here
against hCA II, we solved the X-ray structure of the compound Sb bound to this isoform at
1.5 A resolution, in order to identify the key interactions involved into protein-inhibitor
interactions at the atomic level. Data collection and refinement of adduct was performed as
described in the Experimental Section. Active site of hCA II showed the classic binding
mode of sulfonamide inhibitors, where, the deprotonated nitrogen atom displaces the
hydroxyl ion/water molecule present in the native enzyme and coordinates the zinc ion with
a tetrahedral geometry by His94, His96 and His119, while additional hydrogen bond

interactions with residue Thr199 further contribute to stabilize the binding (Figure 1).

Figure 1: Ligand 5b in the active site of hCA II (PDB: 6GOT) is shown in green. The zinc
ion is the gray sphere with its protein ligands (His94, 96 and 119 in blue) shown as stick
model, in CPK colors. Residues involved in the binding of inhibitors are also shown.
Hydrophobic interactions and H-bonding are shown as blue dashed lines, n-Stacking as

magenta and water bridges as red.
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The hydrophobic tail of inhibitor 5b is located in the hydrophobic region of the active site
in a small pocket delimited by residues Phel31, Val135, Leul98, and Pro202 (Figure 1) and
forms strong hydrophobic interactions with these residues. In addition to these contacts, a -
stacking interaction between Phel31 and the aromatic ring scaffold of inhibitor was

evidenced.

2.2 Synthesis of Novel Selenides Bearing Benzenesulfonamide Moieties as Carbonic

Anhydrase I, 11, IV, VII, and IX Inhibitors.

Selenium has a long history of association with human health and disease.>® Interest in the
potential biological, pharmacological and therapeutic exploitation of synthetic
organoselenium compounds started several decades ago. With the aim of synthesising a new
series of hydroxy- and amino- functionalized selenium containing CAI, we sought to exploit
the reactivity of three-membered ring, such as epoxides and aziridines, with a suitable
selenolate, bearing the benzenesulfonamide moiety generated from the corresponding
diselenide 14 and synthesized as shown in the Scheme 5. The diazonium salt of
sulfanilamide was prepared by reaction of 12 with sodium nitrite in the presence of acid
(Sandmeyer reaction) and used as key intermediate for the synthesis of compound 13.
Successively, the selenocyanate derivative 13 was converted easily into the diselenide 14 by

reaction with NaBH4 in ethanol.

SO,NH, SO,NH,
i) HCI, NaNO, NaBH, Sey
2
ii) KSeCN EtOH rt. Q
) tOH r.t H,NO,S
NH, SeCN
12 13 14

Scheme 5: Synthesis of selenocyanate and diselenide bearing benzenesulfonamide moiety

Having in our hands the diselenide 14, we evaluated the possibility to access f-hydroxy
selenides by using the ring opening reaction with epoxides.” Thus, 14 was reduced with

NaBH, to the corresponding selenolate which was treated in sifu with benzyl glycidyl ether
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15a, affording the B-hydroxyselenide 16a in good yield (Table 3, entry 1). The process
proved to be highly regioselective, as only the isomer arising from the nucleophilic attack at
the less hindered carbon of the oxirane was observed. On the basis of these results, and in
order to study the generality of such a procedure, a series of epoxides was reacted with 14
under the same conditions, as reported in Table 3. Thus, differently substituted hydroxyl
selenides 16b-g were obtained from the corresponding epoxides 15b-g through a
regioselective ring opening route (Table 3, entries 2-4). Interestingly, () epibromohydrine
15e was smoothly converted into 16e in excellent yields; the nucleophilic attack occured
exclusively on the epoxide since the halide was preserved on the side chain (Table 3, entry
5). Disubstituted hydroxy selenides 16f, g were obtained by reacting 14 with cyclohexene
oxide 15f and limonene oxide 15g (Table 3, entries 6, 7).
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Table 3: Synthesis of B-hydroxy selenides bearing benzenesulfonamide moiety

i) NaBH, (3.0 eq.) OH
Qset EtOH, 0 °C, 30 min /©/SeJ\R
.0 16a-
H,NO,S if) |>1galfg(1-8 1) H,NO,S .
14 0°Ctort. 3h
Entry Epoxide Product
53
o) Se OBn
1 22__OBn 15a /O/ 16a
H,NO,S oH
0 . Se__OPr
2 A _oipr 15b Q 16b
H,NO,S oH
0 Se_A_0All
3 2N _0All 15¢ O 16¢
H,NO,S
OH
4 2 15d Se gy 16d
"By
H,NO,S oH
O Se Br
5 N _Br 15¢ O 16e
H,NO,S OH
0 Se
6 15f O 16f
H,NO,S
o) OH
Se
7 15g O 16g
i H2NOQS
A

In order to access benzenesulfonamide-substituted selenides bearing the amino group, the
procedure was extended to differently N-protected aziridines 17,'%!! synthesised from
natural aminoacids. As reported in the Scheme 6, enantioenriched N-Tosyl and N-Boc
selenides 18a-c¢ were obtained in good yields from 17a-c through a regio- and stereo-

selective reaction.
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Pg
=k
NaBH, Se 17a-¢ H
/©/Se>'2 (3.0eq.) /@/ ¢ (1.8 eq.) pg—N)‘R
H,NO,S 58?::;10 C | HNO,S 0°Ctort,3h Se
14
HyNO,S  18a-c
a: R=iPr, Pg=Ts
b: R=Bn, Pg=Ts

¢: R=iPr, Pg=Boc

Scheme 6: Synthesis of N-protected -amino selenides bearing benzenesulfonamide moiety

Finally, the free selenoamine 19 was obtained from the N-Boc derivative 18c by the acetyl

chloride promoted cleavage of the protecting group (Scheme 7).!?

Boc\NH NH,
Se/H/ AcCl/MeOH /©/5e/H/
I j 0°C,6h
H,NO,S 18c¢ H,NO,S 19

Scheme 7: Synthesis of f-amino selenide bearing benzenesulfonamide moiety

As a further investigation, in order to propose an alternative way to access the target
compounds, we sought to achieve [-hydroxy- and [-amino- selenides from the
selenocyanate 13, thus avoiding the synthesis of the diselenide 14. After having optimized
the reaction conditions, we were pleased to observe that selenides 16a,b and 18a were
obtained by ring opening of epoxides 15a,b and aziridine 17a with the selenolate, in situ

generated by reducing 13, as reported in the Scheme 8.
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Y>—r
NaBH, g ] 15ab,17a
/©/SeCN (4.0 eq.) /©/ _(18eq)
H,NO,S EtOH, r.t, Th  |H,NO,S 0°Ctort,3h

13

15a: R=CH,OBn, X=0
15b: R=CH,Br, X=0 Y
17a: R=iPr, X=N-Ts

XH

o
H,NO,S

16a,b, 18a
Scheme 8: Synthesis of selenides bearing benzenesulfonamide moiety

We investigated the CA inhibitory proprieties of compounds 13, 14, 16a-g, 18a-c and 19
against the physiologically relevant hCA isoforms I, II, IV, VII and IX by means of the
stopped-flow carbon dioxide hydration assay* after a period of 15 min of incubation of the
enzyme and inhibitor solutions. Their activities were compared to the standard CAI

acetazolamide (AAZ) (Table 4).
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Table 4. Inhibition constants of hCA I, hCA II, hCA TV, hCA VII and hCA IX with compounds 13,
14, 16a-g, 18a-c, 19 and AAZ by a stopped-flow CO; hydrase assay*

K (nM)*

Compound hCAT hCA I hCA IV hCA VII hCA IX
13 956 531 30.6 71 93
14 1523 79 298.4 40.5 57
16a 193.8 1.4 ¢ s o 1.9 10.1
16b o 44 403.1 0.7 15.9
16¢ 8084 920.8 8133 742 11.9
16d 228.8 8.8 4292 0.8 56
16e 127.2 4.9 3193 74 6.5
16f 148.6 74 458.2 0.8 8
16g 8.4 02 348 0.7 24
18a 881.1 14.0 43522 0.4 10.1
18b 4365 90.2 5601 3.4 24
18¢ 1471 15.9 2825 3.5 23
19 93.0 05 2321 36.2 24
AAZ 250.0 12.1 74.0 2.5 25.8

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

The following structure activity relationship (SAR) may be noted regarding the inhibition
data of Table 4:

1) The ubiquitous cytosolic hCA 1 was inhibited by all compounds with K; spanning
between low nanomolar range (K; 8.4 nM) to high micromolar range (K; 8084.3 nM).
Selenocyanate derivative 13 inhibited hCA I in medium nanomolar range (K; 95 nM) but,
the next step, with the formation of diselenide 14, showed a decreased potency of inhibition
of almost 15 folds. B-Hydroxy selenides 16g showed the best potency of inhibition with K;
of 8.4 nM. Moreover, a less bulky tail moiety such as cyclohexane (16f) decreased 16 folds
the activity. Compound 19 inhibited this isoform in medium nanomolar range with K; 93
nM. Same compound with different N- protecting groups 18a and 18¢ led to decrease the

activity of inhibition near 9 times with tosyl group (18a) and 18 times for Boc group (18c).
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i1) The dominant cytosolic human isoform, hCA II, was inhibited in low or low-
medium nanomolar range by all compounds here considerated, except for derivative Se
which acted in the high nanomolar range (K; 920.8 nM). Selenocyanate derivate 13 was 6
folds less active compared to diselenide 14. -Hydroxy selenides compounds 16a-g proved
to be potent inhibitors for this isoform (with K; between 0.18 to 8.8 nM) except for 16¢ as
mentioned earlier. In addition, B-amino selenide 19 showed a potent inhibition profile for
hCA 1II. On the other hand, the introduction of N-protecting groups 18a and 18c led to a

decrease the potency of inhibition nearly 29 times.

1i1) The last cytosolic human isoform studied, hCA VII, was inhibited by all compounds
in low or low-medium nanomolar range. This time, compound 13 led to be 6 times less
potent compared to diselenide 14. The presence of N-protecting groups for compounds 18a
and 18c, increased the efficacy 10 times for Boc moiety and 100 times for tosyl moiety

respect to the unprotected one (19).

iv) Almost all compounds here considerated, possessed low inhibitory activity for the
membrane-bound hCA IV with K;s spanning between high nanomolar to micromolar range.
Compound 13 showed the best activity against this isoform with K; 30.6 nM but, the efficacy
decreased with diselenide derivative 14 in high nanomolar range (K; 298.4 nM). Different
substituents on the B-hydroxy selenides 16a-g did not effectively influenced the inhibition
activity, except for compound 16¢ which led to decrease of the efficacy up to the high
micromolar range (K; 8133 nM). Also for this isoform, compound 18a, with the tosyl moiety
as protectingd group, prove to have the better inhibition profile when compared to the other

B-amino selenide.

V) The transmembrane tumor-associated hCA IX, was effectively inhibited by all
compounds in low nanomolar range. Likewise to the other membrane isoform, substituents
on B-hydroxy selenides 16a-g did not influence the efficacy of inhibition. Moreover, N-
protection for compounds 18a and 18¢ did not significantly change the profile of inhibition

compared to the f-amino selenide 19.
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2.3 Synthesis of novel acyl selenoureido benzensulfonamides as carbonic anhydrase I,

I1, VII and IX inhibitors

Our interest towards organo-selenium compounds includes the development and synthesis
of stable organo-selenium compounds that serve as antioxidant adjuvants against ROS
damage. The rationale for the drug design for the compounds reported below is based on the
bioisosteric replacement of the ureido moiety in the carbonic anhydrase inhibitor SLC-0111
13 with a selenoureido group. Additionally, the tail end of the ureido moiety was changed
with phenylacyl functionalities. This moiety possesses both high flexibility and potential to
interact through multiple hydrogen bondings within the CA enzymatic cavity and thus may
enhance the selectivity of compounds towards specific isforms.'* With the same objective
the zinc binding group (SO,NH.), the head section of the molecules was placed at different
positions. The synthesis of the new compounds 25-29 is shown in Scheme 9. The
acylselenoureido compounds were synthesized following the method of Koketsu et al.!> We
have obtained in situ the acyl isoselenocyanate (not isolated) and coupled it with the

appropriate and commercially available amino benzensulfonamide (12, 21-24).
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0 se SO,NH,
SO,NH, W@f
2 21

Cl H o H
R 25a-¢,25¢
20a-i

R
Cyont: 0 Se SO:NH;
H,)N J\
KSeCN |Acetone, r.t. 2 12 le E
R 26a,26e-h
- - SO,NH,
NHy 22 NN SO,NH,
N:C H H
“Se R -
R SO,NH, 27a-b,27d
B B C:NHZ O Se
a:R=H 23 M
b: R=3-CHj - N B
c: R=4-Ph SO,NH,
’ SO,NH R
d: R=2,4 CF; Q 252 28a
e: R=benzo[d][1,3]dioxole | HO HO
f: R=3-Br, 5-OCF, NH; 54 0 JSLe j@\
g: R=2-Acetate
h: R= 4-hepthyl E E SO,NH,
i: R=3-CH3, 4-Br R
29c¢,g,i

Scheme 9: General procedure for the synthesis of acyl selenoureido compounds 25-29.

All compounds 25-29 were tested in vitro for their inhibitory activity against the
physiologically relevant hCA isoforms I, II, VII and IX by means of the stopped-flow carbon
dioxide hydration assay* and their activities were compared to the standard CA inhibitor

(CAI) acetazolamide (AAZ) (Table 5).
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Table 5. Inhibition constants of hCA I, hCA II, hCA VII and hCA IX with compounds 25-29 and

AAZ by a stopped-flow CO; hydrase assay*

Ki (nM)*
Compound hCA 1 hCA 1l hCA VII hCA IX
25a 65.6 18.7 3.2 7.2
25b 514.9 21.8 138.4 145.9
25¢ 3746 9533 1881 4869
25e 523.7 26.9 27.8 105.2
26a 738 9.5 9.3 4.6
26e 8702 402.4 1885 128.6
26f 85.7 0.7 1.7 3.5
26g 85.7 9.1 6.8 13.6
26h 734.2 48.9 1.8 25.1
27a 521.2 2474 1897 373.6
27b 81.6 6.6 15.2 439
27d 9381 6072 1907 4702
28a 61.5 66.9 100.4 283.7
29¢ 90.5 39.2 378 69.1
29g 447 3.9 55.5 80.8
29i 9.6 42 85.6 5.8
AAZ 250 12.1 2.5 25.8

* Mean from three determinations by a stopped-flow, CO:2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

The following structure-activity-relationship (SAR) may be noted regarding the inhibition
data of Table 5:

@

The two dominant cytosolic isoforms, hCA I and hCAIl, were inhibited by almost
all compounds here reported with an inhibition constant in the nanomolar range,
except for compounds 25¢ and 26e, which acted within the micromolar range for
both isoforms (the same was valid for compound 27d against hCA I). Substituents
on the acyl selenoureido compounds 25a-c¢ and 25e, incorporating 4-ethylamino
benzensulfonamide, showed a decreased potency of inhibition of almost tenfold for
hCA 1. Instead, the introduction of small substituents on the acyl scaffold did not

influence the potency for inhibition of hCA II. Furthermore, an addition of another

40



(i)

(iii)

(iv)

Novel inhibitors against human carbonic anhydrases

benzene ring at position 4 (25e) decreased the efficacy to micromolar range for both
isoforms. For compounds 26a and 26e-h, incorporating the 4-amino
benzenesulfonamide moiety, analogous to compounds 25a-¢ and 2S5e, the
substitution on the acyl scaffold decreased the potency for the slow cytosolic isoform
hCA 1. An interesting case was how the ethyl linker between benzensulfonamide
and acyl selenoureido moieties modulated the potency of inhibition for compounds
25e and 26e, with a benzo[d][1,3]dioxole scaffold. The presence of ethyl spacer
increased the efficacy over 10 times with respect to compounds without it. A
substitution at position 3 on the acyl scaffold, with the sulfonamide group in meta
(27a-b and 27d) increased the inhibition potency. On the other hand, the substitution
at 2 and 4 with CF; groups (27d) decreased the efficacy to micromolar range.
Compound 28a, with SO,NH, zinc binding group at position 2, resulted the most
active inhibitor for isoforms hCA I compared to the others compounds previously
reported without substituents on the acyl scaffold. Conversely, compound 26a, with
sulfonamide moiety at position 4, was the best inhibitor for hCA 1II.

The next cytosolic human isoform here studied, hCA VII, was inhibited by
compounds 25¢, 26e, 27a and 27d in micromolar range, whereas by the remaining
compounds in nanomolar range. Substitutions on the acyl scaffold for compounds
25a-c and 25e decreased the potency of inhibition, as for the other two cytosolic
isoforms discussed above. Compounds with 4-amino benzensulfonamide moiety
(26a and 26e-h) inhibited this isoform in the low nanomolar range except for
compound 26e (a micromolar inhibitor). The ethyl linker present in compound 26e,
decreased the efficacy nearly 60 times compared to the compound without it (25e).
The transmembrane isoform hCA IX was inhibited by all compounds (except 25¢
and 27d) in the nanomolar range. Substitution on the acyl scaffold for compounds
25a-c and 25e decreased the inhibition potency of such derivatives as for the other
isoforms here considered. The presence or not of the ethyl linker in compounds 25e
and 26e, did not influence the efficacy of inhibition for this isoform.

An interesting inhibition profile was observed for compounds 25e and 26e. The
presence of the ethylene linker decreased the inhibition potency for all cytosolic
isoforms but did not influence the transmembrane hCA IX inhibition, and the

compounds showed selectivity for this isoform.
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2.4 Intramolecular oxidative deselenization of acylselenoureas: a facile synthesis of

benzoxazole amides and carbonic anhydrase inhibitors.

Benzoxazoles are scaffolds of particular interest in medicinal chemistry,'® with additional
applications including their use as laser dyes, photoluminescents'” and whitening agents.'®
Despite their importance, the synthetic methods require multistep procedures, the use of
metal catalysts,'*?° hypervalent iodine?! or strong oxidizing agents.?? Herein we report for
the first time a novel and easy procedure to obtain benzoxazoles substituted scaffolds. The
starting material acylselenoureas 30a-h were obtained according to the method of Koketsu
et al. as mentioned above' using the commercially available 4-hydroxymetanilamide 24

(Scheme 9).

SO,NH,
_ 24
2
Q  KSeCN Q oS¢ OH
Cl N”
Acetone, r.t.
R

20a,b,e,f,h
a: R=H

b: R=3-CHj

HO
P
e: R=Dbenzo[d][1,3]dioxole
f: R=3-Br, 5-OCF; NN SO,NH,
h: R= 4-hepthyl R

30a,b,e,f,h

Scheme 9: General procedure for the synthesis of acyl selenoureido compounds 30a,b,e,f,h.

We hypothesized the synthesis of benzoxazole scaffolds by means of an intramolecular

cyclization of benzoylselenoureas in alkaline media (Scheme 10).
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SO,NH, SO;NH,
0 KSe Base o Py
PN — S
N7/ N - N (0]
H{ H § H (SeH
R C
30a,b,e,f,h - -
H,Se (gas)
a: R=H
b: R= 3-CH3
e: R=benzo[d][1,3]dioxole SO,NH,
f: R=3-Br, 5-OCF;
h: R= 4-hepthyl O N
AL
R/ F 31a,b,e,f,h

Scheme 10: Proposed reaction mechanism for the formation of benzoxazole 31.

According to our proposal the in situ generated phenolate ion from 30a might be able to
trigger an intramolecular 5-membered ring cyclization to afford the corresponding
tetrahedral intermediate, which upon release of selenhidric acid gas (H.Se) forms the
thermodynamically more stable aromatic benzoxazole amide 31a (Scheme 10). In order to
confirm the possible mechanism, we evaluated different variables. We investigated the role
of the temperature in giving the desidered products. Thus, a solution of 30a in 10%
D,O/DMSO-ds was heated into an open NMR tube at 60°C for 15 min, followed by 85°C
for 1h. 'H-NMR live monitoring neither showed formation of benzoxazole 31a or
decomposition of starting material 30a. Conversely the treatment of a DMSO-ds solution of
30a with a 1.0 M NaOD solution in D>O (3.2 equivalents) revealed a 40% '"H-NMR

conversion of 30a to the expected benzoxazole 31a just after 24 h at r.t. (Figure 2).
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Figure 2: 400 MHz 'H-NMR spectrum of 30a treated with NaOD (3.2 eq.) after 24 h. Key

signals of 30a and 31a are shown

The independence of the cyclization from the enzymatic activity was also assessed.
Compound 30a (10 mM) and hCA II (10 uM) were incubated at r.t. in a HEPES buffer
solution at pH 7.4. The reaction progress was monitored by silica gel thin layer
chromatography (TLC) (70:30 EtOAc/Hex) after 15, 30, 45, 120 min and 24 h, and showed
the intact starting material 30a still present. The pH dependence of the cyclization
mechanism was also verified by means of Electrospray lonization Mass Spectrometry (ESI-
MS) experiments on water solution of 30a. We created a pH gradient by means of proper
modulation of both the intensity and polarity of the voltage applied to the terminal part of
the capillary (Taylor cone).'” Then we acquired the data in negative mode in the range

between m/z 150 and 600 (Figure 5).
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Spectrum 1A
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Figure 5: ESI-MS spectrum acquired in negative mode.

The MS spectrum obtained showed two principal cluster signals at m/z 316 and m/z 398. The
latter represents the [M-H] ion species of compound 30a, as confirmed by the characteristic
isotopic distribution of the selenium. The ions at m/z 316 belonged to the N-(5-
sulfamoylbenzo[d]oxazol-2-yl)benzamide 31a, which was formed by intramolecular
cyclization of 30a. It is worth considering that the cluster ions of 31a did not show the
isotopic pattern distribution of selenium, thus confirming its loss in agreement with our
proposed mechanism. We turned our attention towards the optimization of the cyclization
conditions of 30a. The pH solvent played a crucial role in the mechanism. Indeed, the
recovery of the product increased with the pH and the use of pyridine acting both as a solvent

and a base gave the highest yield among all.

Acylselenoureas 30 previously obtained were all converted to the corresponding
benzoxazole amides 31 in good yields and tested in vitro for their inhibition activity against
the most relevant hCA isoforms (I, II, VII and IX), by means of the stopped flow carbon
dioxide hydrase assay* and in comparison to the standard sulfonamide inhibitor

acetazolamide (AAZ) (Table 6).
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Table 6. Inhibition constants of hCA I, hCA II, hCA VII and hCA IX with compounds 30-31 and
AAZ by a stopped-flow CO; hydrase assay*

Ki (nM)*
Compound hCA'1 hCA 11 hCA VII hCA IX
30a 9.1 36.5 9.1 7.0
30b ) 42 10.8 51
30e 149.2 270 11.9 93
30f 69.0 35.4 12.0 58.2
30h 27.3 474 11.4 5.0
31a 17.9 60.9 21.5 341
31b 57.6 75.2 62.5 217.8
3le 70.6 96.1 433 401.5
31f 30.3 75.7 90.8 455
31h 1558 8079 1262 5771
AAZ 250 12.1 2:5 25.8

* Mean from three determinations by a stopped-flow, COz hydrase method. Standard errors were in

the range of 5-10% of the reported values.

In general, all the compounds resulted to be effective in inhibiting the CA isoforms
considered, with Kjs values spanning from the low to medium nanomolar range. The only
exception was the benzoxazole 31h which was effective only at micromolar concentrations.
As reported in Table 6 the ubiquitous hCA I was strongly inhibited by the simple
acylselenoureas 30a,b,h (Kis 7.5-27.3 nM). The introduction of hindered tails, as in 30f and
30e, resulted in an increase of the Kivalue (69.0 and 149.2 nM respectively). Cyclization of
acylselenoureas 30a-h to the corresponding benzoxazole amides 31a-h led to a reduction of
the inhibition potencies of the less hindered members of the series (31a,b,h). Conversely the
bulky ones 31f and 31e were 2.3 and 2.1 fold more potent, respectively. The hCA II isoform,
which is implicated in glaucoma,?> was potently inhibited by 30b (K; 4.2 nM). Small
modifications to the molecular tail, such as removal of the methyl group (30a) and
introduction of linear alkyl chain (30h) or bulky moieties (30e,f) worsened the inhibition
potency. In analogy, the benzoxazole derivatives 31a-h were less potent when compared to
their precursor acylselenoureas 30a-h (Table 6). The acylselenoureas 30a-h were all potent

inhibitors of hCA VII with K;s in the range of 9.2-12.0 nM, and thus slightly less potent than
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the standard AAZ (K; 6.0 nM). Again the corresponding benzoxazole derivatives 31a-h were
poorer inhibitors (Table 6). Analogous results were also obtained for the tumor associated
isoform hCA IX. The enhanced flexibility of the acylselenoureido 30-31 tails greatly
improved the inhibition potency against hCA IX (Kjs were between 5.0 and 9.3 nM) with
the only exception of 30f (K; 58.2 nM). As expected, all the corresponding cyclic derivatives

31a-h were far less potent compared to the non-cyclic ones.

The binding modes of such compounds within the human CA cavity, were assessed by means

of co-crystallization experiments using the simple benzoylselenourea 30a and hCA 11

(Figure 6).

Figure 6: A: Fo—Fc electron density map is shown B: 2D Interaction Map of compound 31a

within the hCA II Catalytic Site

The Fo—Fc electron density maps showed a well defined density for all the atoms of the
ligand N-(5-sulfamoylbenzo[d]oxazol-2-yl)benzamide 31a. The sulfonamide SO,NH-
moiety coordinated to the zinc ion buried at the low-edge of the enzymatic cavity and
established the canonical interactions with Thr199 '* (Figure 6A). The ligand occupied the
entire available space inside the enzymatic cavity and was located at the center of the cleft.
Strong hydrogen bonds were established between the GIn92 residue and both the oxazolyl
nitrogen and the acetamidic oxygen. The latter is also engaged in hydrogen bonding with a

water molecule. A slightly displaced n—n stacking interaction was established between the
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benzoyl tail plane and Phel31 (Figure 6B). A second water molecule (W2 in Figure 6B)

interacted both with the acetamidic nitrogen and the benzoxazolyl oxygen.

2.5 Selenols: a new class of Carbonic Anhydrase inhibitors

The biological significance of selenols are mainly related to their incorporation in proteins
as selenocysteine (SeC). The different atomic structure and composition of selenium when
compared to its isostere sulfur, makes the selenol (SeH) group in SeC (pKa ~5.8) more
nucleophilic than the thiol in Cys (pKa ~8.3). Moreover, the low pKa value of selenol,?
under physiological conditions (pH ~7.4), determines them to be almost fully present as the
selenolate ion (R-Se™), whereas the majority of thiols are present in the protonated form (R-
SH). Thiophenols and phenols are well known inhibitors of Carbonic Anhydrases since
1970.2%% To date, no selenols have been investigated as CAIs since their low chemical
stability in the presence of atmospheric oxygen. In this context, the synthesis of limited
number of aryl selenols is reported in the literature, and the most used synthetic routes
usually involve Grignard reagents or organolitium reagents. Conversely aryl selenolates can
be easily obtained from reduction of the corresponding diselenides using NaBH4 as the
reagent of choice. We sought to evaluate the efficiency of different H' sources in order to
protonate aryl selenolates and access stable selenols. Thus, diphenyl diselenide was treated
with NaBH4 in THF or EtOH, using different organic or inorganic proton sources. Results
of this investigation are reported in Table 7. As can be noticed, higher isolated yields were

found when the reaction was carried out at 0°C in dry EtOH, using citric acid as H" source.
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Table 7: Optimization of the synthesis of aryl selenols

i) NaBH,4 (3.0 eq.)

32a-j 0°C, 5 min, thenRT 3327
Entry Solvent Time (min) H+ source Yield (%)
1 THF 30 HCI 15
2 THF 30 NH,CI <5
3 THF 30 Citric acid 55
4 EtOH 10 HCI 10
5 EtOH 10 NH,CI <5
6 EtOH 10 Citric acid 76
7 EtOH 10 Tartaric acid <5
8 EtOH 10 Ascorbic acid 21

Having demonstrated the possibility to obtain stable aryl selenols through this easy and
convenient procedure, we explored the scope of the reaction in order to obtain a series of
differently substituted organoselenium compounds and evaluate their activity as hCAs
inhibitors. On the basis of these considerations, we reacted under the conditions described
in the Scheme 11 a series of diaryl diselenides (32a-j), sinthesised according to literature
reported procedures,?® finding a clean and high yielding entry to aryl selenols 33a-j bearing

different groups at selected position of the aromatic ring (Scheme 11).
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i) NaBH, (3.0 eq.)

Ar\Sése\A EtOH, 0°C, 10 min ArSeH
. T i) Citric acid (6.0 eq.)
32a-j 0°C, 5 min, then RT 33a-j
©/ SeH /@/SeH SeH SeH
33a 33b 33c 33d
~
SeH 0 |
/©/SeH ©/ SeH O SeH
~
0 5 (j 0
~N O\
33e 33f 33g 33h
SO
F
33i 33j

Scheme 11: General procedure for the synthesis of aromatic selenols 33a-j

We determined the inhibition kinetic constants for selenols 33a—j against the most relevant
hCA isoforms (I, II, VII and IX), by means of the stopped flow carbon dioxide hydrase
assay* and in comparison to the standard sulfonamide inhibitor acetazolamide (AAZ) (Table

8).
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Table 8. Inhibition constants of hCA I, hCA II, hCA VII and hCA IX with compounds 33a-j and
AAZ by a stopped-flow CO; hydrase assay*

Ki (uM)*
Compound hCA'1 hCA 11 hCA VII hCA IX
33a 6.7 2.2 93.8 0.44
33b 0.52 3.6 5.4 33
33¢ 0.87 0.72 0.84 0.20
33d 0.28 0.95 4.5 0.18
33e 7.5 32 6.1 3.0
33f 2.8 3.6 6.4 0.28
33¢g 0.85 0.49 0.76 0.20
33h 51.0 S1.1 >60 9.6
33i 7.1 26.0 6.8 0.46
33j 3.7 39 18.2 224
AAZ 0.25 0.012 0.002 0.026

* Mean from three determinations by a stopped-flow, COz hydrase method. Standard errors were in

the range of 5-10% of the reported values.

One interesting result displayed in Table 8 indicate the phenyl selenol (33a) is a promising
scaffold to develop non classical inhibitors of the tumor associated CA (i.e. IX isoform). In
fact, most of the tested derivatives inhibited hCAs IX at nanomolar concentrations. On the
contrary, the cytosolic hCAs isoforms proved to be less active (micromolar range).
Additional moieties on the benzene scaffold led to modulate the selectivity towards the
different CA isoforms. Introduction of substituents at position 4, as compounds 33b, 33e,
and 33j, generally led to lose selectivity against the membrane isoform hCA IX. 4-
Methylbenzeneselenol 33b showed remarkable inhibition for hCA I. On the other hand,
replacement of the metyl moiety with the methoxyl one (33e), decreased the efficacy of
inhibition for this isoform. The introduction of a fluorine atom at para position (33j) led to
a 6 fold increase of the inhibition selectivity against the two dominant cytosolic isoforms
hCA I and II over the tumor associated one (hCA IX). The inhibition potency increased for
all isoforms here considerate, when the substituents were present at position 2 on phenyl ring
(33c and 33g). Moreover, these compounds resulted over 2 folds selective against the tumor-
associated membrane isoform. An interesting inhibition profile was observed for compound

33f, in which the methoxide moiety was placed at position 3 on the phenyl scaffold. This
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placement led to the best result for obtaining selectivity against the hCA IX, which was over
10 folds when compared to the other isoforms here considerated. The presence of two
additional methoxyl groups at 4 and 5 positions (compound 33h) resulted in a remarkable
decrease in inhibition potency for hCA I, I, IX and a complete loss of activity against hCA
VIIL. On the other hand, compound 33d with two methyl moieties at positions 2 and 6,
resulted the best placement for increasing the potency of inhibition against hCA IX (K; 0.18
uM). A further interesting inhibition profile was observed for the naphtyl scaffold 33i. This
compound showed a submicromolar activity (K; 0.46 uM) for the membrane associated IX
isoform also with remarkable selectivity since showed to be 50 folds more active over the

hCA TI (Table 8).

Next, the X-ray structure of 33a in complex with both hCA I and II were determined at 1.64
and 1.44 A resolution respectively, and compared to the structure of the same enzymes in
complex with phenol and thiophenols as ligands.?**> Our adducts revealed the binding mode

of selenol to be different than the typical binding mode of phenols.
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Ala122 ®

- 2

Val144

]

¥ Thr200

His97

Figure 7: (A) Selenol 33a in complex with hCA 1. Inhibitor showed as cA-weighted |Fo—F,|
density map at 2.0 6. (B) Active site region of hCA 1/33a adduct. Van der Waals interactions,

and m-Stacking interactions are also shown (blue and red respectively)

According to the literature reported adducts, phenols were found anchored to the non-protein
zinc ligand by a hydrogen bond involving the H atom of the inhibitor and the donor OH from
the zinc hydroxide.? In addition, a second hydrogen bond involving the gate-keeping residue
Thr199 has been observed to stabilize the enzyme—inhibitor adduct.>* We showed that
selenol was bound directly to the Zn(Il) ion from the CAs active site with the usual
tetrahedral geometry and similar to the thiolates.”> We observed in crystal structure of hCA
I two identical monomers with inside the active cleft a single ligand molecule (Figure 7A).
Hydrophobic interactions were made by the selenol 33a with Alal122, Vall44 and Leul99
within the active site. Furthermore, the imidazole ring of His95 was also involved in a 7t-

stacking interaction with the aromatic ring of inhibitor (Figure 7B).

Crystal structures of hCA II (Figure 8) also revealed similar binding mode for the selenol
33a, even if the crystal structure appeared less ordered when compared to the hCA I (Figure
8A). This might be justified as 33a was bound less strongly since a limited number of
interactions among the ligand and the amino acid residues occurred (i.e. 33a showed only

three hydrophobic interaction with Val122 and Leul98; Figure 8B).
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A

Leul98

His11
s e, Thr199
| His96 His96

Figure 8: (A) Active site region of hCA 1I/33a adduct. Inhibitor showed as cA-weighted

|Fo—F.| density map at 2.0 . (B) Van der Waals interactions, and the active site Zn**-ion

coordination are also shown.

2.6 Conclusions

We developed new methods for the synthesis of novel series of CAs inhibitors worth of
further development in Medicinal Chemistry. In particular we explored the three member
ring opening by thiolate and selenolate bearing the sulfonamide moiety. Additional we
reported a radical new synthetic approach to build benzoxazoles scaffolds. Finally the
selenols were discovered as new chemotype of CAs inhibitors. On the last we investigated
their mechanism of inhibition by means of in vitro kinetic and X-ray studies. hCAs binding
modes comparison between the thiophenols and selenols showed close matching thus
supporting a comparable inhibition mechanism for these chemical species. All compounds
here reported were assayed on different human Carbonic Anhydrases of pharmacologic
relevance such as the hCA I, II and IV as drug targets for the treatment of glaucoma
symptoms, hCA VII as antiepileptic agents and the hCA IX which is an established target

for the treatment of hypoxic tumors.
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2.7 Experimental Data
General

All reactions were carried out in an oven-dried glassware under inert atmosphere (N).
Ethanol was dried using a solvent purification system (Pure-Solv™). All commercial
materials were used as received without further purification. Flash column chromatography
purifications were performed with Silica gel 60 (230-400 mesh). Thin layer chromatography
was performed with TLC plates Silica gel 60 F2ss. NMR spectra were recorded in CDCls or
DMSO-ds with Mercury 400, and Bruker 400 Ultrashield spectrometers operating at 400
MHz (for 'H), 100 MHz (for '3C) and 376 MHz (for '°F). NMR signals were referenced to
nondeuterated residual solvent signals (7.26 and 2.50 ppm for 'H, 77.0 and 40.5 ppm for
BC). '"H NMR data are reported as follows: chemical shift, integration, multiplicity (s=
singlet, d= doublet, t= triplet, ap d= apparent doublet, m= multiplet, dd= doublet of doublet,

bs= broad singlet, bd= broad doublet, ecc.), coupling constant (J), and assignment.
Synthesis of 4,4'-Disulfanediyldibenzenesulfonyl chloride 1:

Disulfide 1 was synthesised following a reported

Q\S\/Cl procedure. A solution of 0.1 mol of diphenyldisulfide in

S\S/O/ 0 chloroform (100 mL) was added to a solution of 0.3 mol

0, /©/ chlorosulfonic acid in chloroform at 10 °C. Than, the
CI/S\b mixture was stirred for one hour at 40 °C. After

quenching on ice, the phases were separated, the organic phase washed twice with sodium
bicarbonate solution and dried with Na,SOs. The solvent was eliminated and the product
obtained as yellow powder with a yield of 74%. '"H NMR (400 MHz, CDCl;) & (ppm): 7.72
(4H, ap d, J = 8.7 Hz), 8.01 (4H, ap d, J = 8.7 Hz). ¥*C NMR (100 MHz, CDCl;) & (ppm):
127.1, 128.5, 143.6, 145.5.
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Synthesis of 4,4'-Disulfanediyldibenzenesulfonamide 2:

4,4'-Disulfanediyldibenzenesulfonyl chloride 1
Q\S;,NHZ (831 mg, 2.0 mmol) was solubilized in THF (50 mL)

W

S, /©/ and treated with an excess of NH4OH (37% agq.

o} /©/ S Solution, 10 eq.). The reaction was stirred at

HZN: S\b ambient temperature for 30 min; the solid was then

filtered, washed with Et;O (20 mL) and dried under

vacuum to afford 4,4'-Disulfanediyldibenzenesulfonamide 2 (707 mg, 94%). '"H NMR (400

MHz, DMSO-ds) & (ppm): 7.45 (4H, bs), 7.78 (4H, ap d, /= 8.0 Hz), 7.88 (4H, ap d, J= 8.0
Hz). 3C NMR (100 MHz, DMSO-ds) & (ppm): 127.6, 127.7, 140.5, 144.0.

General Procedure for the preparation of sulfides 5a-e, 7a-e and 9 from disulfide 2:

NaBH4 (23 mg, 0.60 mmol, 3.0 eq.) was portionwise added to a solution of 4,4'-
disulfanediyldibenzenesulfonamide 2 (75 mg, 0.20 mmol, 1.0 eq.) in EtOH (2 mL) at
ambient temperature under inert atmosphere (N:). After 2 h, the suitable electrophile (0.42
mmol, 2.1 eq.) was slowly added and the reaction mixture was stirred at room temperature
for 3 h, until complete consumption of the starting material was observed by TLC. The
reaction was quenched by addition of saturated ag. NH4Cl (2 mL) and diluted with EtOAc
(5 mL), The layers were separated and the aqueous layer was extracted with EtOAc (2 x 5
mL), dried over Na,SOs, filtered and concentrated under vacuum. The crude material was
purified by flash chromatography to yield sulfides 5, 7 and 9 bearing benzenesulfonamide

moiety.
4-(Pentylthio)benzenesulfonamide Sa:

o Following the general procedure, disulfide 2 (75 mg, 0.20
\\S,NHz

A\

mmol) and bromopentane 4a (63 mg, 0.42 mmol) gave 5a
SN (76 mg, 74%) as a white solid. '"H NMR (400 MHz,

DMSO-ds) 6 (ppm): 0.88 (3H, t, J = 7.2 Hz), 1.26-1.35
(2H, m), 1.37-1.44 (2H, m), 1.59-1.67 (2H, m), 3.06 (2H, ap t, /= 7.3 Hz, CH»S), 7.31 (2H,
bs, NH.), 7.46 (2H, ap d, J = 8.7 Hz), 7.73 (2H, ap d, J = 8.7 Hz). *C NMR (100 MHz,
DMSO-ds) 6 (ppm): 14.9, 22.7,29.0, 31.4, 32.0, 127.3, 127.6, 141.6, 143.2.
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4-(Phenethylthio)benzenesulfonamide Sb:

O \H Following the general procedure, disulfide 2 (56 mg, 0.15
N - 2

©\/\ /©/ S\\O mmol) and (2-bromoethyl)benzene 4b (58 mg, 0.32 mmol)
S gave 5b (54 mg, 61%) as a white solid. 'H NMR (400
MHz, DMSO-dy) 6 (ppm): 2.92 (2H, t, J= 7.6 Hz), 3.34 (2H, t, J= 7.6 Hz), 7.21-7.27 (1H,
m), 7.28-7.35 (6H, m), 7.50 (2H, ap d, J = 8.5 Hz), 7.74 (2H, ap d, J = 8.5 Hz). *C NMR

(100 MHz, DMSO-ds) & (ppm): 33.5, 35.4, 127.3, 127.5, 127.8, 129.4, 129.7, 140.8, 141.8,
142.8.

4-(Prop-2-yn-1-ylthio)benzenesulfonamide 5c:

Following the general procedure, disulfide 2 (75 mg, 0.20

Q\S,NHZ

mmol) and propargyl chloride 4¢ (31 mg, 0.42 mmol) gave 5S¢
75 mg, 83%) as a white solid. "H NMR (400 MHz, DMSO-d,

/\S ( g 0) ( 5)

o (ppm): 3.21 (1H, t, J= 2.6 Hz, C=CH), . 4.02 (2H, d, J=2.6

Hz, CH,C=C), 7.38 (2H, bs, NH»), 7.56 (2H, ap d, J = 8.6 Hz), 7.80 (2H, ap d, J = 8.6 Hz).

13C NMR (100 MHz, DMSO-ds) & (ppm): 20.6, 75.1, 80.8, 127.2, 128.2, 141.3, 142.3.
4-(Prop-2-yn-1-ylthio)benzenesulfonamide 5d:

0 Following the general procedure, disulfide 2 (75 mg, 0.20
Y ,NH2

St mmol) and 2-bromoethanol 4d (53 mg, 0.42 mmol) gave 5d (66

/\S /©/ © mg, 71%) as a white solid. '"H NMR (400 MHz, DMSO-dj) &

(ppm): 3.11 (2H, t,J=6.7 Hz, CH:S), 3.55-3.62 (2H, m, CH,0),

4.98 (1H, bs, OH), 7.29 (2H, bs, NH>), 7.45 (2H, ap d, /= 8.6 Hz), 7.69 (2H, ap d, J = 8.6

Hz). BC NMR (100 MHz, DMSO-ds) & (ppm): 34.4, 60.0, 126.6, 127.0, 141.0, 142.5. MS
(ESI negative) m/z (%): 232 [M-H], required [M-H] 232.02.

Methyl 3-((4-sulfamoylphenyl)thio)propanoate Se:

H-N O Following the general procedure, disulfide 2 (56 mg, 0.15
oINS
O’/S @) mmol) and 3-bromopropionate 4e (54 mg, 0.32 mmol)
~ N
S O~ gave 5e (71 mg, 86%) as a white solid. 'H NMR (400
MHz, CDCl3) 6 (ppm): 2.69 (2H, t, J=7.3 Hz), 3.26 (2H, t, /= 7.3 Hz), 3.71 (3H, s), 5.01

(2H, bs, NHy), 7.37 (2H, ap d, J= 8.7 Hz), 7.81 (2H, ap d, J= 8.7 Hz). 3C NMR (100 MHz,
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CDCl;5) 8 (ppm): 27.3, 33.6, 52.0, 127.0, 127.6, 138.9, 143.0, 171.8. MS (ESI negative) m/z
(%): 298 [M+Na]"; required [M+Na]* 298.02.

4-((2-Hydroxybutyl)thio)benzenesulfonamide 7a:

Following the general procedure, disulfide 2 (56 mg, 0.15

\\S\: NH, mmol) and 1,2-epoxybutane 6a (23 mg, 0.32 mmol) gave 7a

S (69 mg, 88%) as a white solid. "H NMR (400 MHz, DMSO-

OH ds) 0 (ppm): 0.89 (3H, t, J=7.4Hz), 1.36-1.47 (1H, m), 1.52-

1.66 (1H, m), 3.04 (1H, dd, J = 6.7, 13.1 Hz, CH.H,S), 3.10 (1H, dd, J = 5.4, 13.1 Hz,

CH.HsS), 3.53-3.60 (1H, m, CHOH), 4.98 (1H, d, J= 5.3 Hz, CHOH), 7.32 (2H, bs, NH>),

7.47 2H, ap d, J = 8.5 Hz), 7.71 (2H, ap d, J = 8.5 Hz). *C NMR (100 MHz, DMSO-ds) &

(ppm): 11.0, 30.0, 39.4, 71.1, 127.2, 127.5, 141.4, 143.8. MS (ESI negative) m/z (%): 260
[M-H]J, required [M-H] 260.05.

4-((2-Hydroxyhex-5-en-1-yl)thio)benzenesulfonamide 7b:

0} _NH, Following the general procedure, disulfide 2 (75 mg,

S\b 0.20 mmol) and 1,2-Epoxy-5-hexene 6b (41 mg, 0.42

/\/Y\s mmol) gave 7b (108 mg, 94%) as a white solid. 'H
OH NMR (400 MHz, CDCL3) § (ppm): 1.65-1.74 (2H, m),

1.92 (1H, bs, OH), 2.14-2.36 (2H, m), 3.02 (1H, dd, J = 8.2, 13.7 Hz, CH.H:S), 3.24 (1H,
dd, J = 3.7, 13.7 Hz, CH,HsS), 3.81-3.87 (1H, m, CHOH), 4.92 (2H, bs, NH,), 5.01-5.11
(2H, m), 5.78-5.90 (1H, m), 7.44 (2H, ap d, J = 8.4 Hz), 7.83 (2H, ap d, J = 8.4 Hz). 1*C
NMR (100 MHz, CDCIs) 6 (ppm): 30.5, 36.0, 40.9, 69.9, 116.0, 127.6, 128.4, 138.4, 139.5,
144.0. MS (ESI negative) m/z (%): 286 [M-H]", required [MH]" 286.06.

4-((2,3-Dihydroxypropyl)thio)benzenesulfonamide 7c:

O, NH Following the general procedure, disulfide 2 (75 mg, 0.20
\S, 2

/©/ O mmol) and glycidol 6c (31 mg, 0.42 mmol) gave 7¢ (80
HO/\(\S mg, 76%) as a white solid. '"H NMR (400 MHz, DMSO-
OH ds) 8 (ppm): 2.98 (1H, dd, J=7.2, 13.2 Hz, CH.H.S), 3.23

(1H, dd, J = 4.6, 13.2 Hz, CH,H,S), 3.38 (1H, dd, J = 6.0, 12.9 Hz, CH,H,0), 3.43 (1H, dd,
J=5.3,10.9 Hz, CH.H,0), 3.62-3.69 (1H, m, CHOH), 4.74 (1H, bt, J = 5.7 Hz, CH,OH),
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5.07 (1H, bd, J= 5.2 Hz, CHOH), 7.30 (2H, bs, NH2), 7.47 (2H, ap d, J= 8.6 Hz), 7.71 (2H,
ap d, J = 8.6 Hz). 3C NMR (100 MHz, DMSO-ds) & (ppm): 36.6, 65.6, 71.3, 127.2, 127.5,
141.4, 143.9. MS (ESI negative) m/z (%): 262 [M-HJ’, required [M-H]" 262.03.

(E)-4-((2-Hydroxy-3-(prop-1-en-1-yloxy)propyl)thio)benzenesulfonamide 7d:

0, _NH, Following the general procedure, disulfide 2 (37.5

S\b mg, 0.1 mmol) and allyl glycidyl ether 6d (24 mg,

\/\o/\(\s 0.21 mmol) gave 7d (54 mg, 89%) as a white solid.
OH 'H NMR (400 MHz, CDCls) & (ppm): 2.79 (1H, bs,

OH), 3.09 (1H, dd,J=6.7, 13.6 Hz, CH.H.S), 3.17 (1H, dd, J= 5.5, 13.6 Hz, CH.H,S), 3.49
(1H, dd, J=5.9, 9.4 Hz, CH.H0), 3.54 (1H, dd, /= 3.7, 9.4 Hz, CH.H,0), 3.93-3.98 (1H,
m, CHOH), 3.98-4.03 (2H, m), 5.17- 5.28 (2H, m, CH=CH>), 4.92 (2H, bs, NH,), 5.82-5.92
(1H, m, CH=CH,), 7.34-7.37 (2H, m), 7.73-7.75 (2H, m). 3C NMR (100 MHz, CDCls) §
(ppm): 35.7 (CH2S), 69.0, 72.2, 72.3, 117.7, 126.8, 127.3, 134.1, 138.7, 143.3. MS (ESI
negative) m/z (%): 302 [M-H], required [M-H]  302.06.

4-(((5R)-2-Hydroxy-2-methyl-5-(prop-1-en-2-yl)cyclohexyl)thio)benzene sulfonamide
Te:

Following the general procedure, disulfide 2 (37.5 mg, 0.1

OH O\\S,NH2 mmol) and limonene oxide 6e (32 mg, 0.21 mmol) gave

(:ﬁ 0 7e (53 mg, 78%) as a white solid. '"H NMR (400 MHz,

\[\ 5 CDCls) & (ppm): 1.37 (3H, 5), 1.58-1.68 (3H, m), 1.69 (3H,

s), 1.73-1.81 (2H, m), 1.84 (1H, bs), 2.16-2.23 (1H, m), 2.28-2.37 (1H, m), 3.48-3.52 (1H,

m, CHS), 4.72 (2H, ap d, J= 11.5 Hz), 5.12 (2H, bs, NHy), 7.45 (2H, ap d, J = 8.4 Hz), 7.79

(2H, ap d, J = 8.4 Hz). ®C NMR (100 MHz, CDCl3) 5 (ppm): 21.8, 26.7, 29.3, 33.2, 35.7,

39.3,55.1, 72.9, 110.0, 127.5, 129.7, 139.6, 144.3, 149.2. MS (ESI positive) m/z (%): 364
[M+Na]", required [M+Na]" 364.10.
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(S)-4-Methyl-V-(1-phenyl-3-((4-sulfamoylphenyl)thio)propan-2-yl)benzene

sulfonamide 9:

Following the general procedure, disulfide 2 (37.5 mg, 0.1 mmol) and (S)-2-benzyl-1-
tosylaziridine 8 (60 mg, 0.21 mmol) gave 9 (60

\©\ [ mg, 62%) as a white solid. "H NMR (400 MHz,
SN S\@ DMSO-ds) & (ppm): 2.30 (3H, s), 2.66 (1H, dd, J

H P = 6.7, 13.5 Hz), 2.81 (1H, dd, J = 6.5, 13.5 Hz),
2.96 (1H, dd, J=5.8, 13.3 Hz), 3.01 (1H, dd, J =
5.1, 13.3 Hz), 3.28-3.39 (1H, m, CHNH, overlapped with H>O), 7.03-7.04 (2H, m), 7.10
(2H, ap d, J = 8.5 Hz), 7.15-7.19 (5H, m), 7.32 (2H, bs, NH,), 7.43 (2H, ap d, /= 8.2 Hz),
7.60 (2H, ap d, J = 8.5 Hz), 7.97 (1H, d, J = 7.5 Hz, NH). 3C NMR (100 MHz, DMSO-dj)
o (ppm): 21.0, 35.7, 40.1 (overlapped with DMSO-ds signal), 54.2 (CHNH), 126.0, 126.3,
126.4, 126.5, 128.3, 129.2, 129.3, 137.4, 137.9, 140.8, 141.0, 142.4. MS (ESI negative) m/z

(%): 475 [M-HT, required [M-H]  475.09.

o

PR

/,

dS "NH,

General Procedure for the preparation of thiol esters 10a-e from disulfide 2:

NaBH4 (23 mg, 0.60 mmol, 3.0 eq.) was portionwise added to a solution of 4,4'-
disulfanediyldibenzenesulfonamide 2 (75 mg, 0.20 mmol, 1.0 eq.) in EtOH (2 mL) at
ambient temperature under inert atmosphere (N2). After 2 h, the suitable acyl chloride (0.42
mmol, 2.1 eq.) was slowly added and the reaction mixture was stirred at room temperature
for 1 h, until complete consumption of the starting material was observed by TLC. The
reaction was quenched by addition of saturated ag. NH4Cl (2 mL) and diluted with EtOAc
(5 mL). The layers were separated and the aqueous layer was extracted with EtOAc (2 x 5
mL), dried over Na,SO,, filtered and concentrated under vacuum. The crude material was

purified by flash chromatography to yield thiol esters 10a-e.
S-(4-Sulfamoylphenyl) octanethioate 10a:

0] NH According to general procedure, using disulfide 2
N\ 2

@) 0 (37.5 mg, 0.1 mmol) and capryloyl chloride (34

/\/\/\)J\S/Q/ mg, 0.21 mmol) 10a (27 mg, 42%) was achieved

as a white solid. "H NMR (400 MHz, CDCls) & (ppm): 0.89 (3H, t, J = 6.8 Hz), 1.22-1.39
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(8H, m), 1.66-1.76 (2H, m), 2.69 (2H, t, J = 7.5 Hz, CHy(CO)), 4.94 (2H, bs, NH.), 7.56
(2H, ap d, J = 8.5 Hz), 7.94 (2H, ap d, J = 8.5 Hz). ¥*C NMR (100 MHz, CDCl;) & (ppm):
14.0, 22.6, 25.5, 28.9, 31.6, 44.1, 127.0, 134.0, 134.7, 142.4, 196.0. MS (ESI positive) m/z
(%): 338 [M+Na]", required [M+Na]" 338.09.

S-(4-Sulfamoylphenyl) octadecanethioate 10b:

According to general
Q NH

o S‘O 2 procedure, using
/\/\/\/\/\/\/\/\)J\ /©/ disulfide 2 (37.5 mg,
> 0.1 mmol) and stearoyl
chloride (64 mg, 0.21 mmol) 10b (49 mg, 54%) was achieved as a white solid. '"H NMR
(400 MHz, CDCl3) 8 (ppm): 0.88 (3H, t,J=6.7 Hz), 1.22-1.27 (28H, m), 1.67-1.78 (2H, m),
2.69 (2H, t,J=7.5 Hz, CH»(CO)), 4.93 (2H, bs, NH>), 7.56 (2H, ap d, /= 8.4 Hz), 7.94 (2H,
ap d, J= 8.4 Hz). *C NMR (100 MHz, CDCls) & (ppm): 14.1, 22.7, 28.9, 29.2, 29.3, 29.4,
29.5, 29.6, 29.7, 31.9, 44.1, 127.0, 128.7, 134.0, 134.2, 134.7, 142.4, 196.0. MS (ESI
positive) m/z (%): 478 [M+Na]", required [M+Na]" 478.24.

S-(4-Sulfamoylphenyl) (£)-octadec-9-enethioate 10c:

O\\SfNHz According to general

O /©/ 0 procedure, using
\/\/\/\/;/\/\/\)J\ i
S disulfide 2 (37.5 mg,
0.1 mmol) and oleoyl chloride (63 mg, 0.21 mmol) 10c (55 mg, 61%) was achieved as a
waxy white solid. "H NMR (400 MHz, CDCl;) & (ppm): 0.88 (3H, t, J = 6.7 Hz), 1.21-1.41
(20H, m), 1.66-1.75 (2H, m), 1.95-2.07 (4H, m), 2.68 (2H, t, J = 7.5 Hz, CH»(CO)), 5.20
(2H, bs, NH,), 5.30-5.40 (2H, m), 7.53 (2H, ap d, J= 8.3 Hz), 7.92 (2H, ap d, J = 8.3 Hz).
13C NMR (100 MHz, CDCl;) & (ppm): 14.1, 27.1, 27.2, 28.9, 29.0, 29.1, 29.3, 29.5, 29.6,
29.7,31.9,44.0, 126.9, 129.6, 130.0, 133.7, 134.7, 142.5, 196.2. MS (ESI positive) m/z (%):
476 [M+Na]", required [M+Na]" 476.23.
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S-(4-Sulfamoylphenyl) (E)-3-phenylprop-2-enethioate 10d:

According to general procedure, using disulfide 2 (75

O\\S,NH2 mg, 0.2 mmol) and cinnamoyl chloride (70 mg, 0.4
0] v
@)

/©/ mmol) 10d (74 mg, 58%) was achieved as a white solid.

WS 'H NMR (400 MHz, DMSO-ds) 8 (ppm): 7.18 (1H, d, J

= 15.8), 7.44-7.49 (3H, m), 7.51 (2H, bs), 7.70 (2H, ap

d,J=8.3Hz), 7.72 (I1H, d, J = 15.8), 7.81-7.83 (2H, m), 7.91 (2H, ap d, J = 8.3 Hz). 3C

NMR (100 MHz, DMSO-ds) 6 (ppm): 124.1,126.3,129.0, 131.2, 131.6, 133.6, 134.8, 142.2,
144.9, 186.2. MS (ESI negative) m/z (%): 318 [M-H]", required [M-H] 318.03.

S-(4-Sulfamoylphenyl) 2,4-bis(trifluoromethyl)benzothioate 10e:

0, _NH, According to general procedure, using disulfide 2 (37.5

o) S\\O mg, 0.1 mmol) and 2,4-Bis(trifluoromethyl)benzoyl

S chloride (58 mg, 0.21 mmol), 10e (40 mg, 46%) was

F F achieved as white solid. '"H NMR (400 MHz, DMSO-
F F F F ds) 6 (ppm): 7.56 (2H, bs NH>), 7.80 (2H, ap d, J = 8.4

Hz), 7.99 (2H, ap d, J = 8.4 Hz), 8.26 (1H, ap d, J = 8.1 Hz), 8.34 (1H, ap d, /= 8.1 Hz),
8.31 (1H, s). *C NMR (100 MHz, DMSO-ds) & (ppm): 123.0 (d, 1JC-F = 273 Hz, CF3),
125.2 (d, 'Jor = 271 Hz, CF3), 125.6 (bs), 127.6 (q, 2Jcr = 22 Hz, CCFs), 127.8, 131.1,
131.2, 131.6 (bs), 133.4 (q, *Jc-r = 33 Hz, CCF3), 136.1, 140.7, 146.8, 190.3. F NMR (376
MHz, DMSO-ds) 6 (ppm): -61.7, -57.5. MS (ESI negative) m/z (%): 428 [M-H], required
[M-H] 427.99.

Synthesis of 4,4'-disulfanediylbis(N-(4-sulfamoylphenyl) benzenesulfonamide) 11a:

o H
O ‘7
H,N. O /©/ S

~

/S S\S é’ NH2
oL

8
o

4,4'-Disulfanediyldibenzenesulfonyl chloride 1 (83 mg, 0.2 mmol) was solubilized in THF
(5 mL) and treated with sulfanilamide (69 mg, 0.4 mmol). The reaction was stirred at
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ambient temperature for 30 min; the solid was then filtered, washed with Et;O (5 mL) and
dried under vacuum to afford 11a (49 mg, 36%). '"H NMR (400 MHz, DMSO-ds) & (ppm):
7.40 (4H, bs, NH,), 7.53-7.57 (10H, m), 7.85- 7.95 (8H, m). *C NMR (100 MHz, DMSO-
ds) 6 (ppm):123.7, 127.1, 128.1, 128.5, 130.4, 136.7, 140.3, 143.3.

Synthesis of 4,4'-Disulfanediylbis(/V-(4-sulfamoylbenzyl)benzenesulfonamide) 11b:

0
HN g

AU
N\/S'/
S.
/7 N
0 H/\©\ 0
S

O/’ ) NH2

4,4'-Disulfanediyldibenzenesulfonyl chloride 1 (83 mg, 0.2 mmol) was solubilized in THF
(5 mL) and treated with 4-aminomethylbenzenesulfonamide hydrochloride (89 mg, 0.4
mmol). The reaction was stirred at ambient temperature for 30 min; the solid was then
filtered, washed with Et;O (5 mL) and dried under vacuum to afford 11b (75 mg, 53%). 'H
NMR (400 MHz, DMSO-dy) o (ppm): 4.07 (4H, d, J = 6.2 Hz, CH2N), 7.31 (4H, bs, NH>),
7.43 (4H,d, J=8.3 Hz), 7.75 (4H, d, J=8.3 Hz), 7.75 (4H, d, /= 8.6 Hz), 7.83 (4H, d, J =
8.6 Hz), 8.31 (2H, t,J = 6.2 Hz, NH). *C NMR (100 MHz, DMSO-ds) 3 (ppm): 46.6, 126.7,
127.8, 128.7, 128.9, 140.6, 141.6, 142.9, 144.1.

Synthesis of 4,4'-Disulfanediylbis(/V-(4-sulfamoylphenethyl)benzene sulfonamide) 11c¢:

H

0
0) /©/\/st
N S/SO ) 5
,siNﬂ
O g

4,4'-Disulfanediyldibenzenesulfonyl chloride 1 (42 mg, 0.1 mmol) was solubilized in THF
(3 mL) and treated with 4-(2-aminoethyl)benzenesulfonamide (40 mg, 0.2 mmol). The
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reaction was stirred at ambient temperature for 30 min; the solid was then filtered, washed
with Et;O (5 mL) and dried under vacuum to afford 11¢ (24 mg, 32%). "H NMR (400 MHz,
DMSO-ds) & (ppm): 2.76 (4H, t, J= 7.1 Hz), 2.97-3.02 (4H, m), 7.31 (4H, bs), 7.35 (4H, ap
d, J=8.3 Hz), 7.69-7.69 (12H, m), 7.80 (2H, bt, J = 5.6 Hz). *C NMR (100 MHz, DMSO-
ds) 0 (ppm): 36.0, 44.6, 126.7, 127.8, 128.7, 130.3, 140.3, 141.5, 143.3, 143.9.

Preparation 4-selenocyanatobenzenesulfonamide 13:

SO,NH, A suspension of 4-Aminonenzenesulfonamide 12 (1,72 g, 10 mmol) in H>O (6
mL ) with HCI (11 mL, 32 %) was cooled down to -5°C. Then, an aqueous
solution of NaNO, (1.2 eq) was added dropwise and the mixture was kept

SeCN stirring at the same temperature until a persistent pale yellow solution was

formed (5-10 min). The resulting diazonium salt, kept at -5°C, was added KSeCN (1.2 eq).
The reaction solution was stirred for 2 hours at the same temperature. The product was
filtered off, washed with H,O, dried under vacuo, and purified by flash column
chromatography eluting with 1:1 mixture of hexane/ethyl acetate. (1.79 g, 83%). '"H NMR
(400 MHz, DMSO-dy) 6 (ppm): 7.95 (2H, d, J=8.61), 7.89 (2H, d, J=8.68), 7.52 (2H, bs,
NH_, exchange with D,0). 3C NMR (100 MHz, DMSO-ds) & (ppm): 145.5, 134.1, 129.8,
127.9, 105.9. ”7Se NMR (76 MHz, DMSO-ds) 8 (ppm): 340.0. MS (ESI negative) m/z
(%):261 [M-HJ.

Preparation 4,4'-diselanediyldibenzenesulfonamide 14:

NaBH; (3 mmol) was added in small portions with caution to a solution of 4-

/©/802NH2 selenocyanatobenzenesulfonamide 13 (3 mmol)
SeSe

in absolute ethanol (40 mL). The mixture was
H,N OZS/©/ stirred at room temperature for 2 h. The solvents

were removed under vacuum by rotary
evaporation and the residue was treated with water. The mixture was extracted with ethyl
acetate, dried with anhydrous Na,SOj, and purified by crystallization from EtOH. (529 mg,
75%). '"H NMR (400 MHz, DMSO-ds) & (ppm): 7.87 (2H, d, J=8.31), 7.79 (2H, d, J=8.36),
7.43 (2H, bs, NH>, exchange with D,0). 3C NMR (100 MHz, DMSO-ds) & (ppm): 144.3,
135.2, 131.5, 127.5. 77Se NMR (76 MHz, DMSO-ds) & (ppm): 446.7. MS (ESI negative)
m/z (%):471 [M-HJ.
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General Procedure for the preparation of -hydroxy selenide 16a-g from diselenide 14:

NaBHs (23 mg, 0.60 mmol, 3.0 eq.) was portionwise added to a solution of 4,4'-
diselanediyldibenzenesulfonamide 3 (94 mg, 0.20 mmol, 1.0 eq.) in EtOH (2 mL) at 0°C
under inert atmosphere (N). After 30 min, the epoxide 15 (0.36 mmol, 1.8 eq.) was slowly
added and the reaction mixture was stirred at room temperature for 2 h, until complete
consumption of the starting material was observed by TLC. The reaction was quenched by
addition of saturated aq. NH4Cl (2 mL) and diluted with EtOAc (5 mL), The layers were
separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried over Na,SOy,
filtered and concentrated under vacuum. The crude material was purified by flash

chromatography to yield B-hydroxyselenides (16) bearing benzenesulfonamide moiety.
4-((3-(Benzyloxy)-2-hydroxypropyl)selanyl)benzenesulfonamide 16a:

Following the general procedure, 4.4'-
Seﬁi OBn diselanediyldibenzenesulfonamide 14 (94 mg, 0.20
/©/ mmol) and 2-((benzyloxy)methyl)oxirane 15a (59 mg,
H;NO,S 0. 36 mmol) gave after flash chromatography
(petroleum ether/EtOAc 1:1) 16a (128 mg, 89%). '"H NMR (400 MHz, CDCls) 8 (ppm):
2.63 (1H, bs, OH), 3.12 (1H, dd, J= 6.8, 12.8 Hz, CH.HsSe), 3.19 (1H, dd, /= 5.6, 12.8 Hz,
CH.H»Se), 3.54 (1H, dd, J=5.9, 9.5 Hz, CH.H,0), 3.59 (1H, dd, /= 4.2, 9.5 Hz, CH.HO),
3.96-4.04 (1H, m, CHOH), 4.53 (2H, ap s, CH2Ph), 4.82 (2H, bs, NHz), 7.29-7.40 (5H, m),
7.59 (2H, d, J = 8.5 Hz), 7.76 (2H, d, J = 8.5 Hz). ¥C NMR (100 MHz, CDCl3) & (ppm):
31.1 (CHsSe), 69.5, 72.8, 73.5, 126.9, 127.8, 128.0, 128.5, 131.3, 137.5, 137.7, 139.9. MS
(ESI positive) m/z (%): 401 [M+H]", (100). Elemental analysis: CisHioNO4SSe Caled. C
48.00%, H 4.78%, N 3.50%. Found: C 48.11%, H 4.74%, N 3.46%.

4-((2-Hydroxy-3-isopropoxypropyl)selanyl)benzenesulfonamide 16b:

Following the general procedure, 4,4'-diselanediyldibenzenesulfonamide 14 (94 mg, 0.20
OH mmol) and 2-(isopropoxymethyl)oxirane 15b (42 mg,

/©/ Se O\( 0. 36 mmol) gave after flash chromatography
H,NO,S (petroleum ether/EtOAc 1:1) 16b (121 mg, 96%). 'H

NMR (400 MHz, CDCLs) § (ppm): 1.15 (6H, d, J = 6.1 Hz), 2.78 (1H, bs, OH), 3.11 (1H,
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dd, J=6.7, 12.7 Hz, CH.H.Se), 3.16 (1H, dd, J= 5.8, 12.7 Hz, CH.H,Se), 3.45 (1H, dd, J
= 6.0, 9.4 Hz, CH,Hy0), 3.53 (1H, dd, J=4.1, 9.4 Hz, CH.H,0), 3.59 (1H, ept, /= 6.1 Hz,
CH(CHa),), 3.89-3.98 (1H, m, CHOH), 5.09 (2H, bs, NH»), 7.58 (2H, d, J = 8.5 Hz), 7.75
(2H, d, J= 8.5 Hz). ®*C NMR (100 MHz, CDCls) & (ppm): 21.9, 22.0, 30.9 (CH.Se), 69.6,
70.7, 72.4, 126.8, 131.2, 137.9, 139.9. MS (ESI positive) m/z (%): 375 [M+Na]", (100).
Elemental analysis: Ci12H19NO4SSe Calcd. C 40.91%, H 5.44%, N 3.98%. Found: C 40.82%,
H 5.49%, N 3.94%.

4-((3-(Allyloxy)-2-hydroxypropyl)selanyl)benzenesulfonamide 16c¢:

Following the general procedure, 4,4'-diselanediyldibenzenesulfonamide 14 (71 mg, 0.15
OH mmol) and 2-((allyloxy)methyl)oxirane 15¢ (31
/©/ SCJ\/ O\/\ mg, 0. 27 mmol) gave after flash chromatography
H,NO,S (petroleum ether/EtOAc 7:3) 16¢ (70 mg, 74%). 'H
NMR (400 MHz, CDCl;) é (ppm) 2.71 (1H, bs, OH), 3.12 (1H, dd, J = 6.8, 12.8 Hz,
CHaHsSe), 3.18 (1H, dd, J = 5.7, 12.8 Hz, CH.HpSe), 3.49 (1H, dd, J = 6.0, 9.5 Hz,
CH.H\0O), 3.55 (1H, dd, J = 4.0, 9.5 Hz, CH.H,O), 3.94-4.06 (3H, m, CH,CH=CH»
overlapped wih CHOH), 5.04 (2H, bs, NH»), 5.19-5.32 (2H, m), 5.83-5.93 (1H, m), 7.59
(2H, d, J = 8.2 Hz), 7.77 (2H, d, J = 8.2 Hz). 3C NMR (100 MHz, CDCl3) & (ppm): 31.0
(CH:Se), 69.5, 72.3, 72.7, 117.6, 126.9, 131.2, 134.1, 137.7, 140.0. MS (ESI positive) m/z
(%): 373 [M+Na]’, (100). Elemental analysis: Ci2H;7NO4SSe Caled. C 41.15%, H 4.89%,
N 4.00%. Found: C 41.07%, H 4.94%, N 4.05%.

4-((2-Hydroxyhexyl)selanyl)benzenesulfonamide 16d:

Following  the general  procedure, 4,4'-

S eﬁil/\/ diselanediyldibenzenesulfonamide 14 (94 mg, 0.20

/©/ mmol) and 2-butyloxirane 15d (36 mg, 0. 36 mmol)
H,NO,S gave after flash chromatography (petroleum

ether/EtOAc 1:1) 16d (82 mg, 68%). 'H NMR (400 MHz, CDCls) & (ppm) 0.92 (3H, t, J =
7.1 Hz), 1.29-1.49 (4H, m), 1.54-1.63 (2H, m), 1.97. (1H, bs, OH), 3.03 (1H, dd, J = 8.2,
12.8 Hz, CH,HySe), 3.23 (1H, dd, J = 3.7, 12.8 Hz, CH.HSe), 3.76-3.82 (1H, m, CHOH),
5.07 (2H, bs, NHa), 7.61 (2H, d, J= 8.5 Hz), 7.78 (2H, d, J = 8.5 Hz). 3C NMR (100 MHz,
CDCls) & (ppm): 14.0, 22.6, 27.9, 36.2, 36.6, 70.3, 126.9, 131.5, 137.6, 140.0. MS (ESI
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positive) m/z (%): 337 [M+H]", (100). Elemental analysis: C12HoNO3SSe Calcd. C 42.86%,
H 5.69%, N 4.16%. Found: C 42.73%, H 5.76%, N 4.21%.

4-((3-Bromo-2-hydroxypropyl)selanyl)benzenesulfonamide 16e:

Followin the eneral rocedure, 4.4'-
OH g g p

Se J\/Br diselanediyldibenzenesulfonamide 14 (141 mg, 0.30
/©/ mmol) and 2-(bromomethyl)oxirane 15e (74 mg, 0. 54
HoNO,S mmol) gave after flash chromatography (petroleum
ether/EtOAc 3:2) 16e (189 mg, 94%). '"H NMR (400 MHz, DMSO-d;) & (ppm) 3.15 (1H,
dd, J=17.1, 12.4 Hz, CH.H,Se), 3.24 (1H, dd, /= 5.1, 12.4 Hz, CH.H,Se), 3.54 (1H, dd, J
= 5.6, 10.2 Hz, CH.H,0), 3.61 (1H, dd, J = 4.7, 10.2 Hz, CH,H,O), 3.85-3.92 (1H, m,
CHOH), 5.68 (1H, d, J= 5.3 Hz, OH), 7.34 (2H, bs, NH»), 7.65 (2H, d, J = 8.6 Hz), 7.69
(2H, d, J= 8.6 Hz). 3C NMR (100 MHz, DMSO-d;s) 5 (ppm): 32.8,39.8,70.2, 127.1, 131.3,
137.1, 142.8. MS (ESI negative) m/z (%): 372 [M-H], (100). Elemental analysis:
CoH12BrNO3SSe Caled. C 28.97%, H 3.24%, N 3.75%. Found: C 29.02%, H 3.19%, N
3.69%.

4-((2-Hydroxycyclohexyl)selanyl)benzenesulfonamide 16f:

Following the general procedure, 4.4'-

Se QH diselanediyldibenzenesulfonamide 14 (71 mg, 0.15 mmol)

/©/ @ and 7-oxabicyclo[4.1.0]heptane 15f (26 mg, 0. 27 mmol) gave

H,NO,S after flash chromatography (petroleum ether/EtOAc 1:1) 16f

(37 mg, 41%). "H NMR (400 MHz, CDCls) & (ppm) 1.25-1.37 (4H, m), 1.63-1.72 (1H, m),

1.74-1.83 (1H, m), 2.12-2.26 (2H, m), 3.05-3.12 (1H, m, CHSe), 3.40-3.48 (1H, m, CHO),

4.91 (2H, bs, NH>), 7.70 (2H, d, J = 8.4 Hz), 7.80 (2H, d, J = 8.4 Hz). *C NMR (100 MHz,

CDCls) & (ppm): 24.4, 26.8, 33.5, 34.4, 53.9, 73.1, 126.6, 134.6, 138.2, 141.0. MS (ESI

positive) m/z (%): 357 [M+Na]’, (100). Elemental analysis: Ci2Hi;7NO3SSe Calcd. C
43.12%, H 5.13%, N 4.19%. Found: C 43.05%, H 5.19%, N 4.23%.
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4-(((5R)-2-Hydroxy-2-methyl-5-(prop-1-en-2-yl)cyclohexyl)selanyl)benzene

sulfonamide 16g

Following the general procedure, 4,4'-

Se o8 diselanediyldibenzenesulfonamide 14 (71 mg, 0.15 mmol)

/©/ and (4R)-1-methyl-4-(prop-1-en-2-yl)-7-

H,NO,S oxabicyclo[4.1.0]heptane 15g (41 mg, 0. 27 mmol) gave after
flash chromatography (petroleum ether/EtOAc 2:1) 16g (51

mg, 56%). "H NMR (400 MHz, CDCI;) & (ppm) 1.39 (3H, s), 1.63-1.66 (1H, m), 1.69 (3H,
s), 1.72-1.90 (4H, m), 2.23-2.35 (2H, m), 3.54-3.59 (1H, m, CHSe), 4.72 2H, ap d, J = 14.7
Hz), 5.14 (2H, bs, NH>), 7.64 (2H, d, J = 8.3 Hz), 7.77 (2H, d, J = 8.3 Hz). 3C NMR (100
MHz, CDCIl3) 6 (ppm): 21.3, 26.1, 29.6, 33.8, 35.4, 39.9, 54.1, 72.5, 109.5, 126.8, 132.8,
138.1, 140.2, 148.4. MS (ESI positive) m/z (%): 411 [M+Na]", (100). Elemental analysis:
CisH23NO3SSe Caled. C 49.48%, H 5.97%, N 3.61%. Found: C 49.36%, H 6.04%, N 3.65%.

General Procedure for the preparation of V- protected p-amino selenide 18a-c

NaBH4 (23 mg, 0.60 mmol, 3.0 eq.) was portionwise added to a solution of 4,4'-
diselanediyldibenzenesulfonamide 14 (94 mg, 0.20 mmol, 1.0 eq.) in EtOH (2 mL) at 0°C
under inert atmosphere (N7). After 30 min, a solution of aziridine 17 (0.36 mmol, 1.8 eq.) in
THF (1 mL) was slowly added and the reaction mixture was stirred at room temperature for
12 h. The reaction was quenched by addition of saturated aq. NH4CI (2 mL) and diluted with
EtOAc (5 mL), The layers were separated and the aqueous layer was extracted with EtOAc
(2 x 5 mL), dried over Na,SQy, filtered and concentrated under vacuum. The crude material
was purified by flash chromatography to yield N-protected f-aminoselenides 18a-c¢ bearing

benzenesulfonamide moiety.

(8)-4-Methyl-V-(3-methyl-1-((4-sulfamoylphenyl)selanyl)butan-2-yl)benzene

sulfonamide 18a:

Following the general procedure, 4,4'-

Ts<
>>NH diselanediyldibenzenesulfonamide 14 (71 mg, 0.15 mmol)

/©/ Ser/ and (S)-2-isopropyl-1-tosylaziridine 17a (65 mg, 0. 27

H,NO,S mmol) gave after flash chromatography (petroleum
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ether/EtOAc 3:2) 18a (94 mg, 73%). 'H NMR (400 MHz, DMSO-ds) & (ppm) 0.71 (6H, d,
J=6.8 Hz), 1.81-1.93 (1H, m), 2.36 (3H, s), 2.81 (1H, dd, /= 6.1, 12.2 Hz, CH,H,Se), 3.03
(1H, dd, J= 6.9, 12.2 Hz, CH,H,Se), 3.07-3.15 (1H, m, CHNH), 7.31 (2H, d, J = 8.0 Hz),
7.36 (2H, bs, NH»), 7.39 (2H, d, J = 8.4 Hz), 7.61 (2H, d, /= 8.0 Hz), 7.64 (2H, d, /= 8.4
Hz), 7.71 (1H, bd, J = 7.8 Hz, NH). 3C NMR (100 MHz, DMSO-ds) & (ppm): 12.8, 19.6,
21.9,31.3,31.6,58.9,127.1,127.5, 130.3, 131.5, 136.4, 139.6, 143.0, 143.3. "Se NMR (76
MHz, DMSO-ds) 6 (ppm): 268.8. MS (ESI positive) m/z (%): 476 [M+H]", (100). Elemental
analysis: CigH24N>04S,Se Calcd. C 45.47%, H 5.09%, N 5.89%. Found: C 45.34%, H
5.15%, N 5.93%.

(5)-4-methyl-V-(1-phenyl-3-((4-sulfamoylphenyl)selanyl)propan-2-yl)benzene

sulfonamide 18b:

Ts Following the general procedure, 4,4'-

NH diselanediyldibenzenesulfonamide 14 (36 mg, 0.1 mmol)

/©/SC . and (S)-2-benzyl-1-tosylaziridine 17b (52 mg, 0. 18 mmol)
H,NO,S gave after flash chromatography (petroleum ether/EtOAc
3:2) 18b (65 mg, 69%). '"H NMR (400 MHz, DMSO-ds) & (ppm) 2.33 (3H, s), 2.66 (1H, dd,
J=16.9, 13.5 Hz, CH.HyPh), 2.82 (1H, dd, J = 6.4, 13.5 Hz, CH,H,Ph), 2.96 (1H, dd, J =
5.1, 11.6 Hz, CH.H.Se), 3.01 (1H, dd, J = 4.9, 11.6 Hz, CH.H»Se), 3.35-3.42 (1H, m,
CHNH), 7.00-7.06 (2H, m), 7.15-7.22 (5H, m), 7.31 (2H, d, /= 8.4 Hz), 7.37 (2H, bs, NH»),
7.44 (2H, d, J= 8.2 Hz), 7.60 (2H, d, J= 8.4 Hz), 7.97 (1H, bd, J = 5.8 Hz, NH). *C NMR
(100 MHz, DMSO-dp) 6 (ppm): 21.9, 32.1 (CHzSe), 40.9 (CH2Ph, partially overlapped with
DMSO-ds signal), 55.9 (CHNH), 127.0, 127.1, 127.2, 129.1, 130.1, 130.3, 131.0, 136.4,
138.4, 138.8, 142.8, 143.3. MS (ESI positive) m/z (%): 547 [M+Na]’, (100). Elemental
analysis: Cy2H24N>04S,Se Calcd. C 50.47%, H 4.62%, N 5.35%. Found: C 50.35%, H
4.68%, N 5.38%.

tert-Butyl (S)-(3-methyl-1-((4-sulfamoylphenyl)selanyl)butan-2-yl)carbamate 18c:

Boc “NH Following the general procedure, 4.4'-

SCJY diselanediyldibenzenesulfonamide 14 (94 mg, 0.20 mmol)
/©/ and fert-butyl (S)-2-isopropylaziridine-1-carboxylate 17¢

H,NO,S
(67 mg, 0. 36 mmol) gave after flash chromatography
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(petroleum ether/EtOAc 3:1) 18¢ (108 mg, 71%). '"H NMR (400 MHz, CDCls) & (ppm) 0.91
(3H, d, J=6.9 Hz), 0.94 (3H, d, J = 6.8 Hz), 1.42 (9H, s), 1.83-1.93 (1H, m), 3.13 (2H, ap
d, J= 5.9 Hz, CHa.Se), 3.62-3.74 (1H, m, CHNH), 4.57 (1H, bd, J = 9.0 Hz, CHNH), 5.08
(2H, bs, NH»), 7.58 (2H, d, J = 8.3 Hz), 7.76 (2H, d, J = 8.3 Hz). ®C NMR (100 MHz,
CDCls) & (ppm): 17.7, 19.6, 28.4, 31.6, 55.3, 79.5, 126.8, 131.5, 138.0, 140.0, 155.6. "'Se
NMR (76 MHz, DMSO-ds) 6 (ppm): 265.6. MS (ESI positive) m/z (%): 422 [M+H]", (100).
Elemental analysis: CisH26N204SSe Caled. C 45.60%, H 6.22%, N 6.65%. Found: C
45.71%, H 6.18%, N 6.60%.

Preparation of (5)-4-((2-Amino-3-methylbutyl)selanyl)benzenesulfonamide 19:

NH, Following a reported procedure,' a solution of acetyl
/©/ SCJY chloride (107puL, 1.5 mmol, 15 eq.) in MeOH (1 mL) was
H,NO,S slowly added to a solution of tert-butyl (S)-(3-methyl-1-((4-
sulfamoylphenyl)selanyl)butan-2-yl)carbamate 18¢ (42 mg, 0.1 mmol, 1.0 eq.) in MeOH (1
mL) at 0 °C under inert atmosphere (N). The reaction mixture was stirred at 0 °C for 6 h
and the solvent was removed under vacuum to afford the crude product. Flash column
chromatography  (petroleum ether/ethyl acetate 1:2) gave (S)-4-((2-amino-3-
methylbutyl)selanyl)benzenesulfonamide 19 (17 mg, 52%). '"H NMR (400 MHz, DMSO-
ds) 6 (ppm) 0.92 (6H, ap t, J = 6.3 Hz), 1.97-2.1 (1H, m), 3.01-3.13 (1H, m), 3.23 (1H, dd,
J=6.9, 13.1 Hz), 3.27-3.38 (1H, m), 7.38 (2H, bs), 7.67-7.74 (4H, m), (8.20 (2H, bs). 13C
NMR (100 MHz, DMSO-ds) 6 (ppm): 18.2, 18.9, 27.6, 30.6, 56.5, 127.2, 132.0, 135.4,
143.4. MS (ESI positive) m/z (%): 320 [M-H], (100). Elemental analysis: C;1HsN2O2SSe
Calcd. C 41.12%, H 5.65%, N 8.72%. Found: C 41.22%, H 5.59%, N 8.67%.

General procedure for the synthesis of B-hydroxyselenides 16 and -aminoselenides 18

from selenocyanate 13:

NaBHs (30 mg, 0.80 mmol, 4.0 eq.) was portionwise added to a solution of 4-
selenocyanatobenzenesulfonamide 13 (52 mg, 0.20 mmol, 1.0 eq.) in EtOH (2 mL) at room
temperature under inert atmosphere (N,). After 1 h, the epoxide 15 or the aziridine 17 (0.18
mmol, 0.9 eq.) was slowly added and the reaction mixture was stirred at room temperature
for 3 h, until complete consumption of the starting material was observed by TLC. The

reaction was quenched by addition of saturated aq. NH4Cl (2 mL) and diluted with EtOAc
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(5 mL), The layers were separated and the aqueous layer was extracted with EtOAc (2 x 5
mL), dried over Na,SO,, filtered and concentrated under vacuum. The crude material was
purified by flash chromatography to yield selenides 16 and 18, bearing benzenesulfonamide

moiety.

General procedure for preparation of acylselenoureido benzensolfonamide derivatives

25-29.

Potassium selenocyanate (0.14 g, 1.0 mmol) dissolved in acetone (5.0 mL) was treated with
the appropriate acyl chloride 20a-i (1.0 mmol). The reaction mixture was stirred at r.t. for
15 min, followed by addition of appropriate aminobenzensulfonamide (12, 21-24) (1.0
mmol) and stirred for 40 min at the same temperature. After this time the mixture was
quenched with H>O and the formed precipitate was filtered-off and dried on air. The obtained

products 25-29 were used as they are.
N-((4-Sulfamoylphenethyl)carbamoselenoyl)benzamide 25a:

Yield 60%, 0.246 g; yellow solid, "TH-NMR
0  Se SO,NH,

i\ ﬂ (DMSO-ds, 400 MHz): 11.63 (1H, brs, NH,
©)L§ E exchange with D,O), 11.47 (1H, apt, NH,
exchange with D,0), 7.94 (2H, d, J=8.52), 7.82
(2H, d, J=8.3), 7.68 (1H, t, J=7.4), 7.54 (4H, m), 7.35 (2H, brs, NH3, exchange with D,0),
3.98 (2H, apq), 3.13 (2H, t, J=7.36); *C-NMR (DMSO-ds, 100 MHz): 181.6 (C=Se), 168.9,
143.8, 143.3, 134.0, 132.8, 130.0, 129.6, 129.3, 126.8, 49.7, 34.1; m/z (ESI negative) 410.1

[M-HT-.

3-Methyl-V-((4-sulfamoylphenethyl)carbamoselenoyl)benzamide 25b:

Yield 60%, 0.255 g; yellow solid, 'H-NMR

O Se ﬂ SONHa  DMSO-ds, 400 MHz): 11.57 (1H, brs, NH,
NJLN exchange with D,0O), 11.48 (1H, apt, NH,
HoH exchange with D,0), 7.81 (3H, m), 7.73 (1H, d,
J=7.65), 7.54-7.41 (4H, m), 7.36 (2H, brs, NH,,

exchange with D,0), 3.97 (2H, apq), 3.12 (2H, t, J=7.29), 2.41 (3H, s); *C-NMR (DMSO-
ds, 100 MHz): 181.7 (C=Se), 169.0, 143.8, 143.3, 138.8, 134.7, 132.7, 130.1, 130.0, 129.3,
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126.8, 126.7, 49.7, 34.1, 21.7; "Se-NMR (DMSO-ds, 76 MHz): 349; m/z (ESI positive)
426.1 [M+HT".

N-((4-Sulfamoylphenethyl)carbamoselenoyl)-[1,1'-biphenyl]-4-carboxamide 25¢c:

— SO,NH, Yield 70%, 0.341 g; yellow solid, 'H-

Iy /\/©/ NMR (DMSO-ds, 400 MHz): 11.86 (1H,

N E brs, NH, exchange with D,0O), 11.54

O (1H, apt, NH, exchange with D,0), 8.23

(1H, s), 7.97 (1H, d, J=7.75), 7.92 (1H,

d, J=8.04), 7.84 (4H, m), 7.65 (1H, t, J=7.77), 7.56 (4H, m), 7.46 ( 1H, t, J=7.34), 7.36 (2H,

brs, NH,, exchange with D,0), 4.01 (2H, apq), 3.15 (2H, t, J=7.29); *C-NMR (DMSO-dj,

100 MHz): 181.8 (C=Se), 168.9, 143.8, 143.3, 141.1, 140.2, 133.5, 132.2, 130.1, 130.0,

129.9, 128.9, 128.7, 127.9, 127.8, 126.9, 49.7, 34.1; "Se-NMR (DMSO-ds, 76 MHz): 351;
m/z (ESI positive) 488.0 [M+H]".

N-((4-Sulfamoylphenethyl)carbamoselenoyl)benzo[d][1,3]dioxole-5-carboxamide 25e:

Yield 70%, 0.318 g; yellow solid, 'H-NMR
0  Se SO,NH,

)iy /\/©/ (DMSO-ds, 400 MHz): 11.47 (1H, apt, NH,
<O:©)‘\§ ﬁ exchange with D»0), 11.39 (1H, brs, NH,
O exchange with D,0), 7.82 (2H, d, J=8.35),
7.61 (1H, dd, J=8.24, 1.85), 7.52 (3H, m), 7.34 (2H, brs, NH, exchange with D,0), 7.07 (1H,
d, J=8.23), 6.18 (2H, s), 3.97 (2H, m), 3.12 (2H, t, J=7.34); BC-NMR (DMSO-ds, 100
MHz): 181.6 (C=Se), 167.7, 152.4, 148.3, 143.7, 143.3, 130.0, 126.8, 126.2, 125.7, 109.3,
108.9, 103.1, 49.6, 34.1; "Se-NMR (DMSO-ds, 76 MHz): 347; m/z (ESI positive) 456

[M+H]".

N-((4-Sulfamoylphenyl)carbamoselenoyl)benzamide 26a:
0 Se SONH, - Yield 77%, 0.295 g; yellow solid, "H-NMR (DMSO-
©)‘\NJLN/©/ ds, 400 MHz): 13.10 (1H, brs, NH, exchange with
H H D,0), 11.94 (1H, brs, NH, exchange with D,0), 8.02
(2H, d, J=7.40), 7.93 (4H, aps), 7.71 (1H, t, /=7.41), 7.59 (2H, t, J=7.79), 7.47 (2H, brs,
NH_, exchange with D,0); BC-NMR (DMSO-ds, 100 MHz): 182.0 (C=Se), 169.0, 142.8,
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134.2, 132.8, 130.2, 129.8, 129.4, 127.2, 126.4; ’Se-NMR (DMSO-ds, 76 MHz): 435; m/z
(ESI negative) 382 [M-H]

N-((4-Sulfamoylphenyl)carbamoselenoyl)benzo[d][1,3]dioxole-5-carboxamide 26e:

0  Se SO,NH;  Yield 82%, 0.350 g; yellow solid, "H-NMR
0 D)LNJLN/Q/ (DMSO-ds, 400 MHz): 13.10 (1H, brs, NH,

<o H H exchange with D,0), 11.72 (I1H, brs, NH,
exchange with D,0), 7.90 (4H, aps), 7.69 (1H, dd,

J=8.94, 1.72), 7.58 (1H, d, J=1.70), 7.45 (2H, brs, NH,, exchange with D,0), 7.10 (1H, d,
J=8.23), 6.20 (2H, s); 3C-NMR (DMSO-ds, 100 MHz): 181.9 (C=Se), 167.8, 152.6, 148.4,

142.8, 127.2, 126.4, 126.2, 126.0, 120.7, 109.4, 109.0, 103.2; 7’Se-NMR (DMSO-ds, 76
MHz): 430; m/z (ESI positive) 428 [M+H]".

3-Bromo-N-((4-sulfamoylphenyl)carbamoselenoyl)-5-(trifluoromethoxy) benzamide
26f:

Yield 53%, 0.289 g; brown solid, "H-NMR

O  Se /©/ SONH, (DMSO-ds, 400 MHz): 12.83 (1H, brs, NH,

ﬁj\g exchange with D,0), 12.3 (1H, brs, NH,

exchange with D,0), 8.25 (1H, s), 8.04 (1H,

5),7.97 (1H, s), 7.91 (4H, aps), 7.47 (2H, brs,

NH,, exchange with D,0); *C-NMR (DMSO-ds, 100 MHz): 181.8 (C=Se), 165.6, 149.3

(q, J=1.95), 142.8, 136.7, 131.8, 129.4, 127.2, 126.4, 123.1, 122.1, 121.5, 119.5; P’F-NMR

(DMSO-ds, 376 MHz): -56.90; 7’Se-NMR (DMSO-ds, 76 MHz): 452; m/z (ESI negative)
543.8 [M-HT.

F;CO

Br

2-(((4-Sulfamoylphenyl)carbamoselenoyl)carbamoyl)phenyl acetate 26g:

Yield 70%, 0.308 g; yellow solid, "TH-NMR (DMSO-

o s SO,NH,
J\e /©/ ds, 400 MHz): 12.82 (1H, brs, NH, exchange with
CO
H
O

TZ

D,0), 11.97 (1H, brs, NH, exchange with D,0), 7.90
(4H, aps), 7.79 (1H, dd, J=7.70, 1.33), 7.70 (1H, td,
J=8.07, 1.52),7.46 (3H, m), 7.34 (1H, d, /=8.03), 2.38
(3H, s); *C-NMR (DMSO-ds, 100 MHz): 181.7 (C=Se), 170.1, 167.1, 149.4, 143.1, 142.9,

73



Chapter 2

134.7,131.3, 1274, 127.3,127.2, 126.8, 124.5, 22.0; "Se-NMR (DMSO-ds, 76 MHz): 435;
m/z (ESI positive) 442.0 [M-H]-.

4-Heptyl-N-((4-sulfamoylphenyl)carbamoselenoyl)benzamide 26h:

Yield 95%, 0.456 g; yellow solid,
SO,NH, |

0 Jsj\e /©/ H-NMR (DMSO-ds, 400 MHz):
/\/\/\/Q)LE N 13.14 (1H, brs, NH, exchange with
D;0), 11.83 (IH, brs, NH,

exchange with D,0), 7.96 (2H, d, J=8.07), 7.91 (4H, aps), 7.46 (2H, brs, NH, exchange with
D:0), 7.40 (2H, d, J=8.08), 2.70 (2H, t, J=7.48), 1.64 (2H, aps), 1.32 (8H, m), 0.89 (3H, ,
J=6.53); BC-NMR (DMSO-ds, 100 MHz): 182.0 (C=Se), 168.8, 149.5, 142.9, 142.8, 130.1,

129.9, 129.3, 127.2, 126.3, 127.2, 38.0, 32.1, 31.5, 29.5, 29.4, 23.0, 14.9; m/z (ESI positive)
482.0 [M+HT".

N-((3-Sulfamoylphenyl)carbamoselenoyl)benzamide 27a:

Yield 70%, 0.268 g; yellow/brown solid, 'H-NMR

0 Se (DMSO-ds, 400 MHz): 13.01 (1H, brs, NH, exchange with

NN D,0), 11.97 (1H, brs, NH, exchange with D,0), 8.15 (1H,

H H s), 8.02 (2H, d, J=7.45), 7.93 (1H, d, J=7.51), 7.80 (1H, d,

J=17.56), 7.69 (2H, m), 7.59 (2H, t, J=7.64), 7.52 (2H, brs, NH>, exchange with D,0); *C-

NMR (DMSO-ds, 100 MHz): 182.2 (C=Se), 168.9, 145.5, 140.5, 134.2,132.8, 130.3, 129.7,
129.4, 124.9, 123.5; m/z (ESI positive) 384.1 [M+H]".

SO,NH,

3-Methyl-V-((3-sulfamoylphenyl)carbamoselenoyl)benzamide 27b:

Yield 57%, 0.226 g; brown solid, "TH-NMR (DMSO-d;, 400

MHz): 13.03 (1H, brs, NH, exchange with D,0), 11.92 (1H,

brs, NH, exchange with D,0), 8.14 (1H, s), 7.93 (1H, d,

N N J=7.83), 7.87 (1H, s), 7.81 (2H, m), 7.67 (1H, t, J=7.90),

7.55-7.46 (4H, m), 2.44 (3H, s); *C-NMR (DMSO-ds, 100

MHz): 182.2 (C=Se), 168.9, 145.5, 140.5, 138.9, 134.9,

132.7, 130.3, 130.2, 129.8, 129.3, 127.0, 124.9, 123.5, 21.7; m/z (ESI negative) 396.1 [M-
H]J.

SO,NH,
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N-((3-Sulfamoylphenyl)carbamoselenoyl)-2,4-bis(trifluoromethyl)benzamide 27d:

SO,NH, Yield 50%, 0.259 g; yellow solid, 'H-NMR (DMSO-

O Se ds, 400 MHz): 12.59- 12.58 (2H, m, NH, exchange
/@LNJ\N with D,0), 8.28 (2H, m), 8.11 (2H, m), 7.92 (1H, d,
H H _ _ _
J=7.92), 7.82 (1H, d, J=7.87), 7.68 (1H, t, J=7.68
F3C CF3 )’ ( b 9 )’ ( b b )5

7.52 (2H, brs, NH», exchange with D,0); *C-NMR
(DMSO-ds, 100 MHz): 181.6 (C=Se), 167.3,145.5,140.4,137.9, 132.3,131.9,131.2, 130.7,
130.4, 130.0, 128.0, 127.7, 125.3, 125.1, 125.0, 124.4, 123.7, 122.6, 122.4; YF-NMR
(DMSO-ds, 376 MHz): -57.98, -61.51; m/z (ESI negative) 518.0 [M-H]".

N-((2-Sulfamoylphenyl)carbamoselenoyl)benzamide 28a:

O Se Yield 55%, 0.210 g; dark yellow solid, "TH-NMR (DMSO-
N~ N ds, 400 MHz): 13.17 (1H, brs, NH, exchange with D,0),
H H  go,NH ~
22342 11.98 (1H, brs, NH, exchange with D,0O), 8.08 (1H, d,
J=17.88), 8.03 (2H, m), 7.94 (1H, dd, J=7.51, 1.41), 7.74-7.66 (4H, m), 7.61-7-52 (3H, m);

BC-NMR (DMSO-ds, 100 MHz): 183.3 (C=Se), 168.9, 138.5, 137.0, 134.2, 132.8, 132.6,
131.2,129.8, 129.3, 128.2, 128.1; m/z (ESI positive) 384.1 [M+H]".

N-((2-Hydroxy-5-sulfamoylphenyl)carbamoselenoyl)-[1,1'-biphenyl]-4-carboxamide
29¢:

o §-é0 Yield 69%, 0.327 g; yellow solid, "TH-NMR

O N)LNJQ\SOZNHz (DMSO-ds, 400 MHz): 13.46 (1H, brs, NH,

H H exchange with D,0), 12.14 (1H, brs, NH,

O exchange with D,0O), 11.17 (1H, s, OH,

exchange with D,0O), 9.14 (1H, d, J=1.99),

8.30 (1H, s), 8.0 (2H, m), 7.86 (2H, d, J=7.35), 7.69 (2H, m), 7.57 (2H, t, J=7.57), 7.47 (1H,

t,J=7.32),7.27 (2H, brs, NH, exchange with D-0), 7.14 (1H, d, J=8.56); 3*C-NMR (DMSO-

ds, 100 MHz): 180.1 (C=Se), 169.2, 153.3, 141.1, 140.1, 135.0, 133.4, 132.3, 130.1, 129.9,

128.9, 128.0, 127.9, 127.2, 126.3, 123.1, 116.3; 7’Se-NMR (DMSO-ds, 76 MHz): 436; m/z
(ESI positive) 476.1 [M+H]".
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4-Bromo-/N-((2-hydroxy-5-sulfamoylphenyl)carbamoselenoyl)-3-methylbenzamide
29g:
o ééo Yield 82%, 0.403 g; orange solid, 'H-NMR
N )LN@SOZNHZ (DMSO-ds, 400 MHz): 13.27 (1H, brs, NH,
H H exchange with D,O), 11.90 (1H, brs, NH,
exchange with D,0), 11.21 (1H, s, OH, exchange
with D,0), 9.15 (1H, d, /=2.08), 8.01 (1H, d, J=1.14), 7.77 (2H, m), 7.68 (1H, dd, J=8.56,
2.25),7.27 (2H, brs, NH, exchange with D,0), 7.14 (1H, d, J=8.57), 2.45(3H, s); BC-NMR
(DMSO-ds, 100 MHz): 180.0 (C=Se), 168.5,153.4, 138.7,135.0, 133.3, 132.1, 132.0, 130.7,
129.0, 127.2, 126.4, 123.0, 116.3, 23.3; 77Se-NMR (DMSO-ds, 76 MHz): 439; m/z (ESI
positive) 492.0 [M+H]".

Br

2-(((2-Hydroxy-5-sulfamoylphenyl)carbamoselenoyl)carbamoyl)phenyl acetate 29i:

Yield 75%, 0.342 g; brown solid, 'H-NMR

OJ\O 0 ggO@\ (DMSO-ds, 400 MHz): 13.16 (1H, brs, NH,

NN SO,NH, ©change with D:0), 1192 (IH, brs, NH,

H H exchange with D,0), 11.23 (1H, s, OH, exchange

with D,0), 9.18 (1H, d, J=1.91), 7.82 (1H, dd, J=7.66, 1.19), 7.71 (1H, m), 7.66 (1H, dd,

J=8.56, 2.18), 7.46 (1H, t, J/=7.37), 7.36 (1H, d, J=8.06), 7.26 (2H, brs, NH, exchange with

D,0), 7.12 (1H, d, J=8.56), 2.39(3H, s); BC-NMR (DMSO-d;, 100 MHz): 179.3 (C=Se),

169.7, 167.1, 153.1, 149.1, 135.0, 134.3, 131.1, 127.2, 127.1, 126.9, 126.3, 124.1, 122.6,
116.2, 21.8;7Se-NMR (DMSO-ds, 76 MHz): 441; m/z (ESI positive) 458.1 [M+H]".

Synthesis of N-((2-hydroxy-5-sulfamoylphenyl)carbamoselenoyl)benzamide 30a:

HO N-((2-Hydroxy-5-sulfamoylphenyl)

O Se @\ carbamoselenoyl)benzamide 30a was obtained

O)L NJLN SO,NH, according to the above reported general procedure
H H

using benzoyl chloride 20a (0.14 g) and potassium

selenocyanate (1.0 eq). Yield 63%, 0.25 g; yellow solid, 'TH-NMR (DMSO-ds, 400 MHz):
13.39 (1H, s, NH, exchange with D,0), 11.89 (1H, s, NH, exchange with D,0), 11.17 (1H,
s, OH, exchange with D,0), 9.12 (1H, d, J=1.98), 8.02 (2H, d, J=7.78), 7.72 (1H, t, J=7.42),
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7.66 (1H, dd, J=8.55, J3=2.24), 7.59 (2H, t, J=7.71), 7.26 (2H, brs, NH,, exchange with
D,0), 7.13 (1H, d, J=8.57); B3CNMR (DMSO-ds;, 100 MHz): 180.1 (C=Se), 169.3 (C=0),
153.3 (COH), 134.9, 134.2, 132.7, 129.7, 129.3, 127.1, 126.2, 123.0, 116.2; ""Se-NMR
(DMSO-ds, 76 MHz): 435; HRMS m/z [M+H]" caled for C14H14N304SSe, 399.9865; found,
399.9872.

Synthesis of N-((2-Hydroxy-5-sulfamoylphenyl)carbamoselenoyl)-3-methylbenzamide
30b:

N-((2-Hydroxy-5-

HO
O Se @\ sulfamoylphenyl)carbamoselenoyl)-3-
NJLN SO,NH, methylbenzamide 30b was obtained according to the
H H

above reported general procedure using 3-
methylbenzoyl chloride 20b (0.15 g) and potassium
selenocyanate (1.0 eq). Yield 77%, 0.32 g; yellow solid, 'TH-NMR (DMSO-ds, 400 MHz):
13.44 (1H, s, NH, exchange with D,0), 11.82 (1H, s, NH, exchange with D,0), 11.20 (1H,
s, OH, exchange with D,0), 9.16 ( 1H, d, J=1.43), 7.89 (1H, s), 7.83 (1H, d, J=7.51), 7.68
(1H, dd, J=8.50, J3=1.90), 7.55-7.46 (2H, m), 7.29 (2H, brs, NH,, exchange with D,0),
7.15( 1H, d, J=8.55), 3.48 (3H,s); 3C-NMR (DMSO-ds, 100 MHz): 180.1 (C=Se), 169.3
(C=0), 153.3 (COH), 138.8, 135.0, 134.9, 132.6, 130.2, 129.3, 127.2, 126.9, 126.3, 123.0,
116.3, 21.7; 7Se-NMR (DMSO-ds, 76 MHz): 434; HRMS m/z [M+H]" caled for
CisH16N304SSe, 414.0021; found, 414.0031.

Synthesis of 4-n-Heptyl-N-((2-hydroxy-5-sulfamoylphenyl)carbamoselenoyl)

benzamide 30e:

HO 4-n-Heptyl-N-((2-hydroxy-5-
Q Se sulfamoylphenyl)carbamoselenoyl)
NJLN SO,NH
H H 22Y2 benzamide 30e was obtained

according to the above reported
general procedure using  4-n-
heptylbenzoyl chloride 20e (0.24 g) and potassium selenocyanate (1.0 eq). Yield 91%, 0.45
g; yellow solid, "TH-NMR (DMSO-ds, 400 MHz): 13.46 (1H, s, NH, exchange with D,0),
11.72 (1H, s, NH, exchange with D,0), 11.22 (1H, s, OH, exchange with D,0O), 9.17 ( 1H,
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d, J=1.43), 7.96 (2H, d, J=8.15), 7.67 (1H, dd, J=8.51, F=1.89), 7.39 (2H, d, J=7.83), 7.26
(2H, brs, NHa, exchange with D;0), 7.14( 1H, d, J=8.55), 2.68 (2H.t, J=7.27), 1.64 (2H,
brs), 1.28-1.26 (8H, m), 0.87 (3H, t, J=6.73); *C-NMR (DMSO-ds, 100 MHz): 180.0
(C=Se), 169.1 (C=0), 153.3 (COH), 149.5, 135.0, 129.9, 129.4, 128.5, 127.3, 126.3, 122.9,
116.3,36.1,32.2,31.5,29.6,29.5, 23.1, 14.9; "Se-NMR (DMSO-ds, 76 MHz): 432; HRMS
m/z [M+H]" calcd for CoiHasN304SSe, 498.0961; found, 498.0972.

Synthesis of 3-Bromo-N-((2-hydroxy-5-sulfamoylphenyl)carbamoselenoyl)
5(trifluoromethoxy)benzamide 30f:

HO 3-Bromo-N-((2-hydroxy-5-

O Se @\ sulfamoylphenyl)carbamoselenoyl)-5-

FsCO NJ\ N SO,NH, (trifluoromethoxy)benzamide 30f was
H . .

obtained according to the above reported

Br general  procedure  using  3-bromo-5-

(trifluoromethoxy)benzoyl chloride 20f (0.30 g) and potassium selenocyanate (1.0 eq). Yield
84%, 0.47 g; yellow solid, "TH-NMR (DMSO-ds, 400 MHz): 13.19 (1H, s, NH, exchange
with D»0), 12.27 (1H, s, NH, exchange with D,0), 11.24 (1H, s, OH, exchange with D,0),
9.13 ( 1H, d, J=2.10), 8.25 (1H, t, J=1.40), 8.03 (1H, s), 7.97 (1H, s), 7.66 (1H, dd, J=8.55,
J3=2.26), 7.26 (2H, brs, NH, exchange with D,0), 7.12 (1H,d, J=8.57); *C-NMR (DMSO-
ds, 100 MHz): 179.8 (C=Se), 166.5 (C=0), 153.3 (COH), 149.3, 136.7, 135.0, 131.9, 129.4,
127.1, 126.4, 123.0, 122.9, 121.7, 116.3; YF-NMR (DMSO-ds, 376 MHz): -56.86; HRMS
m/z [M+H]" calcd for CisHi,BrFsN3;OsSSe, 561.8790; found, 561.8810.

Synthesis of N-((2-Hydroxy-5 sulfamoylphenyl)carbamoselenoyl)benzo
[d][1,3]dioxole-5-carboxamide 30h:

N-((2-Hydroxy-5-sulfamoylphenyl)

carbamoselenoyl)benzo[d][1,3]dioxole-5-

:©)‘\ S,OZNH2 carboxamide 30h was obtained according to the

< above reported general procedure using
benzo[d][1,3]dioxole-5-carbonyl chloride 20h (0.18 g) and potassium selenocyanate (1.0

eq). Yield 79%, 0.35 g; yellow solid, '"H-NMR (DMSO-ds, 400 MHz): 13.40 (1H, s, NH,
exchange with D,0), 11.66 (1H, s, NH, exchange with D,0), 11.13 (1H, s, OH, exchange
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with D,0), 9.11 ( 1H, d, J=1.82), 7.70-7.64 (2H, m), 7.58 (1H, d, J=1.43), 7.26 (2H, brs,
NH,, exchange with D,0), 7.11 (2H, t, J=7.89), 6.20 (2H, s); *C-NMR (DMSO-ds, 100
MHz): 180.0 (C=Se), 168.1 (C=0), 153.3 (COH), 152.6, 148.4, 134.9, 127.2, 126.2, 126.1,
126.0, 123.1, 116.3, 109.5, 108.9, 103.2; "Se-NMR (DMSO-ds, 76 MHz): 430; HRMS m/z
[M+H]" calcd for C1sH14N306SSe, 443.9763; found, 443.9774.

General procedure for Synthesis Compounds 31a-h:

Method A: The appropriate acylselenourea 30a-h (0.5 mmol) was dissolved in a 1:1
biphasic mixture of acetonitrile and 3M NaOH aqueous solution, and was vigorously stirred
overnight at r.t. The black solid residue (Seo) was filtered-off and the reaction was quenched
with a 3M HCI aqueous solution until a precipitate was formed, which was collected by

filtration and dried on air and used as it is.

Method B: The appropriate acylselenourea 30a-h (0.5 mmol) was dissolved in pyridine (5.0
ml) and stirred onernight at r.t. The black solid residue (Seo) was filtered-off and the reaction
was quenched with 3M HCI aqueous solution until a precipitate was formed, which was

collected by filtration and dried on air and used as it is.
Synthesis of N-(5-Sulfamoylbenzo|[d]oxazol-2-yl)benzamide 31a:

SO,NH, N-(5-Sulfamoylbenzo[d]oxazol-2-yl)benzamide 31a was

obtained according to the above reported general

N /“\O procedure using acylselenourea 30a (0.20 g; 0.5 mmol).

: H Yield 50%, 0.08 g; white solid, 'H-NMR (DMSO-d;, 400

MHz): 12.32 (1H, s, NH, exchange with D,0), 8.11-8.07 (3H, m), 7.90-7.83 (2H, m), 7.70

(1H, t, J=7.30), 7.60 (2H, t, J=7.57), 7.49 (2H, brs, NH>, exchange with D,0); *C-NMR

(DMSO-ds, 100 MHz): 158.6, 150.2, 142.0, 133.8, 129.5, 129.4,122.7,116.7, 111.5; HRMS
m/z [M+H]" calcd for C14H11N304S, 318.0543; found, 318.0550.

79



Chapter 2

Synthesis of 3-Methyl-N-(5-sulfamoylbenzo[d]oxazol-2-yl)benzamide 31b:

3-Methyl-N-(5-sulfamoylbenzo[d]oxazol-2-

SO,NH,
yl)benzamide 31b was obtained according to the above
j\,i reported general procedure using acylselenourea 30b
ﬁ 0 (0.20 g; 0.5 mmol). Yield 35%, 0.06 g; white solid, "H-

NMR (DMSO-ds, 400 MHz): 12.25 (1H, s, NH, exchange
with D,0), 8.07 (1H, s), 7.90-7.82 (4H, m), 7.53-7.48 (2H, m), 7.46 (2H, brs, NH,, exchange
with D;0), 2.45 (3H, s); *CNMR (DMSO-ds, 100 MHz): 165.8, 158.2, 150.4, 141.9, 138.8,
134.3,133.7,130.6, 129.8, 129.4, 126.5, 122.6, 116.8, 111.4,21.8; HRMS m/z [M+H]" calcd
for Ci5H14N304S, 332.0699; found, 332.0706.

Synthesis of 4-Heptyl-N-(5-sulfamoylbenzo|d]oxazol-2-yl)benzamide 31e:

4-Heptyl-N-(5-

SO,NH,
sulfamoylbenzo[d]oxazol-2-yl)
J\’i benzamide 31e was obtained according
E O to the above reported general procedure

using acylselenourea 30e (0.25 g, 0.5

mmol). Yield 29%, 0.06 g; white solid,
"H-NMR (DMSO-ds, 400 MHz): 12.21 (1H, s, NH, exchange with D,0), 8.08 (1H, s), 8.00
(2H, d, J=7.54), 7.90 (1H, d, J=8.44), 7.83 (1H, d, J=8.15), 7.46 (2H, brs, NH>, exchange
with D,0), 7.42 (2H, d, J=7.82), 2.70 ( 2H, t, J=7.53), 1.64 (2H, t, J= 7.53), 1.33-1.29 (8H,
m), 0.89 (3H, t, J=6.82); *C-NMR (DMSO-ds, 100 MHz): 165.5, 158.2, 150.4, 148.9,
141.9, 141.7, 130.9, 129.4, 122.6, 116.8, 111.4, 35.9, 32.1, 31.5, 29.5, 29.4, 22,9, 14.8;
HRMS m/z [M+H]" calcd for C21H26N304S, 416.1638; found, 416.1650.

80



Novel inhibitors against human carbonic anhydrases

Synthesis of 3-Bromo-N-(5-sulfamoylbenzo[d]oxazol-2-yl)-5-

(trifluoromethoxy)benzamide 31f:

SO,NH, 3-Bromo-N-(5-sulfamoylbenzo[d]oxazol-2-yl)-5-
(trifluoromethoxy)benzamide 31f was obtained

O N
F;CO N Py according to the above reported general procedure

H © using acylselenourea 30f (0.28 g, 0.5 mmol). Yield

Br 36%, 0.09 g; white solid, '"H-NMR (DMSO-ds,

400 MHz): 8.30 (1H, s), 8.14 (1H, s), 8.03 (1H, s), 7.78 (1H, s), 7.62 (1H, m), 7.53 (1H, d,
J=7.86), 7.28 (2H, brs, NH>, exchange with D,0); 3C-NMR (DMSO-ds, 100 MHz): 168.9
(C=0), 1494, 144.6, 139.9, 131.9, 131.3, 126.4, 125.6, 122.5, 122.2, 121.1, 120.3, 119.6,
115.6, 109.3; YF-NMR (DMSO-ds, 376 MHz): -56.93; HRMS m/z [M+H]" calcd for

C15H10BrFsN;OsS, 479.9471; found, 479.9490.

Synthesis of N-(5-Sulfamoylbenzo[d]oxazol-2-yl)benzo[d][1,3]dioxole-5-carboxamide
31h:

SO,NH, N-(5-Sulfamoylbenzo[d]oxazol-2-

0 N yl)benzo[d][1,3]dioxole-5-carboxamide 31h was

0 : I N /“\O obtained according to the above reported general
<O H procedure using acylselenourea 30h (0.22 g, 0.5

mmol). Yield 70%, 0,13 g; white solid, "TH-NMR
(DMSO-ds, 400 MHz): 8.04 (1H, s),7.88-7.81 (2H, m), 7.73 (1H, d, J=7.97), 7.60 (1H, d,
J=1.62), 7.47 (2H, brs, NH,, exchange with D,0), 7.11 (1H, d, J= 8.24), 6.19 (2H, s, CH);
BC-NMR (DMSO-ds, 100 MHz): 167.5 (C=0), 152.1, 148.5, 141.9, 125.9, 125.6, 125.3,
122.6, 111.4, 109.7, 109.2, 109.1, 109.0, 108.6, 103.0; HRMS m/z [M+H]" caled for
CisH12N306S, 362.0441; found, 362.0451.

General Procedure for preparation aryl selenols 33a-j from diselenides 32a-j:

NaBHy; (23 mg, 0.6 mmol, 3.0 eq.) was portionwise added to a stirred solution or suspension
(depending on the nature of the diselenide) of diselenide 32a-j (0.2 mmol, 1.0 eq.) in EtOH
(2 mL) at 0°C under inert atmosphere (N2). After 15 solid citric acid (192 mg, 1.0 mmol, 5.0

eq.) was added and the reaction mixture was stirred at 0°C for 5 minutes. The mixture was
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then diluted with Et,O (5 mL) and H>O (3 mL) was added. The layers were separated and
the organic layer was washed with saturated aq. NH4Cl (2 mL) and with brine (2 mL), dried
over NaxSOys, filtered and concentrated under vacuum to afford aryl selenols 33a-j, pure

enough to be used without further purification.

Synthesis of 4-methylbenzeneselenol 33b:

SeH Following the general procedure, 1,2-di-p-tolyldiselane (75 mg, 0.22
/©/ mmol) gave 4-methylbenzeneselenol 33b (45.3 mg, 60%). '"H NMR (400

MHz, CDCls) & (ppm): 1.47 (1H, s, SeH), 2.31 (3H, s, CH3), 7.04 (2H, ap. D, 15=8.0 Hz),
7.36 (2H, ap.d, 1s=8.0 Hz). *C NMR (100 MHz, CDCLs) & (ppm): 21.0, 120.1, 130.1, 133.0,
136.1.

Synthesis of 2-methylbenzeneselenol 33c:

gave 2-methylbenzeneselenol 33¢ (49.8 mg, 66%). 'H NMR (400 MHz,
CDCls) 6 (ppm): 1.37 (1H, s, SeH), 2.36 (3H, s, CH3), 7.02 (1H, ap t, J/=7.4 Hz), 7.12-7.19
(2H, m), 7.46 (1H, ap d, J=7.7 Hz). 3C NMR (100 MHz, CDCl3) & (ppm): 23.0, 126.7,
126.9,130.2, 133.2, 138.1.

: SeH Following the general procedure, 1,2-di-o-tolyldiselane (75 mg, 0.22 mmol)

Synthesis of 2,6-dimethylbenzeneselenol 33d:

Following the general procedure, 1,2-bis(2,6-dimethylphenyl)diselane (75
mg, 0.20 mmol) gave 2,6-dimethylbenzeneselenol 33d (58.8 mg, 78%). 'H
NMR (400 MHz, CDCIs) 6 (ppm): 1.37 (1H, s, SeH); 2.39 (6H, s); 7.01-7.07
(3H, m). BC NMR (100 MHz, CDCI3) & (ppm): 24.4; 125.8; 127.7; 138.1. ”’Se NMR (76
MHz, CDCl3) 6 (ppm): 38.6.

SeH

Synthesis of 4-methoxybenzeneselenol 33e:

SeH Following the general procedure, 1,2-bis(4-methoxyphenyl)diselane (75
mg, 0.20 mmol) gave 4-methoxybenzeneselenol 33e (64.1 mg, 85%). 'H
NMR (400 MHz, CDCls) 6 (ppm): 1.45 (1H, s, SeH), 3.78 (3H, s, OCH3),

6.79 (2H, ap d, 1s=8.4 Hz), 7.41 (2H, ap d, 1s=8.4 Hz). *C NMR (100 MHz, CDCI5)  (ppm):

58.2;112.9; 114.9, 135.3, 159.0.

~

(@)
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Synthesis of 2-methoxybenzeneselenol 33f:

geH Following the general procedure, 1,2-bis(2-methoxyphenyl)diselane (75 mg,
@ P 0.20 mmol) gave 2-methoxybenzeneselenol 33f (42.2 mg, 56%). '"H NMR
0 (400 MHz, CDCl3) 8 (ppm): 1.53 (1H, s, SeH); 3.88 (3H, s); 6.80-6.85 (2H,
m); 7.16-7.21 (1H, m); 7.39 (1H, dd, J=1.5, 7.5 Hz). *C NMR (100 MHz, CDCls) & (ppm):
55.8;110.6; 115.7, 121.6, 127.4, 132.5, 156.4. "Se NMR (76 MHz, CDCls) & (ppm): 73.0.

Synthesis of 3-methoxybenzeneselenol 33g:

0 SeH Following the general procedure, 1,2-bis(3-methoxyphenyl)diselane (75

\©/ mg, 0.20 mmol) gave 3-methoxybenzeneselenol 33g (61.8 mg, 82%).

'"H NMR (400 MHz, CDCI5) & (ppm): 1.58 (1H, s, SeH), 3.79 (3H, s,

OCH3), 6.76 (1H, ddd, J=0.8, 2.5, 8.3 Hz), 6.99-7.04 (2H, m), 7.13 (1H, ap t, J=8.3 Hz). 1*C
NMR (100 MHz, CDCls) 6 (ppm): 55.2; 112.4; 118.1, 125.0, 125.4, 130.0, 159.9.

Synthesis of 3,4,5-trimethoxybenzeneselenol 33h:

o) S Following the general procedure, 1,2-bis(3,4,5-
_ eH
- I;/ trimethoxyphenyl)diselane (75 mg, 0.15 mmol) gave 3,4,5-
0 trimethoxybenzeneselenol 33h (71.5 mg, 95%). 'TH NMR (400 MHz,
CDCl) 6 (ppm): 1.62 (1H, s, SeH), 3.81 (3H, s, OCH3), 3.84 (6H, s,
OCHa), 6.69 (2H, s). *C NMR (100 MHz, CDCls) & (ppm): 56.2; 60.9; 110.7; 117.7; 137.
3;153.5.

_0O

Synthesis of naphthalene-2-selenol 33i:

SeH Following the general procedure, 1,2-di(naphthalen-2-yl)diselane (75

mg, 0.18 mmol) gave naphthalene-2-selenol 33i (63.3 mg, 84%). 'H

NMR (400 MHz, CDCls) 6 (ppm): 1.69 (1H, s, SeH), 7.44-7.51 (3H,

m), 7.68-7.74 (2H, m), 7.78-7.82 (1H, m), 7.94 (1H, s). ®C NMR (100 MHz, CDCl;) &
(ppm): 122.0, 125.8, 126.6, 126.9, 127.8, 128.6, 130.6, 131.0, 131.8, 134.1.
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Synthesis of 4-fluorobenzeneselenol 33j:

Sgey Following the general procedure, 1,2-bis(4-fluorophenyl)diselane (75 mg,

/©/ 0.22 mmol) gave 4-fluorobenzeneselenol 33j (48.3 mg, 64%). '"H NMR

F (400 MHz, CDCl3) 6 (ppm): 1.55 (1H, s, SeH); 6.89-7.03 (2H, m), 7.40-

7.47 (2H, m). 3C NMR (100 MHz, CDCl3) & (ppm): 116.4 (d, *Jc+=21.7 Hz), 118.0, 135.2
(d, *Jcr=7.8 Hz), 162.2 (d, 'Jc.r=246.4 Hz).

Carbonic anhydrase inhibition

An Applied Photophysics stopped-flow instrument has been used for assaying the CA
catalysed CO» hydration activity.* Phenol red (at a concentration of 0.2 mM) has been used
as indicator, working at the absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5)
as buffer, and 20 mM Na,SO4 (for maintaining constant the ionic strength), following the
initial rates of the CA-catalyzed CO, hydration reaction for a period of 10—-100 s. The CO;
concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters
and inhibition constants. For each inhibitor at least six traces of the initial 5-10% of the
reaction have been used for determining the initial velocity. The uncatalyzed rates were
determined in the same manner and subtracted from the total observed rates. Stock solutions
of inhibitor (0.1 mM) were prepared in distilled-deionized water and dilutions up to 0.01 nM
were done thereafter with the assay buffer. Inhibitor and enzyme solutions were
preincubated together for 15 min at room temperature prior to assay, in order to allow for
the formation of the E-I complex. The inhibition constants were obtained by non-linear least-

squares methods using PRISM 3 and the Cheng—Prusoff equation.
Crystallization and X-ray data collection

Crystals of hCAII were obtained using the hanging drop vapor diffusion method using 24
well Linbro plate. 2 ul of 10 mg/ml solution of hCA II in Tris-HCI 20 mM pH 8.0 were
mixed with 2 pl of a solution of 1.5 M sodium citrate, 0.1 M Tris pH 8.0 and were
equilibrated against the same solution at 296 K. Crystals of the protein grew in one week.
Afterwards hCAII crystals were soaked in SmM inhibitor solution for 3 days. The crystals
were flash-frozen at 100K using a solution obtained by adding 15% (v/v) glycerol to the

mother liquor solution as cryoprotectant. Data on crystals of the complexes were collected
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using synchrotron radiation at the ID29 beamline at ESRF (Grenoble, France) with a
wavelength of 0.827 A and a PILATUS 6M Dectris CCD detector. Data were integrated and
scaled using the program XDS.?’

Structure determination

The crystal structure of hCA II (PDB accession code: 4FIK) without solvent molecules and
other heteroatoms was used to obtain initial phases of the structures using Refmac5.2 5% of
the unique reflections were selected randomly and excluded from the refinement data set for
the purpose of Rfree calculations. The initial |[Fo - Fc| difference electron density maps
unambiguously showed the inhibitor molecules. The inhibitor was introduced in the model
with 0.5 occupancy. In the |Fo - Fc| difference electron density map a spheric density was
present close to the benezensulfonamide moiety and was interpreted as a solvent molecule
at 0.5 occupancy. Atomic models for inhibitors were calculated and energy minimized using
the program JLigand 1.0.40.%° Refinements proceeded using normal protocols of positional,
isotropic atomic displacement parameters alternating with manual building of the models
using COOT.*° Solvent molecules were introduced automatically using the program ARP.3!
The quality of the final models were assessed with COOT and RAMPAGE.* Graphical

representations were generated with Chimera.*
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Summary of Data Collection and Atomic Model Refinement Statistics

PDB
Compound
Space group
Cell dimensions
a, b, ¢
alpha, beta, gamma
Resolution (A)
Resolution-high (A)
Rmerge
Rpim
CCl»h
I/sigl
Completeness (%)
Redundancy

Refinement
resolution (A)
unique reflections
Rwork/Rfree (%)
# atoms
Protein
metal (Zn)
ligand
water
B-factors (A?)
protein
metal (Zn)
ligand
water
r.m.s. deviations
Bond length (A)
Bond angle (°)

6GOT
5b
P2,

42.4,41.3,72.1

90, 104.3, 90
41.1-1.56
1.42-1.40

0.171 (0.805)

0.99 (0.536)
5.48 (1.26)
96.5 (96.1)

41.11 - 1.56
31883
19.8/2233

15.83
16,7
21,22

0,015
1,709

STFX
31a
P2,

42.6,41.6,72.3
90, 104.6, 90
41.6-1.50
1.52-1.50
0.109 (0.783)
0.044 (0.365)
0.998 (0.668)
13.8 (2.0)
96.4 (66.2)
7.1(5.3)

41.6 - 1.50
36248
18.7/24.6
2427
2128
1
22
270
13,7
12,8
6,3
13,7
249

0,016
1,861
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PDB
Compound
Space group
Cell dimensions
a,b,c
alpha, beta, gamma
Resolution (A)
Resolution-high (A)
Rsym (%)
Rmeas (%)
Redundancy
Completeness overall (%)
<lo(l)>
CC (1/2)
Unique reflections
Refinement
Resolution range (A)
Unique reflections,
working/free
Rfactor (%)
Rfree(%)
r.m.s.d. bonds(A)
r.m.s.d. angles (°)
Ramachandran statistics
(%)

Most favored
additionally allowed
outlier regions
Average B factor (A?)
All atoms
inhibitors
solvent
Resolution range (A)
Unique reflections,
working/free

6HXS
33a-hCA 1T
P21

42.31,41.44,72.11
90.0, 104.3, 90.0

41,00 -1.44
1.58 — 1.44
9.9 (56.8)
10.9 (65.0)
537 (4.17)
98.1 (92.9)

10.93 (2.85)
99.6 (84.3)
43339 (9882)

410144
41176/2154

18.82
20.98
0.018
1.912

96.9
3.1
0.0

15255

14.149

23.008
41.0-1.44
41176/2154

6HWZ
33a-hCA T
P212121

62.38,71.52, 120.69
90.0,90.0,90.0
28.59 - 1.64
1.73 - 1.64
15.0 (481.6)
15.5 (499.3)
15.12(13.87)
97.4(83.6)
10.00 (0.40)
99.9 (28.4)
66390 (9064)

28.59 - 1.64
62499/3264

22.45
26.91
0.0144
1.669

96.5
35
0.0

38.962

36.612

47.644
28.59 - 1.64
62499/3264
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Chapter 3
Carbonic Anhydrase Inhibitors as Antitumor Agents
3.1 Introduction

Hypoxia is defined as a physiological condition with reduced oxygen level and plays a key
role in many types of solid cancers and results in cells spatial disorganization within the
tissues involved, which in turn determine abnormal microvasculature formation and flow
disruption of the fluids.! The low oxygen tension leads to the activation of the transcription

factor hypoxia-inducible factors 1 and 2 (HIF-1/2)* (Figure 1).

Hypoxia Normoxia

Stabilization l / \HD O, Hydroxylation

@ 6 Interaction with VHL

@ @E Ubiquitylation
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Ubiguitin @
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COO000E
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transcription
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@m GLUTY/3 (anaerobic glycolysis)

VEGE " (angiogenesis)
EPOI1 (erythropoesis)
CAIX  (pH regulation)

Figure 1 Mechanism of hypoxia-induced gene expression mediated by the HIF transcription

factor.

Initiation of the hypoxia-induced signalling cascade results in the activation of a vast array

of genes and signalling outputs that regulate a variety of processes aimed to adaptation of
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tumor cells in conditions of low oxygen.? HIF-1a-activated tumor cells respond to this micro
environmental stress by reprogramming their metabolism to the far less efficient glycolytic
pathway. Such a metabolic change determines an increased production and export of acidic
metabolites, such as lactic and carbonic acids to the extracellular space. The low extracellular
pH created a selective advantage for tumor cells, the only ones able to survive to such harsh
conditions.® The maintenance of pH homeostasis by tumor cells relies on a set of complex
molecular mechanisms involving a variety of proteins and buffer systems with the central
aim of maintaining a moderately intracellular alkaline pH, while generating a markedly
acidic extracellular environment.** One set of proteins important to this pH regulatory
system is the family of the carbonic anhydrases (CAs).*> Among the 16 human CAs, the IX
isoform (and marginally the XII) is directly linked to cancer progression, metastasis.**%
The overexpression of hCA IX triggered from HIF-1a involves the formation of stable HIF-
aff complex which translocates to the nucleus and interacts with an Hypoxia Responsive
Element (HRE) region located immediately upstream of the DNA transcription start site
(Figure 1).% Indeed, HIF-1a is the exclusive regulator of hCA IX activity and often the most
strongly upregulated gene in response to hypoxic stimuli.>’

The recent resolution of the hCA IX catalytic domain architecture '° has provided detailed
structural confirmation of its observed catalytic activity and has aided in more rational drug

design (Figure 2).!'"13
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Figure 2. Proposed model showing the structural arrangement of the full-length hCA IX
dimer on the cellular membrane. The X-ray structure of the dimeric catalytic domain is
reported in cyan, with Arg58, Arg60, and Argl30 in green and the glycan moieties in white.
The hypothetical arrangements of the PG domains, the transmembrane helices and the

cytoplasmic portions are schematically reported in magenta, yellow, and green, respectively.

From the structural viewpoint hCA IX is dimeric,"® contains a proteoglycan (PG)- like
domain immediately adjacent to the catalytic domain, the presence of which may allow the

enzyme to function most efficiently at more acidic pH values >4

In this context, hCA IX has become an attractive target as anticancer therapy for several
reasons. The first is represented by its selective overexpression in tumor cells (constitutive
expression of hCA IX is reported in the guts). The second one is related to the direct
connection of the hCA IX functions to tumor growth and metastasis processes. Indeed, a
change in the pH ratio of 0.1-0.2 pH units can have important consequences in vital
biological processes including ATP synthesis, proliferation, migration, survival and
metastasis.>® Additionally the hCA IX positioning on the extracellular surface of cell

membranes allows efficient targeting by antibodies or small molecule inhibitors. Recent
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studies have now demonstrated that hCA IX-selective inhibitors can directly and specifically
inhibit the growth of hypoxic, hCA IX-positive tumors in preclinical animal models. Several
approaches were reported for obtaining compounds that specifically target the tumor-

associated isoforms CA IX (Figure 3) among which are:

= ureido sulfonamides (e.g., compound A and B), used in clinical trials against hypoxic
tumors (A)"° and for imaging purposes (B)'
* Positively (such as C)!7 or negatively charged compounds, which cannot cross plasma

membranes due to their charged character and thus selectively inhibit only extracellular

CAs.
0 /©/802NH2
HNJ\N

H

I COOH

A
SO,NH,
C104- R4
N
R; /N )n
R, R, n=0,1,2
R= alkyl, aryl
C

Figure 3. Chemical structures ureido derivative of sulphanilamide (SLC-0111) A,

fluorescent inhibitor B and pyridinium derivatives of sulphanilamide C.
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3.2 New Selenoureido Analogues of 4-(4-Fluorophenylureido)benzene sulfonamide as

Carbonic Anhydrase Inhibitors

Isosteric replacement is a commonly used approach in Medicinal Chemistry. It consists in
the introduction, within selected lead compounds, of structural modifications (named
bioisosteric groups or elements) able to retain the desired biological activity.'®!* We recently
applied the isosteric replacement to the compound A in Figure 3 (SLC-0111),> which
successfully ended Phase I clinical programs for the treatment of patients with advanced
hypoxic tumors overexpressing the human carbonic anhydrase IX.?*?! The selenoureido
containing compounds 7—21 were obtained by standard coupling reactions of the aromatic
isoselenocyanates 3a—i with commercially available benzenesulfonamides 4—6 in

acetonitrile as solvent (Scheme 1)."
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Scheme 1. General synthetic procedure for compounds 7-21

The proper isoselenocyanates 3a—i were obtained in a two-step synthetic procedure which
involved as first step N-formylation in high yields of the commercially available aromatic
amines la—i using catalytic zinc chloride and formic acid under neat conditions** and
2a-i

subsequently the conversion of the formylanilines to the corresponding

isoselenocyanates 3a—i using the modified Barton’s procedure as outlined in Scheme 2.2
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Scheme 2. General synthetic scheme of compounds 3a-i

It is noteworthy that the dehydration of formylanilines 2a—i was successfully conducted by

the use of the safer and handy solid triphosgene,?®

and the in situ obtained isocyanides (not
isolated) were treated with an excess of elemental selenium to afford the desired
isoselenocyanates 3a—i.?® In order to asses a proper structure—activity relationship (SAR),
the synthesis of the SLC-0111 thioureido analogue 22 was also carried out according to

standard procedures (Scheme 3).2°

@
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CI)J\CI

+
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H H
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22

z

SO,NH,

Scheme 3. Synthesis of the thioureido derivative 22.
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All synthesized compounds, 7-22, were tested in vitro for the inhibitory properties against
the physiological relevant isoforms hCA 1, II, IV, and IX by means of the stopped-flow
carbon dioxide hydration assay,?’ and their activities were compared to the standard carbonic

anhydrase inhibitor acetazolamide (AAZ) (Table 1).

Table 1. Inhibition constants of hCA I, hCA II, hCA IV and hCA IX with compounds 7-22, SLC-
0111 and AAZ by a stopped-flow CO, hydrase assay*’

Ki (nM)*
Compound hCA'1 hCA 11 hCA IV hCA IX*
T 483.8 3432 908.7 329.7
8 4353 388.9 765.9 97.8
9 132.5 543 8627 78.9
10 152.3 66.3 1951 63.0
11 5.9 6.3 902.1 5.8
12 327 6.1 7344 15.9
13 7.9 4.0 268.8 39
14 6.7 5.5 1782 53
15 44.1 7.9 898.2 8.7
16 8.5 4.4 928.9 5.8
17 517 1.8 1409 4.8
18 8.3 35 731.2 4.8
19 6.0 4.5 765.9 28
20 267.4 57.6 6760 54.9
21 501.7 91.2 5423 93.1
22 35.0 14.2 4797 32.
SLC-0111 5080 960.0 286.0 45.0
AAZ 250 12.1 74 25.8

* Mean from three determinations by a stopped-flow, COz hydrase method. Standard errors were in
the range of 5—-10% of the reported values.

* Catalytic domain

The following SARs for the hCA isoforms considered are reported:

The ubiquitous cytosolic hCA I was inhibited by all compounds with Kjs spanning between
5.9 and 501.7 nM. Within the series reported, the compounds bearing the sulfonamide
moiety at position 3 of the ring, compounds 7 and 8, or the bulky naphthyl tail moiety 21,
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resulted the least active with K; values respectively 1.9, 1.7 and 2.0 fold higher when
compared to the standard Acetazolamide (AAZ) (Table 1). Relocation of the primary
sulfonamide moiety in compound 7 from the meta to the para position, to afford 9, resulted
in a significant enhancement of the inhibitory potency (Kis of 483.8 and 132.5 nM
respectively). The introduction in 9 of the para-fluoro moiety, compound 10, slightly
enhanced the K; value of 1.15 fold. It is noteworthy that the inhibition potency was greatly
improved when the fluoro was introduced at the ortho position (compound 11 K; 5.9 nM).
The nature of the halide didn’t affect the inhibition potency against the hCA I as the
introduction in ortho of the chloro atom instead of the fluoro, to afford 13, determined only
a slight increase of the K; value to 7.9 nM. Conversely the introduction of the CF3 group at
the meta position spoiled the inhibition value to 32.7 nM. Among the ethylamino
benzenesulfonamides 14-21, the phenyl and the ortho methoxy substituted derivatives 14
and 19 resulted the most active in the series, with Kis of 6.7 and 6.0 nM respectively.
Interestingly the meta CF3 and the ortho Chloro substituted derivatives 16 and 18 slightly
differed for their inhibition potencies (Kjs 8.5 and 8.3 nM) respectively. Among the phenyl
halide derivatives, the ortho fluoro 15 and the para bromo 17 resulted similar potencies in
inhibiting the hCA I with Kis of 44.1 and 51.7 nM respectively. Substitution of the bromine
with the iodine, as in compound 20, was detrimental for the inhibition activity (K; 267.4
nM). The bioisosteric substitution in SLC-0111 of the oxygen within the ureido moiety with
a sulfur or selenium atom instead (compounds 22 and 10 respectively) resulted in an increase
of the inhibition potency against the hCA I isoform of 145.1 and 33.4 fold respectively
(Table 1).

The cytosolic and highly efficient hCA II isoform, was effectively inhibited by all
compounds synthesized (K; comprised between 3.5 and 388.9 nM), and in analogy to the
hCA I the metanilamide derivatives 7 and 8 were the least potent (K; 343.2 and 388.9 nM
respectively). Among the sulfanilamide series, the introduction of the para-fluoro moiety
within the simple phenyl ring, conversion of 9 to 10, slightly spoiled the inhibition potency
(Kis 54.3 and 66.3 nM respectively). Placement of the fluoro atom in the ortho position,
compound 11, resulted in a 10.5 fold increase of the inhibition potency, which was retained
when the meta-CF3; group was introduced instead (compound 12 K; 6.1 nM) or even

reinforced when a ortho-chloro moiety was placed (compound 13 K; 4.0 nM). Among the
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ethylaminobenzene sulfonamide series 14-21, all compounds were quite effective in
inhibiting the hCA II isoform (Kis spanning between 1.8 and 7.9 nM), with the only
exceptions represented by the bulky para-iodo 20 and the naphtyl derivative 21 (Kis 57.6
and 91.2 nM respectively). As for the hCA II, the bioisosteric substitution of the oxygen
atom within the ureido group in SLC-0111 (K; 960 nM) resulted in enhancement of the
inhibition potency. As reported in Table 1, Kis of 66.3 and 14.2 nM were obtained when the

selenium, compound 10 or the sulfur, compound 22, were introduced.

The membrane bound hCA IV was the least inhibited among the enzymatic isoforms herein
considered, and showed Kis spanning between 8627 and 268.8 nM. The introduction in 7 of
the fluoro atom in para position, to afford 8, resulted in a 1.2 fold enhancement of the
inhibition potency. In analogy, a 1.1 fold inhibition potency increase was reported when the
para-fluoro substitution was operated in 9 to afford 10 (Kis of 8627 and 7557 nM
respectively), and it was further improved when a meta-CF; (K; 734.4 nM) or an ortho-
chloro moiety (K; 268.8 nM) were introduced. Among the ethylaminobenzene sulfonamide
series the introduction within the phenyl tail of 14 in ortho position either of a fluoro 15,
chloro 18 , methoxy 19 or a meta-CF3; moiety, as in 16, resulted in a significant enhancement
of the inhibition potency with Kjs of 1782, 898.2, 731.2, 765.9 and 928.9 nM respectively
(Table 1). The introduction in 14 of the para bromo moiety determined only a slight
reduction of the inhibition activity against the hCA IV. The bulky para-iodo 20 and naphthyl
21 were the least effective in the series (Kis 6760 and 5423 nM respectively). The effects of
the divalent isosteric substitution in SLC-0111 were detrimental for the inhibition properties
against the hCA IV isoform. As reported in Table 1, the parent SLC-0111 showed a K; value
of 286 nM, the introduction of the sulfur and the selenium atom within the ureido moiety

enhanced the K; value 16.8 and 26.4 fold, respectively.

The transmembrane and tumor associated hCA IX was effectively inhibited by the
compounds herein reported and showed K; values comprised between 3.1 and 329.7 nM. In
particular, the introduction of the para-fluoro moiety in 7, to afford 8, resulted in a 3.4 fold
decrease of the inhibition value. A slight lower potency increase (1.3 fold) was observed
when the para-fluoro moiety was introduced within the sulfanilamide series (conversion of

9 to 10). In analogy to the other enzymes herein considered, the inhibition data showed
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strictly related to the fluoro regioisomerism. Kinetic data in Table 1 account for a 10.9 fold
potency increase when the fluoro moiety was shifted from the para to the ortho position
(conversion of 10 to 11). Interestingly, the replacement of the fluoro atom in 11 with the
chloro instead, to afford 13, resulted in an increase of the inhibition potency (Kis of 5.8 and
3.9 nM respectively). The introduction of the meta-CF3 moiety within the simple phenyl tail
on compound 9 to afford 12, was beneficial for the inhibition potency which showed a 5.0
fold increase (Kjs of 78.9 and 15.9 nM for 9 and 12 respectively). With the exception of the
bulky para-iodo 20 and naphthyl derivative 21 (Kis 54.9 and 93.1 nM respectively), all
compounds within the ethylbenzene sulfonamide series were quite effective in inhibiting the
hCA IX and showed Kis spanning between 3.1 and 8.7 nM, thus far more active when
compared to the standard AAZ (K; 25.8 nM). In particular, the introduction in 14 of the
ortho-fluoro moiety to afford 15, slightly spoiled the inhibition potency (K; of 5.3 and 8.7
nM respectively). Conversely the introduction within the phenyl tail in 14 of a meta-CF; 16,
or para-bromo 17, ortho-chloro 18 and ortho-methoxy 19 moiety, clearly resulted in
enhancement of the inhibition potency (Kis of 5.8, 4.8, 4.8 and 3.1 nM respectively). SAR
relative to the isosteric substitution of the oxygen within the SLC-0111 ureido moiety
accounted for an increase of the inhibition potency when the sulfur was introduced
(compound 22; K; 32.1 nM). Conversely, the K; value was 1.4 fold decreased when the
selenium was introduced instead (compound 10; K; 63 nM). In general, the divalent
bioisosteric replacement of the ureido oxygen on SLC-0111 with a sulfur or selenium,
compounds 22 and 10 respectively, determined powerful enhancements of the inhibition
potencies against the hCA I and Il isoforms (Table 1). Any modification at the ureido moiety
resulted in a suppression of the inhibition activity against the membrane associated hCA IV
(Kis of 4797 and 7557 for 22 and 10 respectively). Interestingly, the sulfur derivative 22
resulted in only a slight increase of the inhibition potency against hCA IX (Kis of 45.0 and
32.1 nM for SLC-0111 and 22 respectively). Conversely, the introduction of the selenium,
as in 10, was detrimental for the activity (K; 63.0 nM). Although the inhibition potency of
the selenium derivative 10 was only 1.4 fold less potent when compared to the parent SLC-
0111, it is worth mentioning that the selectivity ratio hCA II/hCA IX of this compound was
heavily spoiled (21.3 for SLC-0111 and 1.1 for 10).
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The antioxidant activity of the selenoureido congener of SLC-0111 (compound 10) was
evaluated according to literature procedures in catalysing the reaction between hydrogen
peroxide (H»0-) and two different thiols such as dithiothreitol (DTT)***! and glutathione
(GSH).***® A preliminary investigation of the GPx-like activity of compound 10 was carried
out following the oxidation of DTT in CDs;OD by means of "H NMR. A control experiment
was performed in the absence of catalyst. The catalytic activity of (PhSe), against DTT™d
under these conditions was also determined, to compare the activity of the title compound
with commonly used standard materials for the GPx assays.28-30 As depicted in Figure 4,
when the reaction was performed in the absence of catalyst, 98% of DTT™! remained
unreacted after 60 min. Conversely, DTT oxidation was complete within 35 min when 10%
of the substituted selenourea 10 was added. Under these conditions, the time required to
halve the initial concentration of DTT™(Tso) was 8 min. Interestingly, according to this test,
10 proved to behave as a better catalyst than (PhSe),, in that it exhibited a longer reaction
time and higher Tso values. Compounds SLC-0111 and 22, did not catalyse the DTT
oxidation under the studied conditions, being the kinetic profile comparable with that of the

control experiment.

S
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a —8-SLC-0111
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E ——22
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—ea=—PhSeSePh
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Reaction time (minutes)

Figure 4. Oxidation of DTT™ with H,O, in the presence of compounds 10, SLC-0111 and
22. Reaction conditions: [DTT™]p=0.14 mM, [H20,]0=0.14 mM, [catalyst]=0.014 mM),
CD;0OD (1.1 mL). '"H NMR spectra were measured at variable reaction time at 25 °C. The
relative populations of DTT™! and DTT* were determined by integration of the 'H NMR
signals. In the control experiment the reaction was run with no catalyst. Reported are the

mean £ SD values of three separate experiments.
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The GPx-like properties of 10 were further confirmed by using the nicotinamide adenine
dinucleotide phosphate (NADPH)-coupled assay. In this experiment GSH was used as a
substrate and H,O, as an oxidant in the presence of NADPH and glutathione reductase
(GR).*>3 The reaction was carried out in H»O and its progress was monitored by UV
spectroscopy, measuring the absorbance decreasing at 340 nm due to the consumption of

NADPH (Figure 5).

——10

[NADPH] (nM)

—&— Control

SLC-0111

—m22

0 50 100
Time (sec)

Figure 5. NADPH-coupled GPx assay for compounds 10, SLC-0111and 22. Reaction
conditions: [NADPH]o=0.6 mM, [GSH]o=2.0 mM, [H:20:]o=5 mM, [GR]=8 units/mL,
[catalyst]=0.2 mM in pH 7.4 phosphate buffer at ambient temperature. Reported are the

mean = SD values of three separate experiments.

As above reported the NADPH was completely consumed within 100 s in the presence of
the selenium containing compound 10. Conversely the NADPH consumption rate was only
slightly higher with respect to the control experiment (no catalyst used) when the sulfur- and

oxygen-containing analogues 22 and SLC-0111 were used instead.

The water soluble selenoureido containing compounds 10, 15 and 20 were evaluated for their
viability effects on human prostate (PC3), breast (MDA-MB-231) and colon cancer (HT-29)
cells lines at 30, 100 and 300 uM concentration, incubated for 48 h both under normoxic and
hypoxic conditions and using the CA inhibitor SLC-0111 as a reference compound (Figure
6).
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Figure 6. PC3 (A), MDA-MB-231 (B) and HT-29 (C) were plated at 1 10%well, incubation

was allowed for 48h in normoxic (20% O-) and hypoxic conditions (0.1% O-). Compounds

10, 15 and 20 in comparison with SLC-0111 were tested in the 30-300 uM concentration

range. Control condition was arbitrarily set as 100% and values are expressed as the mean =

S.E.M. of three experiments.

In PC3 cells the selenoureido derivative of SLC-0111 (compounds 10) and its longer ortho

fluoro derivative 15 significantly reduced cell viability in normoxia (20 % Oxygen), whereas

their effects resulted lower when the experiments were carried out under hypoxic conditions
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(0.1 % Oxygen). Compound 20 was ineffective in all set of experiments, whereas the
reference ureido derivative SLC-0111 induced modest mortality and only at the highest
concentration (300 uM) in normoxia (Figure 6 A). Interestingly, in MDA-MB-231 cells,
compound 10 was effective in normoxia at 30 uM and with a profile comparable to the
reference SLC-0111. The elongated derivative 15 was successful in reducing cells viability
in both conditions of oxygenation but only at the highest concentration (300 uM). Finally
compound 20 was ineffective on the breast cancer cell lines (Figure 6 B). As for colon
cancer HT-29 cells, all compounds considered (10, 15 and 20) were ineffective in inducing
mortality, whereas the reference compounds SLC-0111 strongly reduced cell viability at all

concentrations in normoxic and hypoxic conditions (Figure 6 C).

The binding modes of both selenium and sulfur analogues of SLC-0111 (compound 10 and
22 respectively) were determined by means of their X-ray co-crystallographic adducts with
the hCA II (Figure 7). The difference [Fo—Fc| electron density maps of the hCA 1I-10
complex revealed a well ordered structure of the benzenesulfonamide section, which became
weaker in electron density for the seleno ureido and para-fluorobenzene moieties (figure
7C). Instead the hCA 1I-22 complex showed clear electron density all through the molecule,
thus suggesting a better ordered structure within the enzymatic cleft (Figure 7D). In both
cases 10 and 22 showed almost identical allocations within the enzyme cavity, with average

distances between the two structures (RMSD) of just 0.12 A across the whole protein.
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Figure 7. (A) Active site region of the hCA II-10 complex (PDB SWEX) and (B) hCA
[I-22 complex (PDB code: SULN); Hydrogen bonds and van der Waals interactions are also
shown. Compound 10 (C) and 22 (D) showed as cA-weighted |F,—F.| density map at 2.0 c.

The compounds were buried within the enzyme active site, being coordinated to the Zn (II)
ion through the sulfonamide group and orientated towards the hydrophobic half of the
pocket. Compound 10 showed several hydrophobic interactions with Vall21, Phel31,
Leul98 and Pro202. Moreover, one oxygen of sulfonamide showed a hydrogen bond with
Thr199 (Figure 7A). In the same way, compound 22 showed similar hydrophobic interaction
with the side chain of residues in the active site, but also, a water bridge between the ureido
moiety of 22 and Thr200 (Figure 7B). We also determined the binding mode of the longer

selenoureido derivative 14 (Figure 8).
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Figure 8. (A) Active site region of the hCA 1I-14 complex (PDB 5UMC) and Hydrogen

bond and van der Waals interactions are also shown. (B) Compound 14 showed as cA-

weighted |Fo—F.| density map at 2.0 .

The difference |[Fo—Fc| electron density maps showed that 14 is buried within the enzyme
cavity. The N-phenyl moiety was modelled with two different conformations due to the
diffuse electron density present in this region (Figure 8B).The sulfonamide moiety is tightly
coordinated to the Zn(II) ion by means of the canonical interactions of all CAs-sulfonamide
compounds. Conversely, the tail fragment of 14 was somewhat disordered. Only one
conformation showed three hydrophobic interaction whit Vall21, Phel31 and Leul98 in
addition to hydrogen bond among the oxygen of sulfonamide and Thr199 (Figure 8A).

3.3 Discovery of new 2, 5-disubstituted 1,3-selenazoles as selective human carbonic

anhydrase IX inhibitors with potent anti-tumor activity

Given our interest in the study of chalcogen-containing compounds, we designed and
synthesized a series of selenazole derivatives with the aim to identify novel hCA IX selective
inhibitors.***® Selenazoles are an important class of heterocycles with significant biological
effects and considerable pharmacological relevance.’’*® Moreover, these five membered
selenium heterocycles are easily synthetized from primary selenoamide as starting materials.
Thus, our attention focused on the synthesis of primary selenoamide containing sulfonamide

moiety, as shown in Scheme 4. First step was the synthesis of 4-cyanobenzenesulfonamide
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(24) by reaction of the corresponding sulfonyl chloride (23) with an aqueous solution of
ammonium hydroxide. Successively, 4-sulfamoylbenzoselenoamide (25) was prepared by

the reaction of nitrile compound 24 with Na,Se as selenating reagent in refluxing ethanol,

for 6h.
SO,CI SO,NH, SO,NH,
NH4OH Nazse
Et;N EtOH
THF reflux
CN CN H,N" ~Se
23 24 25
[J O O
Br EtOH EtOH | p*Cl
26a-f reflux reflux 27amc
SO,NH, SO,NH,
R \ Se, R Se7/©/
= \ N \<\/I,\I
28a-f 29a-c
28a: R=H 28d: R=4-Cl 29a: R= CH;
28b: R=4-F 28e: R=4-NO, 29b: R= COOH
28c: R=4-Br 28f: R=3-OCH; 29¢: R=CH,Cl

Scheme 4: Synthesis of primary selenoamide incorporating a sulfonamide moiety 25 and the

corresponding functionalized selenazoles 26a-f and 29a-c. Na,Se was generated in situ from

elemental Se (0.5 eq.) and NaBH4 (1.0 eq.).

Finally, the reaction of primary selenobenzamide (25) with different a-haloketones
incorporating aromatic 26a-f or aliphatic 27a-¢ moieties, in refluxing ethanol, gave various
2,5-disubstituted 1,3-selenazoles 28a-f and 29a-c. In addition, herein, we report the synthesis

of a variety of double-functionalized and ionic 1,3-selenazoles by nucleophilic displacement

reactions of 4-halomethyl-1,3-selenazoles 29¢ as shown in Scheme 5.
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SO,NH,
N=
Acetone NS¢ Et;N, CH;CN
reflux 29¢
Cl
EtOH EtOH
R R
S © 31a-c 30a-c © él
H,N"'NH, SeNa TeNa
SO,NH, SO,NH,

O,NH,

S

N= N=

. Se NULLE
. g X ?
%Se 35 Se Te %Se 1

c 3 S
*HzNé\\NHz R R @
34a-c 33a-c
34a:R=H 33a: R=H

34b: R= 4—CH3 33b: R= 4-CH3
34¢: R=4-OCH;  33¢c: R=4-OCHj

Scheme 5: Synthesis of substituted 2,5-selenazoles 32-35.

Treatment of 29¢ with thiophenol and Et;N in acetonitrile afforded in excellent yields the
corresponding functionalized 1,3-selenazoles 32. A number of 1,3-selenazoles containing
aromatic chalcogenide side chains were also prepared (33a-c and 34a-c). The reaction started
with the reduction of the appropriate dichalcogenide and NaBH4 to afford the corresponding
chalcogenate (30a-c and 31a-c), which was treated in situ with 4-halomethyl-1,3-selenazoles

29c¢ leading to the corresponding functionalized 1,3-selenazoles 33a-¢ and 34a-c in good
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yield (Scheme 5). Finally, 1,3-selenazole containing the pharmacologically relevant

isothiouronium moiety (35) was prepared from 29¢ and thiourea.

All compounds 25, 28a-f, 29a-c, 32, 33a-c, 34a-c and 35 were tested in vitro for their
inhibitory activity against the physiologically relevant hCA isoforms I, II, IV, VA, VB and
IX by means of the stopped-flow carbon dioxide hydration assay? and their activities were

compared to the standard acetazolamide (AAZ) (Table 2).

Table 2. Inhibition constants of hCA I, hCA 1I, hCA IV, hCA VA, hCA VB and hCA IX with
compounds 25, 28a-f, 29a-c, 32-35 and AAZ by a stopped-flow CO2 hydrase assay*’

K; (nM)*

Compound hCA | hCAI1l hCAIV  hCAVA  hCAVA  hCAIX®
25 442 84.8 9411 63.4 5527 76
28a 335 29.6 652.3 9.7 703.1 6.5
28b 637.9 85.8 6353 75.3 4.7 75
28¢ 206.0 88.6 3098 86.6 620.4 0.87
28d 414.1 67.9 873.1 82.2 730.0 8.4
28e 539.7 245.1 9386 85.7 757.3 8.2
28f 422 70.9 3595 82.5 808.7 56.3
29a 15.8 473 384.7 82.3 600.0 6.9
29b 416 77.0 3924 425 460.0 9.0
29¢ 73 73.2 326.2 53.4 90.9 5.8
32 935.0 74.6 6860 55.8 550.0 54
33a 135.2 79.7 5155 56.3 81.0 o]
33b i) 186.7 2695 56.8 809.5 26
33c 477 95 853.9 40.0 85.0 0.89
34a 289.1 9.8 751.0 68.3 517.0 9.1
34b 303 9.6 203.9 75.6 54.1 71
34c 7.1 77 120.8 47.1 319.1 0.55
35 14.6 80.4 216.5 573 700.0 7.0

AAZ 250 12.1 74.0 63.0 54.0 25.8

* Mean from three determinations by a stopped-flow, COz hydrase method. Standard errors were in
the range of 5-10% of the reported values.

* Catalytic domain

110



Carbonic Anhydrase Inhibitors as Antitumor Agents

We have investigated a range of various kinds of 2,5-disubstituted 1,3-selenazole derivatives

for their interaction with the six hCAs here considered, after a period of 15 min of incubation

of the enzyme.3**! The following structure-activity relationship (SAR) may be noted from

the inhibition data in Table 2:

i)

The cytosolic hCA I was inhibited by primary selenoamide 25 in the medium
nanomolar range (K; 44.2 nM). On the other hand, the inhibition profile of selenazole
derivatives varied according to the substituent at position 5. The benzene moiety
(28a) led to a slight increase in the activity (Ki 33.5 nM) and substitutions at
positions 3 or 4 led to a decrease of the potency. An interesting inhibition profile
was observed for compounds 28b-d incorporating halogens. The dimension of this
substituent proved to be crucial for the inhibition potency. Indeed, replacement of
fluorine (28b) by bromine (28¢) caused an increase of activity for hCA I (K; 637.9
nM vs. K; 206.0 nM). Moreover, substitution in position 3 (28f) led to a better
activity than the corresponding compounds with para groups (28b-e). Aliphatic
moieties at position 5 of selenazoles (29a-c¢) increased the efficacy compared to
aromatic compounds (28a-f). 29¢ showed an inhibition constant in the low
nanomolar range (K; 7.3 nM). Another interesting point was the further substitution
of the side chain in compound 29¢ with chalcogen aromatic moiety. Going down
along the chalcogen group of the periodic table (from sulphur 32 to tellurium 33a)
the activity increased (K; 935.0 nM to K; 135.2 nM) as the chalcogen group element
increased from sulphur (32) to tellurium (33a). The second dominant cytosolic
isoform, hCA II, was inhibited by all these compounds in the medium nanomolar
range except for compounds 33¢ and 34a-c¢ which showed low nanomolar inhibition
(K; 7.7 to 9.8 nM). The different moieties at position 5 of the selenazole scaffold did
not influence significantly the inhibition constant. On the other hand, the further
functionalization of 4-halomethyl-1,3-selenazoles 29¢ with different selenites 34a-
¢ and tellurate 33¢ moieties led to an increase of potency near ten folds compared to

the other compounds here considered.

Almost all compounds investigated here, possessed low inhibitory activity for the

membrane-bound isoform hCA IV with ranges spanning between the high
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nanomolar to the micromolar (K; 120.8 to 9386 nM). Aliphatic substituents at
position 5 proved to be better than the aromatic ones, with inhibition constants Kis
spanning from 326.2 to 392.4 nM. Indeed, as for the previously discussed isoform
hCA II mentioned above, the functionalization of 4-halomethyl-1,3-selenazoles 29¢

with selenolate (34a-c) and tellurate 33¢ moieties increased the efficacy.

An interesting inhibition pattern was observed for the mitochondrial hCA VA and
hCA VB isoforms. All compounds here considered, except 34a, exhibited a
preference of inhibition for the isoform hCA VA over hCA VB and, selenazole 28a
showed this preference with an activity 70 folds more potent for hCA VA (K; 9.7
nM) compared to hCA VB (K; 703.1 nM). On the other hand, the different moieties
at position 5 of the selenazole scaffold did not influence significantly the inhibition

potency.

The membrane-bound, tumor-associated, hCA IX, is effectively inhibited by
selenazoles in low nanomolar to sub-nanomolar range (K; 0.55 nM to 9 nM) except
for compound 28f (K;56.3 nM). An interesting case was constituted by the isosteric
substitution of the halogen atom in the aromatic moiety of 28c-d and 28f. The
transition from fluorine atom (28f) to bromine (28b) led to a significant increase of
the inhibitory potency (Ki 56.3 to 0.87 nM). The activity was influenced also for the
other chalcogen moieties (33a-¢ and 34a-c), especially for methoxyl substituent,

which led to a subnanomolar inhibition (K; 0.89 and 0.55 nM).

X-Ray crystallography was used to determine the mode of binding of compound 29¢ in

complex with hCA II. Structural analysis of the initial |F,—F.| electron density map of the

active site showed well defined electron densities, fully compatible with the presence of

inhibitor 29¢, instead electron density for chlorine atom was not present (Figure 9A). The

sulfonamide moiety coordinates the catalytic zinc ion of hCA II with a tetrahedral geometry,

by means of one nitrogen atom of the sulfonamide group and displacing the zinc bound water

molecule/hydroxide ion similarly to other sulfonamide and sulfamide derivatives

investigated earlier.*?
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Figure 9. Active site region of hCA 11/29¢ adduct (PDB 6H3Q). Inhibitor showing the cA-
weighted |[Fo—F| map (at 2.5 6) (A). Hydrogen bonds, van der Waals interactions and Water

Bridges are shown and labelled in green, blue and red respectively (B).

The deprotonated nitrogen atom of the sulfonamide moiety forms a hydrogen bond with the
NH moiety of Thr199. Furthermore, a hydrogen bond is involved with a water molecule
showing a well-defined solvent network that contributes to stabilize the inhibitor within the
active site (Figure 9B). The phenyl ring of inhibitor 29¢ is located in the active site channel,
where it is involved in a number of hydrophobic interaction with the side chains of residues
Val121 and Leul98. The medium potency of inhibition against hCA II (K; 73 nM) could be
explained with the rigid structure conferred by two consecutive aromatic rings; this scaffold
prevented the inhibitor from locating its tail in a small hydrophobic pocket delimited by
residues Phel31 and which strongly correlates with the inhibition potency against this
isoform. On the other hand, nitrogen of selenazole moiety is involved in a water bridge with

residue GIn92 (Figure 9B).

We focused our attention on the ex vivo activity of compounds 28e, 33¢ and 34¢, which were
evaluated for their effects on cell viability against the human prostate (PC3) and breast
(MDA-MB-231) cancer cell lines. All compounds were low/sub nanomolar hCA IX
inhibitors, and were used at different concentrations, being incubated for 48 h in both

normoxic and hypoxic conditions, when overexpression of high amounts of CA IX occurs.!”
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In PC3 cells, selenazole derivative 28e, with a 4-NO, phenyl moiety, reduced the cell
viability to 60% at 1puM. Its efficacy increased significantly at 10 pM reducing the viability
to 10% (Figure 10). In the hypoxic conditions, compound 28e showed significantly more
effects on cytotoxicity which reached 32% at 1pM. At higher concentration the compound
was comparable to its effects in normoxic condition. Chalcogenide atom in the side chain of
compounds 33c¢ and 34c¢ proved to play a crucial role for cytotoxicity. Compound 33¢, whit
tellurium atom in the side chain, showed a strong activity against this cancer cell line in
normoxic condition with a viability of 23% at 1 uM. On the other hand, in hypoxic condition
compound 33c showed an efficacy two times lower than in the normoxia. Finally, compound
34c¢, with selenium in the side chain, proved to be inactive at lower doses against PC3 cell
line, but the efficacy increased at 30 and 100 uM showing a cell viability in normoxic
condition of 59% and 11% respectively. In hypoxic condition compound 34c exhibited more
cytotoxic effects at low concentration (77% at 10 pM) whereas at higher doses exhibited an

efficacy comparable to that in normoxic condition.

Normoxia (O 21%) Hypoxia (0 1%)
150 150
140 Il control 140 I contral
130 DMSO 0.75% LELS DMSO 0.75%
120 I 28e 120 I 28e
e . 33 no I . 33

34c 100 & 34c
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Figure 10. Effects of newly synthetized compounds 28e, 34¢ and 33c¢ on viability of the

Concentration Concentration

human prostatic cancer cell line PC3 following 48h treatment in normoxic and hypoxic (1%

0O.) conditions. ***p<0.001 versus control.

In the MDA-MB231 cell line, the derivative 28e at the lower concentration showed a weak
activity with viability of 73%. On the other hand, at 10 uM the potency against this cancer
cell line increased drastically killing over 90% of the cells. Also for MDA-MB231 cell line

the different chalcogenide in the side chain of compound 33c¢ and 34¢ played an important

114



Carbonic Anhydrase Inhibitors as Antitumor Agents

role on the viability (Figure 11). Indeed, tellurium atom in 33c¢ exhibited a strong
cytotoxicity in normoxic conditions, already at lower concentration (16% at 1 uM). Also this
time, the potency decreased over two time in hypoxic condition. Compound 34¢ did not
show any activity in this ex vivo normoxia assay at 1 and 10 uM concentration. A reduced
cell viability was observed for this compound only at high concentration (30 uM and 100
uM). In the hypoxic conditions the selenium derivative 34¢ did not show any significant

activity, only at higher concentration of 100 pM the cell viability reached 46%.

Normoxia (O, 21%) Hypoxia (0 1%)
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Figure 11. Effects of the newly synthetized compounds 28e, 34¢ and 33c on viability of the
human adenocarcinoma breast cell line MDA-MB231 following 48h treatment in normoxic

(21% O») and hypoxic (1% O») conditions. *p<0.05, ** p<0.01, ***p<0.001 versus control.

3.4 Novel telluride bearing benzensulfonamide moiety as Carbonic Anhydrase

inhibitors with potent antitumor activity

Oxidative stress has been found to play a crucial role in numerous disease conditions.**
During the last decades a growing interest in selenium- and tellurium-containing agents with
potential redox-modulating properties has been reported.**” Several organotellurium
compounds possessing a range of unique and interestingly properties such as activity against
pathogenic microorganisms,**# inhibition cancer cells growth,*** potent caspase and
cathepsin inhibitory propieties® and antioxidant activity were developed to date. For the
latter many of them were reported superior to that of the selenium analogues.**** For this

reason we decided to synthesize various Te(Il) derivatives as hCA inhibitors. Diaryl
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ditellurides 36a-g were prepared from aryl bromides via lithiation, tellurium insertion, and

air oxidation according to, or in analogy to literature procedures (scheme 6).%°

i) t-BuLi R
Br THF, -78°C . /@
.. eTe
@ ii) Te ©/

R R

36a-g 37a-g
36a: R=H 37a: R=H
36b: R=2-CH; 37b: R=2-CH;
36¢: R=4-CH; 37¢: R=4-CH;
36d: R=4-OCH;, 37d: R=4-OCH;,
36e: R= 2-Napthyl 37e: R= 2-Napthyl
36f: R=2,6-CH; 37f: R=2,6-CH;
36g: R=3,4,5-OCH; 37g: R=3,4,5-OCH;,

Scheme 6: Synthesis of aryl ditellurides 37a-g

The tellurides 39a-g synthesized in this study were prepared by in situ reduction of the
corresponding aromatic ditellurides followed by reaction with 4-(bromomethyl)

benzenesulfonamide 38 dissolved in THF as outlined in Scheme 7.

R - B/_Q_ SO,NH,
I e ] S
o e

R \/©/802NH2
37a: R=H 39a-g

37b: R=2-CHj, R

37c¢: R=4-CH;, 39a: R=H

37d: R=4-OCH, 39b: R=2-CHj,
37e: R=2-Napthyl 39c: R=4-CHj,
37f: R=2,6-CH, 39d: R= 4-OCH,
37g: R=3,4,5-OCH, 39e: R= 2-Napthyl

39f: R=2,6-CH;
39g: R=3,4,5-OCH;

Scheme 7: Synthesis of tellurides bearing benzenesulfonamide moiety 39a-g
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On the basis of our experience on the chemistry of three-membered heterocycles and
chalcogen containing nucleophiles,”’>® we sought to study the reactivity of epoxide 40 with
tellurium-containing nucleophiles, thus allowing us to enlarge the scope of the present work
aiming to access the B-hydroxy substituted tellurides incorporating the benzenesulfonamide
moiety. Having synthesized the epoxide 40,° we evaluated its reactivity with aryl
tellurolates generated in situ by reduction of the corresponding ditellurides. Thus, diphenyl
ditelluride 37a was treated with NaBH4 and then reacted with 40 to afford the tellurium
containing N-sulfonylformamidine 41 as the major product. The cleavage of the protecting

group® led to the formation of the desired B-hydroxy telluride 42a (Scheme 8).

/
i) NaBH, (4.0 eq.) O ,~N
ooy FOH,0Ciort HO 0 )5N
367: i) 40 (18eq) o 0
DMF, r.t., 3h 41
ONH,  NaOH
O Y (10% aq.)
PhTe/\O?O MeOH
42a
/
0 7N
0 S-N
40 = (')>4 o)

Scheme 8: Synthesis of B-hydroxy telluride 42a from epoxide 40

In order to investigate whether the ring opening reaction and the cleavage of the sulfonamide
protecting group could be achieved in one pot, the epoxide 40 was reacted with PhTe™,
generated by treating diphenyl ditellurides 37a-e with a large excess of NaBH4 (4.0 eq.) in
the presence of NaOH (2.0 eq.) (Scheme 9).°! We were glad to observe that, under these
conditions a direct formation of the B-hydroxyl-substituted telluride 42a-e was achieved in

rather good yield (Scheme 9).
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NaBH,4 (4.0 eq.)

NaOH (2.0 eq) 1 40(1.8eq.)
ArTeTeAr [ArTe ]

EtOH, 0°C to r.t. DMF, rt.,

37a-¢ 12 h
Q

a: Ar=Ph ‘S:NHZ
b Ar = 2-Me-CH, O 5
¢: Ar=4-Me-C¢Hy ArTe 0
d: Ar=4-MeO-C4H, /\(l)/H\
e: Ar = Naphtyl 42a-e

a: Ar=Ph

b: Ar=2-Me-C¢H,
c: Ar= 4-MC-C6H4
d: Ar =4-MeO-C¢H,
e: Ar = Naphtyl

Scheme 9: One pot synthesis of B-hydroxy tellurides 42a-e from epoxide 40

With the aim to further investigate the activity of PB-hydroxy tellurides bearing the
benzensulfonamide moiety, the symmetric dialkyl telluride 43 was synthesised from the
epoxide 40 and Li,Te, generated from elemental tellurium and LiEt;BH, following a slightly
modified reported procedure’’ (Scheme 10).

i) 40 (2.0 eq)
LiEt;BH DMF solution
(2.0eq.) .t., 12h
Te(0) ——— LizTe] - A0” T OAr
THF ii) NaOH aq OH OH
r.t., 6h r.t., 4h 43

____i;_-_
Il
:UIJ:O
Z,
5

Scheme 10: Synthesis of symmetric B-hydroxy telluride 43 from elemental tellurium

The CA inhibition data for compounds 39a-g, 42a-e, 43 using AAZ as a reference compound
was measured for the hCA isoforms I, II, IV, VII and IX by means of the stopped-flow

carbon dioxide hydration assay?and the results are presented in Table 3.
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Table 3. Inhibition constants of hCA I, hCA II, hCA IV, hCA VII and hCA IX with compounds 39a-
g, 42a-e, 43 and AAZ by a stopped-flow CO; hydrase assay*’

Ki (nM)*

Compound hCAT hCA I hCA IV hCA VII hCA IX®
39a 209.8 12.1 52.0 8.4 24
39b 24.0 4.4 1.9 0.54 %)
39¢ 1.5 2.0 i 0.3 2.6
39d 2402 182.3 8282 62.7 29
39¢ 18.0 0.67 1.8 0.76 2.6
39f 256.6 33 5.1 2.7 25
39g 377.1 13.2 6925 55.4 24
42a 46.8 0.42 6.8 0.78 14.8
42 36.5 0.64 192.1 0.72 95
42¢ 83.9 0.56 1.7 3.7 118.1
42d 394.4 44 42.1 11.9 7.8
42¢ 8798 8.5 183.2 261.9 6.4
43 674 0.62 il 0.8 808.9

AAZ 250.0 12.1 74.0 25 958

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in
the range of 5-10% of the reported values.

“ Catalytic domain

As for the hCA I, the K; values for compounds 39a-g were strong influenced by different
aromatic scaffolds. Indeed, compound 39b with the 2-CHj3; moiety showed an efficacy about
9 fold lower when compared to the unsubstituted phenyl 39a (Kis 24.0 and 209.8 nM
respectively) and the introduction of the CH3 at position 4 (39¢) resulted over 10 fold more
potent (K; 1.5 nM). On the other hand, the replacement at position 4 of the CH3; with the
methoxyl group (39d) led to a drastically decrease of the activity up to the micromolar range
(Ki 2402 nM). The inhibition data for compounds with more complex scaffold such as 39f
and 39g were equipotent to 39a (Kis 256.6, 377.1 and 209.8 nM respectively). In analogy,
the 4-OCH3 moiety in B-hydroxy telluride 42d showed adverse effect on the potency
compared to 42a (K;394.4 and 46.8 nM). In addition, for these compounds the naphtyl
scaffold 42e led to decrease the potency in the micromolar range (K; 8798 nM). The second

dominant cytosolic isoform, hCA II, showed a strong inhibition pattern by these compounds
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and in particular 39e, 42a-c and 43 exhibited inhibition potencies in the subnanomolar range
(K 0.42-0.67 nM). The 4-OCH3; moiety in compounds 39d and 42d, such as for hCA I,
showed an adverse effect on the efficacy. On the other hand, for this isoform, the
disubstituited molecule 39f proved to be more potent than 39a without substituent (K; 3.3
and 12.1 nM, respectively). An interesting inhibition pattern is observed for compounds 39e
and 42e against the last cytosolic isoform study here (i.e. hCA VII). The bulky naphtyl
moiety for derivative 39e led to strong inhibition activity (K; 0.67 nM). Contrary, when this
substituent is present in B-hydroxyl tellurides (42e) the inhibition drastically decreased (K;
261.9 nM). The transmembrane tumor-associated hCA IX, was effectively inhibited by
tellurides derivatives 39a-g in the low nanomolar range (K; 2.4-2.9 nM). The interesting
point for these compounds was that the various moieties present in the scaffold did not
influence the efficacy against the hCA IX. On the other hand, B-hydroxy tellurides 42a-e
showed different inhibition activity and depending on the tail moiety, and among them
compound 42¢ (i.e. bearing the 4-CH3) proved to be the least potent (K; 118.1 nM). Also,
the divalent symmetric dialkyl telluride 43 showed a low inhibition efficacy against hCA IX
in high nanomolar range (K; 808.9 nM).

The binding modes of both classes of telluride derivatives (compound 39a and 43
respectively) were determined by means of their adducts with the hCA 1I studied by means
of X-ray crystallography (Figure 12). The |[Fo—Fc| electron density maps for the hCA 11I-39a
complex revealed a well ordered structure of the benzenesulfonamide section, which instead

became weaker in electron density when the telluride moiety was present (Figure 12A).

The hCA 11-43 complex showed clear electron density all through the molecule, thus
suggesting a better ordered structure within the enzymatic cleft (Figure 12B). Both 39a and

43 showed almost identical allocations within the enzyme cavity.
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Figure 12: Active site region of hCA 11/39a (A) or hCA 11/43 (B) adduct. Hydrogen bonds,
van der Waals interactions and water bridges are shown and labelled in blue for inhibitor

39a (C) and 43 (D).
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For both complexes, the deprotonated nitrogen atom of the sulfonamide moiety forms a
hydrogen bond with the NH moiety of Thr199 that contributes to stabilize the inhibitor
within the active site (Figure 12C, D). Compound 39a is located in the active site channel
where is involved in a very few number of hydrophobic interactions such as the side chains
of residues Vall21 and Leul98. On the other hand, compound 43 is involved in several
hydrophobic interaction with Vall21 and Leul98 in the same manner 39a, in addition,
Pro202 and Leu204 are involved in several hydrophobic interactions with the second
sulfonamide ring. Moreover, is present a water bridge with residue GIln92 (Figure 12D).
This different pattern of interactions with hCA II could be explained the dissimilar activity
against it. Indeed, the high number of contacts with 43 agree with strong inhibition data (K;
0.62 nM), on the contrary, the few interactions as for 39e resulted in reduced potency (Ki

21.2 nM).

The low nanomolar hCA IX inhibitors, compounds 39a,g and 42b,e were evaluated for their
effects on cell viability against the human breast (MDA-MB-231) cancer cell lines at
different concentrations and in both normoxic and hypoxic conditions. All derivatives in
normoxia showed strong efficacy at 10 uM concentration by killing almost completely the
tumor cells. When used at 1 uM concentration different activities among the two classes of
compounds (39 and 42) can be discriminated. The telluride 39g and in particular 39a, still
exhibited strong cytotoxicity with viabilities of 17.7% and 5.2% respectively. On the other
hand, compounds 42b and 42e at the same concentration proved to be less potent (36.2%
and 42.6% respectively). In hypoxic conditions the potencies drastically decreased at 1 uM
as for compounds 42b,e killing only 30% of the tumor cells. A reduced cell viability was
observed also for the tellurides 39a,g, where the potency decreased over 3 times for 39a and
almost 2 times for 39g. At higher concentrations (30 uM and 100 uM) all compounds, with

the exception of 42b, showed significant activity as over the 80% of tumor cells were killed.
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Figure 13. Effects of the newly synthetized compounds 39a,g and 42b,e on viability of the
human adenocarcinoma breast cell line MDA-MB231 following 48h treatment in normoxic

(21% O3) and hypoxic (1% O) conditions. p<0.001 versus control, ** p<0.01.

3.5 Heterocoumarins are selective Carbonic Anhydrase IX and XII Inhibitors with

Cytotoxic effects against Cancer Cell lines

Coumarin derivatives showed a large number of biological activities, including
anticoagulant,® antibacterial,®® antiviral,** and recently many different derivatives have been
reported possessing anti-tumor properties in vitro and in vivo.5*" The interesting
heterocyclic system of coumarin derivatives, with their wide range of biological functions,
has made them an excellent starting point for further chemical derivatization useful to
identify novel therapeutic agents. In this context, recently, several coumarin derivatives have
shown to constitute a new class of selective inhibitors against the human tumor-associate
carbonic anhydrase isoforms hCA IX and hCA XIL.%%% For this reason, we developed potent
and selective inhibitors with the aim to identify new CAls structurally related to the natural
coumarins. In continuation of our research on the preparation of potentially useful chalcogen
derivatives, herein we report a facile and convenient access to synthetic strategies for the

replacement of the endocyclic oxygen atom by selenium (Scheme 11)
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[, DNaBH, ErOH S W/Q AICI
3¢ /©/ PhCI, 100°C,
R

2) Cinnamoyl chloride e} )
30 min
R=H (45a)
R R= CH; (45b) R ~
R= CHj; (44b) Se ~O
R=H (46a)
R= CHj; (46b)

Scheme 11. Synthesis of selenocoumarins 46a-b.

The selenophenyl cinnamate (45a-b) needed for the synthesis of selenocoumarins was
prepared by reduction of diselenides 44a-b with NaBH4 to the corresponding selenolate
which was treated in situ with cinnamoyl chloride, affording the compounds 45a-b in
excellent yield. Thus derivatives 45a-b were treated with anhydrous AlCls in chlorobenzene
at 100°C for 30 minutes to afford a red reaction mixture, which after work-up furnished
compounds 46a-b in good yield " (Scheme 11). In order to access further heterocoumarins,
we evaluated the replacement of the carbonyl group with the isosteric thiocarbonyl moiety
by using an excess of Lawesson’s reagent (2.0 eq.) in refluxing toluene for 4h. Compounds

47a-b were obtained in excellent yields as reported in the Scheme 12.

Rm Lawesson's reagent Rm
Sg Yo  Toluene, 110°C, 4h

¢ Se S
R=H (46a) R=H (47a)
R= CHj (46b) R=CHj; (47b)

Scheme 12. Synthesis of thioseleno coumarins 47a-b

We explored the replacement of the coumarin exocyclic oxygen atom with a selenium with

negative results.
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Furthermore our study has been extended to nitrogen endocyclic systems as outlined in

Scheme 13.

R'<
NH .. . R'
Cinnamoyl chloride N\H/\/Q AlCl;
CH,Cl, EtNj r.t ©/ O PhCl, 100°C,
R R >h

48a-f 49a-f

R=H R=H (a)

R=H  R'=CH, (b) @\/1
R=2-Cl R=H (¢

N0
R=2F R=H () R
R=2-Br R=H (e 50a-f

R=4-CH;R=H (0
Scheme 13. Synthesis of different quinolin-2(1H)-one derivatives S0a-f

Cinnamoyl amides differently substituted 49a-f were obtained from the corresponding
amines 48a-f with cinnamoyl chloride in dichloromethane at room temperature in
quantitative yields. Treatment of compounds 49a-f with anhydrous AICl; in chlorobenzene
at 100°C for Sh afforded the corresponding quinolin-2(1H)-one derivatives 50a-f with
similar mechanistic pathway of compounds 46a-b. Moreover, the reaction proceeded
efficiently with substituents on the nitrogen (50b) or on the aryl group (50a, 50c-f) as
reported in Scheme 13.7! The exocyclic selenium was inserted in a one-pot procedure by

selenation reaction with Wollins’ reagent (WR) (Scheme 14).

©\/1 Wollins' reagent ©\/1
N~ 0  Toluene, 110°C, 4h NS

| | €

R' Rl
R=H (50a) R=H (5la)
R'= CH; (50b) R'=CH; (51b)

Scheme 14. Synthesis of seleno quinolin-2(1H)-one derivatives 51a-b.

Compounds 50a-b were readily converted to seleno quinolin-2(14)-one derivatives S1a-b
with an excess of WR (1.5 eq.) in refluxing toluene for 4h affording the desiderate

compounds in good yields.
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Our attempts to synthesize endocyclic tellurium coumarins with it proved to be difficult by
using an analogue synthetic strategy, since the telluro esters proved particularly instable.
Therefore we used an alternative synthetic pathway based on the cinnamic acid derivative

57 (Scheme 15).

Ox EtO._OEt i) BuLi EtO.__OEt i) NaBH,
Br CH(OED; gy 1) Te powder 11) ICH;
EtOH, reflux THE, -78°C EtOH, r.t.
52
EtO; EOEt
HCI 12N
0O
©\/i i) ZnCl,/CH;OCHCI, W CHz(COOH)z _
= _ Pyrldme/
Te ~O ii) AICly/ CS; reflux Té Piperidine
58 57

Scheme 15. Synthesis of tellurocoumarin 58

The aldehyde group of in compound 52 was protected by with triethyl orthoformate in
refluxing ethanolic solution. Diaryl ditelluride 54 was prepared from aryl bromide 53 via
lithiation, tellurium insertion and oxidation in analogy with the literature procedure.”” Then
the ditelluride acetal derivative 54 was hydrolyzed with concentrated aqueous HCI and the
resulting aldehyde 56 was subjected to Knoevenagel condensation with malonic acid to
afford the corresponding cinnamoyl acid derivative 57. Finally, cyclization into telluro-
coumarin 58 was obtained by converting compound 57 the corresponding acyl chloride

which was subsequently treated with AlCl; as reported previously. 7

All synthesized compounds 46a-b, 47a-b, S0a-f, 51a-b and 58, were tested in vitro for their
inhibitory properties against the physiologically relevant hCA isoforms (I, II, IX, and XII)

by means of a stopped-flow carbon dioxide hydration assay ?° after a period of 6h of
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incubation. Their activities were compared to the standard carbonic anhydrase inhibitor
(CAlI) acetazolamide (AAZ) (Table 4).

Table 4. Inhibition constants of hCA I, hCA II, hCA IX and hCA XII with compounds 46a-b, 47a-
b, 50a-f, S1a-b, 58 and AAZ by a stopped-flow CO; hydrase assay*’

Ki (nM)*

Compound hCA 1 hCA 11 hCA IX hCA XII
46a >10000 >10000 26.3 229
46b >10000 >10000 56.1 1.6
47a >10000 >10000 395 25.8
47b >10000 >10000 59.9 7.4
50a >10000 >10000 82.0 93.0
50b >10000 >10000 44.6 835
50c >10000 >10000 23.0 6.8
50d >10000 >10000 58.8 6.8
S50e >10000 >10000 234 8.4
50f >10000 >10000 123.1 8.7
Sla >10000 >10000 54.4 7.6
51b >10000 >10000 172.0 86.4
58 >10000 >10000 59.0 8.2
AAZ 250 12.1 25.8 3.7

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

From the analysis of inhibition costant values reported in Table 4, we observed that all

rt,”*7> were ineffective inhibitors of two dominant

compounds, according to previous repo
cytosolic hCA I and hCA II showing high selectivity against tumor-associated isoforms hCA
IX and hCA XII. In terms of structure-activity relationships it could be observed that methyl
moiety at position 6 of seleno-coumarins 46a-b and 47a-b played a crucial role for the
activity. This moiety increased near 2 times the potency against hCA IX and over 3 times
for hCA XII. Moreover, the isosteric substitution of carbonyl with thiocarbonyl group did
not significantly influence the activity. Methyl substituent on nitrogen of quinolin-2(1H)-
one 50b led to increase the activity by 2 folds against the hCA IX than compound 50a (K;
44 nM to 82 nM). On the other hand, different substituents at position 8 (50c-e) increased

the potency for both the tumor associated isoforms. The replacement of carbonyl group with
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selenocarbonyl moiety (51a-b) influenced the activity especially for compound 51b showing
a decrease of near 4 times when compared to 50b (K;44 nM to 172 nM). Finally the telluro-
coumarin 58 showed an interesting inhibition pattern compared to seleno-coumarin 46a. The
biggest chalcogen atom for compound 15 led to a decrease potency near two times than 46a
for hCA IX (K59 nM to 26.3 nM). However for the other membrane isoform hCA XII the
activity of 58 was increased near 3 times than the seleno-coumarin 46a (K; 8.2 nM to 22.9

nM).

The high isoforms selectivity coupled to the upregulated expression of hCA IX and XII in
hypoxic tumors, makes these compounds highly desirable for targeting the tumor-associated
enzymes. We focused our attention on the activity of compounds 46a, 47b, 51a and 58,
which were evaluated for their effects on cell viability against human prostate (PC3) and
breast (MDA-MB-231) cancer cell lines. All compounds were high selective hCA IX and
XI1I inhibitors, and were used at different concentrations (1, 10 100 and 300 pM), being
incubated for 48 h in both normoxic and hypoxic conditions.'® In PC3 cells, seleno quinolin-
2(1H)-one S1a did not show any cytotoxic activity in normoxic and hypoxic conditions. On
the other hand, the seleno-coumarin 46a showed reduction of cell viability to 68% only when
the maximum concentration (300 uM) was used and in both oxygenated conditions. Its
efficacy increased significantly when the endocyclic selenium was replaced by tellurium (i.e.
compound 58). In normoxic conditions such an isosteric substitution led to reduction of the
cell viability to 54% at 30 uM and increased up to 19% at higher concentrations (Figure
14). In the hypoxic condition, compound 58 showed less effects on cytotoxicity which
reached 71% at 30uM and 38% at 100-300 uM. Moreover, the thioseleno-coumarin
derivative 47b showed at 30 uM similar cytotoxicity effects to compound 58 in normoxic

and hypoxic conditions (51% and 79% respectively).
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Figure 14. Effects of newly synthetized compounds 46a, 47b, 51a and 58 on viability of the
human prostatic cancer cell line PC3 following 48h treatment in normoxic (21% O;) and

hypoxic (1% O») conditions. *p<0.05, ** p<0.01, ***p<0.001 versus control.

Derivative 51a also in the MDA-MB231 cell line, did not show any activity in these assays.
On the other hand, seleno-coumarin 46a showed only at 300 uM a good cytotoxic activity
in normoxia (28%). The potency against this cancer cell line increased drastically when
compound 46a was used in hypoxic condition. Indeed, this compound reduced cell viability
already at 30 uM more than 50% and reached to kill over 90% at 300 uM (Figure 15). Also
this time, telluro-coumarin 58 exhibited a strong cytotoxicity in normoxic conditions,
already at 30 uM (15.9%). The potency decreased over 3 times in hypoxic condition reducing
the cell viability at 22% using a concentration of 300 uM. A reduced cell viability (61%)
was observed also for compound 47b only at 30 pM. In the hypoxic conditions this

compound did not show any significant activity.
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Figure 15. Effects of the newly synthetized compounds 46a, 47b, S1a and 58 on viability
of the human adenocarcinoma breast cell line MDA-MB231 following 48h treatment in

normoxic and hypoxic (1% O;) conditions. ** p<0.01, ***p<0.001 versus control.

3.7 Conclusions

We reported for the first time the synthesis of new series of chalcogenide derivatives as
inhibitors of the Carbonic Anhydrases. These kind of scaffold are a rarely investigated
chemotype in the CA field, and for this reason we focused by determining their binding
modes in adduct with the hCA II. The unique proprieties of selenium and tellurium
contacting compounds particularly emerged in the last years thus making them of particular
interest in Medicinal Chemistry fields. A preliminary cytotoxic assay of selected compounds
on prostate, breast, and colon cell lines was also reported for the first time. The obtained
results suggested that multiple mechanisms of action, not yet identified, may take place and
are responsible for exerting the compounds’ cytotoxic effects. In the whole, this study clearly

opens new perspectives within the CA-dependent diseases and in particular to tumors.
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3.6 Experimental Data
General

Anhydrous solvents and all reagents were purchased from Sigma-Aldrich, Alfa Aesar and
TCI. All reactions involving air- or moisture-sensitive compounds were performed under a
nitrogen atmosphere using dried glassware and syringes techniques to transfer solutions.
Nuclear magnetic resonance (‘H-NMR, *C-NMR, “F-NMR, "7Se-NMR, !*Te-NMR)
spectra were recorded using a Bruker Advance III 400 MHz spectrometer in DMSO-ds. or
CDCl;. (PhSe), and (PhTe),were used as an external references for ”’Se NMR (8 =461 ppm)
and '»Te NMR (8 = 420 ppm). Chemical shifts are reported in parts per million (ppm) and
the coupling constants (J) are expressed in Hertz (Hz). Splitting patterns are designated as
follows: s, singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet; brs, broad singlet; dd,
double of doublets. The assignment of exchangeable protons (OH and NH) was confirmed
by the addition of D,O. Analytical thin-layer chromatography (TLC) was carried out on
Merck silica gel F-254 plates. Flash chromatography purifications were performed on Merck
Silica gel 60 (230-400 mesh ASTM) as the stationary phase and ethyl acetate/n-hexane were
used as eluents. Melting points (mp) were measured in open capillary tubes with a
Gallenkamp MPD350.BM3.5 apparatus and are uncorrected. The solvents used in MS
measures were acetone, acetonitrile (Chromasolv grade), purchased from Sigma-Aldrich
(Milan - Italy), and mQ water 18 MQ, obtained from Millipore's Simplicity system (Milan-
Italy). The mass spectra were obtained using a Varian 1200L triple quadrupole system (Palo
Alto, CA, USA) equipped by Electrospray Source (ESI) operating in both positive and
negative ions. Stock solutions of analytes were prepared in acetone at 1.0 mg mL" and stored
at 4°C. Working solutions of each analyte were freshly prepared by diluting stock solutions
in a mixture of mQ H>,O/ACN 1/1 (v/v) up to a concentration of 1.0 pg mL™! The mass spectra
of each analyte were acquired by introducing, via syringe pump at 10 pL min’!, of the its
working solution. Raw-data were collected and processed by Varian Workstation Vers. 6.8

software.
General procedure for the synthesis of N-formyl compounds 2a-i.

The appropriate aromatic amine (1a-i) (1.0 mmol) and anhydrous ZnCl, (0.1 mmol) were

placed under N, atmosphere and treated dropwise with formic acid (3.0 mmol) with constant
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stirring for 10 min. This mixture was heated at 70°C and the progress of reaction was
monitored by TLC. When the reaction was completed, the mixture was cooled to r.t. and
diluted with ethyl acetate. The organic layer was washed with a saturated solution of
NaxCOs, water, brine and dried over Na,SOs. The solvent was removed under reduced
pressure and the resulting crude product was purified by silica gel column chromatography

to obtain the titled N-formyl derivate (2a-i).
General procedure for the synthesis of isoselenocyanate 3a-i.

The appropriate formamide 2a-i (1.5 mmol) was dissolved in DCM (5 mL) and treated with
Et;N (6.4 mmol) and 4A molecular sieves. Then a solution of triphosgene (0.8 mmol) in
DCM (2 mL) was added drop-wise for a period of 1 h followed by reflux for 2.5 h. Then
selenium powder (3.0 mmol) was added and the resulting mixture was refluxed for 4-7 h;
conventional work-up and silica gel column chromatography afforded the titled

isoselenocyanate 3a-i.
General procedure for the synthesis of selenoureido derivatives 7-21.

The appropriate isoselenocyanate 3a-i (1.0 mmol) was dissolved in CH3CN (5 mL) and
treated with the corresponding benzenesulfonamide 4-6 (1.0 mmol). The mixture was stirred
overnight at r.t, quenched with H>O and the readily formed precipitate was collected by

filtration and dried on air to afford the titled selenourea 7-21.

3-(3-Phenylselenoureido)benzenesulfonamide 7:

Se 3-(3-Phenylselenoureido)benzenesulfonamide 7  was
©\NJ\N/©\S/? obtained according to the above reported general procedure
H H o N using compound 3a (0.09 g, 0.5 mmol). Yield 53%, 0.094
g; orange solid, M.p.180-183°C; "H-NMR (DMSO-ds, 400 MHz): 10.44 (1H, brs, NH,
exchange with D,0), 10.33 (1H, brs, NH, exchange with D»0),7.43-7.38 (4H, m), 7.42 (2H,
brs, NH,, exchange with D,O ), 7.24 (1H, t, J= 6.8), 6.98 (2H, d, J= 6.8), 6.40 (2H, d, J=
6.8); BC-NMR (DMSO-ds, 100 MHz): 180.2 (C=Se), 145.2, 141.4, 130.8, 1329.8, 129.7,
129.2, 126.4, 125.5, 125.3, 123.0, 122.6; HRMS m/z [M+H]" calcd for Ci3H14N30:SSe,
355.9966; found, 355.9972.
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3-(3-(4-Fluorophenyl)selenoureido)benzenesulfonamide carboxamide 8:

F Se 3-(3-(4-Fluorophenyl)selenoureido)benzene
\©\N J\N /©\ /5\) sulfonamide carboxamide 8 was obtained according to
H H d NHz2  the above reported general procedure using compound
3b (0.1 g, 0.5 mmol). Yield 52%, 0,097 g; white solid, M.p. 187-190°C; "H-NMR (DMSO-
ds, 400 MHz): 10.38 (1H, brs, NH, exchange with D-O ), 10.31 (1H, brs, NH, exchange with
D,0), 7.86 (1H, s), 7.71 (1H, d, J/=7.96),7.65 (1H, d, J/=7.91), 7.55 (1H, t, J=7.87), 7.45-7.42
(2H, m), 7.44 (2H, brs, NH;, exchange with D,0), 7.24 (2H, apt); *C-NMR (DMSO-ds,
100 MHz): 180.6 (C=Se), 160.7 (d, J=242.32), 145.2, 141.3, 136.7, 129.9, 129.2, 128.1 (d,
J=8.44), 123.1, 122.7, 116.3 (d, J= 22.75); F-NMR (DMSO-ds, 376 MHz): -116.68;
HRMS m/z [M+H]" calcd for C3Hi3FN30,SSe, 373.9872; found, 373.9866.

4-(3-Phenylselenoureido)benzenesulfonamide 9:

Q, _NH, 4-(3-Phenylselenoureido)benzenesulfonamide 9  was

@\ )Sj\e /©/ bo) obtained according to the above reported general procedure

H H using compound 3a (0.09 g, 0.5 mmol). Yield 55%, 0.098

g; white solid, M.p. 181-183°C; '"H-NMR (DMSO-ds, 400

MHz): 10.50 (1H, brs, NH, exchange with D,0), 10.40 (1H, brs, NH, exchange with D,0),

7.79 (2H, d, J=8.54), 7.65 (2H, d, J=8.51), 7.46-7.38 (4H, m), 7.36 (2H, brs, NH3, exchange

with D,0), 7.24 (1H, t, J=7.12); BC-NMR (DMSO-ds, 100 MHz): 180.1 (C=Se), 143.8,

140.8, 140.4, 129.5, 127.0, 126.3, 125.4, 124.9; HRMS m/z [M+H]" caled for
Ci3H14N30,SSe, 355.9966; found, 355.9975.

4-(3-(4-Fluorophenyl)selenoureido)benzenesulfonamide 10:

o, NH, 4-(3-(4-Fluorophenyl)selenoureido)benzene
F\©\ )Sf /O/ e sulfonamide 10 was obtained according to the above
reported general procedure using compound 3b (0.1 g,

N N

non 0.5 mmol). Yield 53%, 0.099 g; white solid, M.p. 187-
190°C; 'H-NMR (DMSO-d;s, 400 MHz): 10.38 (2H, brs, NH, exchange with DO ), 7.80
(2H, d, J= 8.65), 7.64 (2H, d, J=8.35), 7.46 (2H, m), 7.35 (2H, brs, NH,, exchange with
D,0), 7.23 (2H, apt); 3C-NMR (DMSO-ds, 100 MHz): 180.4 (C=Se), 160.7 (d, J=242.58),
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143.8,140.9, 136.9, 128.1 (d, J=7.90), 127.1, 125.0, 116.2 (d, J=22.76); YF-NMR (DMSO-
ds, 376 MHz): -116.83; HRMS m/z [M+H]" caled for Ci13H13FN30,SSe, 373.9872; found,
373.9868.

4-(3-(2-Fluorophenyl)selenoureido)benzenesulfonamide 11:

- Q, _NH, 4-(3-(2-Fluorophenyl)selenoureido)benzene sulfonamide
@ Se /©/ be) 11 was obtained according to the above reported general
HJ\N procedure using compound 3¢ (0.1 g, 0.5 mmol). Yield
72%, 0,134 g; white solid, M.p. 188-191°C; 'H-NMR
(DMSO-ds, 400 MHz): 10.50 (1H, brs, NH, exchange with D,O ), 10.20 (1H, brs, NH,
exchange with D20 ), 7.83 (2H, d, J=8.66), 7.67 (2H, d, J=8.65), 7.49 (1H, td, J=7.85, J3=
1.58), 7.38 (2H, brs, NH,, exchange with D,0), 7.33 (2H, m), 7.25 (1H, td, J= 7.67,
J3=1.52); BC-NMR (DMSO-ds, 100 MHz): 181.5 (C=Se), 157.7 (d, J= 247.36), 143.6,
141.1, 130.3, 127.1, 125.4, 125.3, 117.0 (d, J= 19.80); F-NMR (DMSO-ds, 376 MHz): -
120.49; 7Se-NMR (DMSO-ds, 76 MHz): 295; HRMS m/z [M+H]" caled for
Ci3H13FN30,SSe, 373.9872; found, 373.9865.

4-(3-(3-(Trifluoromethyl)phenyl)selenoureido)benzenesulfonamide 12:

Q _NH, 4-(3-(3-(Trifluoromethyl)phenyl)selenoureido)

Se /©/ S\\O benzenesulfonamide 12 was obtained according to
E>(©\HJ\H the above reported general procedure using
F compound 3d (0.125 g, 0.5 mmol). Yield 62%, 0.131

g; white solid, M.p. 195-198°C; 'H-NMR (DMSO-ds, 400 MHz): 10.65 (2H, brs, NH,
exchange with D,0 ), 7.90 (1H, s), 7.83 (2H, d, J= 8.67), 7.78 (1H, d, J= 7.92), 7.76 (2H, d,
J=18.70), 7.59 (2H, m),7.39 (2H, brs, NH,, exchange with D,0); 3C-NMR (DMSO-ds, 100
MHz): 180.6 (C=Se), 143.4, 141.7, 141.1, 130.6, 130.2, 129.9, 129.5, 127.3, 126.3, 125.0,
123.6, 122.6, 122.2; YF-NMR (DMSO-ds, 376 MHz): -61.18; HRMS m/z [M+H]" caled for
C14H13F3N:0,SSe, 423.9840; found, 423.9833.
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4-(3-(2-Chlorophenyl)selenoureido)benzenesulfonamide 13:

Q _NH, 4-(3-(2-Chlorophenyl)selenoureido)benzene sulfonamide

@Cl Se /©/ S\b 13 was obtained according to the above reported general

HJ\N procedure using compound 3e (0.108 g, 0.5 mmol). Yield

50%, 0.097 g; yellow solid, M.p. 198-201°C; 'H-NMR

(DMSO-ds, 400 MHz): 10.47 (1H, brs, NH, exchange with D,O ), 10.23 (1H, brs, NH,

exchange with D,O), 7.83 (2H, d, J=8.32), 7.70 (2H, d, J= 8.27), 7.58 (1H, d, J=7.28), 7.52

(1H, d, J=17.14), 7.39 (2H, brs, NH,, exchange with D,0), 7.40 (2H, m); *C-NMR (DMSO-

ds, 100 MHz): 181.1 (C=Se), 143.4, 141.1, 137.9, 131.9, 131.3, 130.6, 129.4, 128.4, 127.1,
125.3; HRMS m/z [M]" caled for Ci3H2CIN3O,SSe, 388.9574 ; found, 388.9581.

4-(2-(3-Phenylselenoureido)ethyl)benzenesulfonamide 14:

Q NH, 4-(2-(3-Phenylselenoureido)ethyl)benzene
©\ )Sj\e /\/©/ S\b sulfonamide 14 was obtained according to the above
reported general procedure using compound 3a (0.09

N N

non g; 0.5 mmol). Yield 60%, 0.115 g; white solid, M.p.
210-213°C; "TH-NMR (DMSO-ds, 400 MHz): 10.02 (1H, s, NH, exchange with D,0), 8.14
(1H, brs, NH, exchange with D,0), 7.81 (2H, d, J= 8.37), 7.48 (2H, d, J= 7.98), 7.39(2H,
m), 7.36 (2H, brs, NH,, exchange with D,0), 7.22 (3H, m), 3.83 ( 2H, brs), 3.02 (2H, t, J=
7.38); BC-NMR (DMSO-ds, 100 MHz): 179.4 (C=Se), 144.3, 143.1, 139.2, 130.1, 130.0,
126.7, 126.2, 124.9, 48.7, 35.2; "Se-NMR (DMSO-ds, 76 MHz): 216; HRMS m/z [M+H]"
calcd for C;sH1sN30,.SSe, 384.0279 ; found, 384.0284.

4-(2-(3-(2-Fluorophenyl)selenoureido)ethyl)benzenesulfonamide 15:

Q NH, 4-(2-(3-(2-Fluorophenyl)selenoureido)ethyl)
5

@F Se /\/©/ bo) benzenesulfonamide 15 was obtained according to the
HJ\H above reported general procedure using compound 3¢

(0.1 g, 0.5 mmol). Yield 92%, 0.184 g; white solid,
M.p. 202 - 205°C; 'H-NMR (DMSO-ds, 400 MHz): 9.74 (1H, brs, NH, exchange with D,O
), 8.18 (1H, brs, NH, exchange with D-O ), 7.81 (2H, d, J=8.20), 7.38 (2H, d, J=8.20), 7.45
(3H, m), 7.34 (2H, brs, NH,, exchange with D,0), 7.25 (1H, m), 3.82 (2H, q, J= 5.23), 3.01
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(2H, t, J= 7.35); BC-NMR (DMSO-ds, 100 MHz): 180.9 (C=Se), 157.2 (d, J= 246.73),
144.2, 143.1, 130.0, 129.9, 129.1 (d, J= 7.72), 127.0 (d, J= 13.01), 126.7, 125.4, 117.2 (d,
J=20.14), 48.8, 35.2; F-NMR (DMSO-d;s, 376 MHz): -121.28; "’Se-NMR (DMSO-ds, 76
MHz): 207; HRMS m/z [M+H]" calcd for C;sH;7FN30,SSe, 402.0185 ; found, 402.0177.

4-(2-(3-(3-(Trifluoromethyl)phenyl)selenoureido)ethyl)benzenesulfonamide 16:

Q _NH, 4-(2-(3-(3-(Trifluoromethyl)phenyl)
Se /\/©/ S\b selenoureido)ethyl)benzenesulfonamide 16 was
E>(©\”J\” obtained according to the above reported
F general procedure using compound 3d (0.125 g,
0.5 mmol). Yield 65%, 0.146 g; orange solid, M.p. 202-205°C; 'H-NMR (DMSO-ds, 400
MHz): 10.19 (1H, brs, NH, exchange with D,0 ), 8.48 (1H, brs, NH, exchange with D,0 ),
7.85 (1H, s), 7.83 (2H, brs), 7.58 (2H, m), 7.51 (3H, m), 7.36 (2H, brs, NH», exchange with
D,0), 3.89 (2H, q, J= 5.70), 3.06 (2H, t, J= 7.25); BC-NMR (DMSO-ds, 100 MHz): 180.4
(C=Se), 144.3, 143.2, 140.8, 130.9, 130.1, 128.5, 126.8, 122.1, 121.1, 48.6, 35.1; ’F-NMR
(DMSO-ds, 376 MHz): -61.26; 7’Se-NMR (DMSO-ds, 76 MHz): 225; HRMS m/z [M+H]"
calcd for Ci6H17F3N30,SSe, 452.0153; found, 452.0146.

4-(2-(3-(4-Bromophenyl)selenoureido)ethyl)benzenesulfonamide 17:

Q NH, 4-(2-(3-(4-Bromophenyl)selenoureido)

B S
r\©\ )Sj\e /\/©/ o) ethyl)benzenesulfonamide 17 was obtained
according to the above reported general

N N

non procedure using compound 3f (0.131 g, 0.5
mmol). Yield 60%, 0.138 g; white solid, M.p. 207-210°C; "TH-NMR (DMSO-ds, 400 MHz):
10.02 (1H, brs, NH, exchange with D,0 ), 8.28 (1H, brs, NH, exchange with D0 ), 7.82
(2H, d, J=8.21), 7.54 (2H, d, /= 8.72), 7.48 (2H, d, J=8.12), 7.35 (2H, brs, NH,, exchange
with D,0), 7.21 (2H, d, J= 8.33), 3.83 (2H, brs), 3.03 (2H, t, J= 7.27); 3C-NMR (DMSO-
ds, 100 MHz): 179.9 (C=Se), 144.3, 143.1, 138.9, 132.7, 130.1, 127.0, 126.7, 118.2, 48.7,
35.0; HRMS m/z [M+H]" caled for CisH7BrN30,SSe, 461.9381; found, 461.9390.
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4-(2-(3-(2-Chlorophenyl)selenoureido)ethyl)benzenesulfonamide 18:

Q NH, 4-(2-(3-(2-Chlorophenyl)selenoureido)

@Cl Se /\/©/ S\b ethyl)benzenesulfonamide 18 was obtained according
HJ\N to the above reported general procedure using

compound 3e (0.108 g, 0.5 mmol). Yield 73%, 0.152
g; white solid, M.p. 206 - 209°C; 'H-NMR (DMSO-ds, 400 MHz): 9.74 (1H, brs, NH,
exchange with DO ), 8.15 (1H, brs, NH, exchange with D,O ), 7.81 (2H, d, J= 8.20), 7.56
(1H, d, J=17.57), 7.47 (3H, m), 7.38 (2H, m), 7.35 (2H, brs, NH>, exchange with D,0), 3.82
(2H, brs), 3.02 (2H, t, J=7.14); BC-NMR (DMSO-ds, 100 MHz): 180.9 (C=Se), 144.3,
143.1, 136.7, 131.3, 130.9, 130.7, 130.0, 129.2, 128.5, 126.7, 48.7, 35.3; HRMS m/z [M+H]"
calcd for C;5H;7CIN3O,SSe, 417.9887; found, 417.9895.

4-(2-(3-(2-Methoxyphenyl)selenoureido)ethyl)benzenesulfonamide 19:

| Q _NH, 4-(2-(3-(2-Methoxyphenyl)selenoureido)

@O Se /\/©/ S\b ethyl)benzenesulfonamide 19 was obtained according
HJ\H to the above reported general procedure using

compound 3g (0.106 g, 0.5 mmol). Yield 55%, 0.113
g; white solid, M.p. 200 - 203°C; 'H-NMR (DMSO-ds, 400 MHz): 9.42 (1H, brs, NH,
exchange with D,O ), 7.88 (1H, brs, NH, exchange with DO ), 7.80 (2H, d, J= 8.04), 7.46
(2H, d, J= 8.00), 7.41 (2H, d, J=7.55), 7.33 (2H, brs, NH>, exchange with D,0), 7.28 (1H,
t, J=7.82), 7.11 (1H, d, J=8.16), 6.96 (1H, t, J= 7.58), 3.81 (4H, m), 2.99 (2H, t, J= 7.29);
BC-NMR (DMSO-ds, 100 MHz): 179.5 (C=Se), 154.1, 144.3, 143.0, 130.0, 128.3, 128.2,
127.4,126.7, 121.1, 113.1, 56.4, 48.6, 35.4; "’Se-NMR (DMSO-ds, 76 MHz): 197, HRMS
m/z [M+H]" caled for Ci6H20N303SSe, 414.0385; found, 414.0391.

4-(2-(3-(4-Iodophenyl)selenoureido)ethyl)benzenesulfonamide 20:

Q NH, 4-(2-(3-(4-Iodophenyl)selenoureido)

I\©\ Se /\/©/ S\b ethyl)benzenesulfonamide 20 was obtained
NJ\H according to the above reported general procedure

using compound 3h (0.154 g, 0.5 mmol). Yield
81%, 0.206 g; white solid, M.p. 209-211°C; "H-NMR (DMSO-d;, 400 MHz): 9.99 (1H, brs,
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NH, exchange with D,0O ), 8.27 (1H, brs, NH, exchange with D,0 ), 7.83 (2H, d, J= 8.18),
7.70 (2H, d, J= 8.59), 7.49 (2H, d, J= 8.12), 7.35 (2H, brs, NH,, exchange with D,0), 7.09
(2H, d, J= 8.06), 3.84 (2H, brs), 3.03 (2H, t, J= 7.19); BC-NMR (DMSO-ds, 100 MHz):
179.8 (C=Se), 144.3, 143.1, 139.3, 138.5, 130.1, 127.1, 126.7, 90.5, 48.7, 35.0; ""Se-NMR
(DMSO-ds, 76 MHz): 224; HRMS m/z [M+H]" calcd for CisH17IN30,SSe, 509.9246; found,
509.9254.

4-(2-(3-(Naphthalen-2-yl)selenoureido)ethyl)benzenesulfonamide 21:

Q _NH, 4-(2-(3-(Naphthalen-2-

Se /\/©/ S\b yl)selenoureido)ethyl)benzenesulfonamide 21

HJ\H was obtained according to the above reported

general procedure using compound 3i (0.116 g,

0.5 mmol). Yield 82%, 0.177 g; white solid, M.p. 208 - 210°C; 'H-NMR (DMSO-d;, 400

MHz): 10.19 (1H, brs, NH, exchange with D,0O ), 8.30 (1H, brs, NH, exchange with D,O ),

7.92 (2H, d, J=6.92), 7.85 (3H, d, J=8.17), 7.74 (1H, s), 7.52 (4H,m), 7.36 (3H, brs), 3.89

(2H, brs), 3.07 (2H, t, J= 7.27); BC-NMR (DMSO-ds, 100 MHz): 179.7 (C=Se), 144.4,

143.1, 136.8, 134.2, 131.8, 130.1, 129.6, 128.5, 128.4, 127.4, 126.7, 126.5, 124.8, 122.2,

48.8, 35.2; 7Se-NMR (DMSO-ds, 76 MHz): 221; HRMS m/z [M+H]" calcd for
C19H20N30,SSe, 434.0436; found, 434.0443.

General procedure for the synthesis of thioureido derivative 22:
Q, NH, A solution of 4-fluroroaniline 1b (1 mmol) in H,O was
F e
\©\ )SJ\ /©/ bo) treated with thiophosgene (1.5 mmol) at r.t. The mixture
N~ °N was stirred for 2h, was extracted with chloroform and

the organic layers were dried over Na,SO4 and filtered.

T
T

The solvent was evaporated under vacuo to afford the corresponding thioisocyanate which
was immediately dissolved in CH3CN and treated with sulphanilamide 5. The mixture was
quenched with H>O and the precipitate formed was collected by filtration, dried on air to
afford the titled thioureido derivate 22. Yield 62%, 0.101 g; white solid, M.p. 185-188 °C;
TH-NMR (DMSO-ds, 400 MHz): 10.11 (1H, brs, NH, exchange with D,O ), 10.30 (1H, brs,
NH, exchange with D,O ), 7.80 (2H, d, J= 8.77), 7.72 (2H, d, J= 8.78), 7.52 (2H, m), 7.32
(2H, brs, NH, exchange with D,0), 7.23 (2H, t, J= 8.87); 3C-NMR (DMSO-d;s, 100 MHz):
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180.9 (C=Se), 160.2 (d, J= 241.6) , 143.5, 140.0, 136.4, 127.2, 127.1 (d, J=8.36), 123.6,
116.1 (d, J=22.52), "F-NMR (DMSO-ds, 76 MHz): -117.54; HRMS m/z [M+H]" calcd for
C13H13FN:0,S,, 326.0428 ; found, 326.0425.

Procedure for the synthesis of 4-cyanobenzenesulfonamide 24:

SO,NH, 4-cyanobenzenesulfonyl chloride 23 (10 mmol) was added to a solution of

anhydrous THF (40 mL). An aqueous solution of ammonium hydroxide (30%)

(3mL) was added to the mixture at 0°C and stirred at room temperature for 1 h.

CN The mixture was extracted with ethyl acetate, dried with anhydrous Na,SOs,

and triturated with diethyl ether (1.6 g, 88%).'H NMR (400 MHz, DMSO- ds) 8(ppm): 8.11

(2H, d, J=8.58 Hz), 8.02 (2H, d, J=8.62 Hz), 7.69 (2H, bs, NH,, exchange with D,0). 1*C
NMR (100 MHz, DMSO- ds) d(ppm): 148.9, 134.2, 127.4, 118.8, 115.3.

Procedure for the synthesis of 4-sulfamoylbenzoselenoamide 25:

SO,NH, NaBH4 (626 mg, 16.47 mmol, 3.0 eq.) was portion wise added to a solution
of elemental selenium (650mg, 8.24 mmol, 1.5 eq.) in EtOH (20 mL) at 0°C
under inert atmosphere (N3). After 30 min, 4-cyanobenzenesulfonamide 24
se” “NH, (1 g, 5.49 mmol, 1.0 eq.) was added and the reaction mixture was stirred at
reflux for 6h. When the starting 4-cyanobenzenesulfonamide 24 had completely reacted
(monitored by TLC), cooling to room temperature and hydrochloric acid (6N, 2 ml) was
added and the solution was stirred for about an hour. The organic phase was extracted with
EtOAc, washed with brine (1 x 5 mL), dried over Na,SOs, filtered and concentrated under
vacuum. The crude material was purified by flash chromatography (1:1 hexane/ethyl acetate)
to yield 4-sulfamoylbenzoselenoamide (25) as orange solid (1.1 g, 76%). "H NMR (400
MHz, DMSO- ds) d(ppm): 11.05 (1H, bs, NH, exchange with D,0O), 10.42 (1H, bs, NH,
exchange with D,0), 7.99 (2H, d, J/=8.65 Hz), 7.85 (2H, d, J=8.65 Hz), 7.51 (2H, bs, NHa,
exchange with D>0). C NMR (100 MHz, DMSO- ds) 8(ppm): 203.7, 146.6, 146.3, 128.5,
126.1. 7Se NMR (76 MHz, DMSO-d;) & (ppm): 627.5. MS (ESI negative) m/z (%): 263.0
[M-HJ.
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General procedure for the synthesis of 2, 5 substitutes 1, 3-selenazoles (28a-f and 29a-

c).

An EtOH solution (20 mL) of 4-sulfamoylbenzoselenoamide (25) (100 mg, 0.38 mmol) and
appropriate o-halo derivatives 26a-f or 27a-c (0.38 mmol, 1 Eq.) was stirred at reflux for 20
min. After cooling, the mixture was poured into H>O (20 mL), which resulted in the
formation of a precipitate. This was filtered off and recrystallized (EtOH) to give the

corresponded 2,5 subtitutes 1, 3-selenazoles (28a-f and 29a-c).
4-(5-phenyl-1,3-selenazol-2-yl)benzenesulfonamide 28a:

O _NH,

o sulfamoylbenzoselenoamide (25) (100 mg, 0.38 mmol)

Q\@n/@ and 2-Bromoacetophenone 26a (76 mg, 0.38 mmol) gave
\ N 28a as white solid (115 mg, 83%). "H NMR (400 MHz,

DMSO- ds) & (ppm): 8.83 (1H, s), 8.25 (2H, d, J = 8.62 Hz), 8.11 (2H, dd, J = 8.31, 1.21
Hz), 7.99 (2H, d, J = 8.63 Hz), 7.54-7.50 (4H, m), 7.42 (1H, t,J = 7.33 Hz). 3C NMR (100
MHz, DMSO-ds) 6 (ppm): 172.6, 156.9, 146.2, 139.2, 135.6, 129.7, 129.0, 128.1, 127.6,

127.3,123.3;77Se NMR (76 MHz, DMSO-d5s) 8 (ppm): 738.9. MS (ESI negative) m/z: 363.1
[M-HJ.

Following the general procedure, 4-

4-(5-(4-fluorophenyl)-1,3-selenazol-2-yl)benzenesulfonamide 28b:

Q _NH,

0 sulfamoylbenzoselenoamide (25) (100 mg, 0.38

Fmp mmol) and 2-Bromo-4'-fluoroacetophenone 26b (83

\ N mg, 0.38 mmol) gave 28b as pink solid (93 mg, 64%).

"H NMR (400 MHz, DMSO- ds) 8 (ppm): 8.81 (1H, s), 8.25 (2H, d, J = 8.42 Hz), 8.15 (2H,

dd, J=28.79, 5.54 Hz), 7.99 (2H, d, J = 8.41 Hz), 7.54 (2H, bs, NH», exchange with D,0),

7.35 (2H, t, J = 8.86 Hz). *C NMR (100 MHz, DMSO-ds) & (ppm): 172.7, 162.8 (d, J =

245.19 Hz), 155.8, 146.3, 139.2, 132.2, 129.4 (d, J = 8.25 Hz), 128.1, 127.6, 123.0, 116.6

(d, J=21.55 Hz); F-NMR (376 MHz, DMSO-ds) & (ppm): -113.89; ”’Se NMR (76 MHz,
DMSO-ds) & (ppm): 741.0. MS (ESI negative) m/z: 381.1 [M-H].

Following the general procedure, 4-
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4-(5-(4-bromophenyl)-1,3-selenazol-2-yl)benzenesulfonamide 28c:

@)
s~ NH
\S 2

0 sulfamoylbenzoselenoamide (25) (100 mg, 0.38

Br\©\<\s/e /7/©/ mmol) and 2-Bromo-4'-bromoacetophenone 26¢ (106
N

mg, 0.38 mmol) gave 28c as white solid(101 mg,

Following the general procedure, 4-

60%). '"H NMR (400 MHz, DMSO- d5) 8 (ppm): 8.90 (1H, s), 8.25 (2H, d, J = 8.21 Hz),
8.07 (2H, d, J=8.38 Hz), 7.98 (2H, d, /= 8.23 Hz), 7.71 (2H, d, J= 8.35 Hz), 7.55 (2H, bs,
NH_, exchange with D,0). 3C NMR (100 MHz, DMSO-ds) & (ppm): 172.9, 155.6, 146.3,
139.1, 134.8, 132.7, 129.3, 128.1, 127.6, 124.2, 122.1; 7’Se NMR (76 MHz, DMSO-ds) &
(ppm): 744.8. MS (ESI negative) m/z: 441.1 [M-H]-.

4-(5-(4-chlorophenyl)-1,3-selenazol-2-yl)benzenesulfonamide 28d:

@)
. NH
\S 2

0 sulfamoylbenzoselenoamide (25) (100 mg, 0.38

Cl\@\@ﬁ/@ mmol) and 2-Bromo-4'-chloroacetophenone 26d (89

LN mg, 0.38 mmol) gave 28d as white solid(92 mg,

61%). '"H NMR (400 MHz, DMSO- d5) 8 (ppm): 8.89 (1H, s), 8.25 (2H, d, J = 8.40 Hz),

8.14 (2H, d, J = 8.55 Hz), 7.99 (2H, d, J = 8.40 Hz), 7.59-7.54 (4H, m). *C NMR (100

MHz, DMSO-ds) & (ppm): 172.9, 155.6, 146.3, 139.1, 134.4, 133.5, 129.8, 129.1, 128.1,

127.6, 124.1; 7’Se NMR (76 MHz, DMSO-d5s) 8 (ppm): 744.2. MS (ESI negative) m/z: 397.1
[M-HT.

Following the general procedure, 4-

4-(5-(4-nitrophenyl)-1,3-selenazol-2-yl)benzenesulfonamide 28e:

9 Following  the  general procedure, 4-

o N0 sulfamoylbenzoselenoamide (25) (100 mg, 0.38
HZN\#\©\<\89’ mmol) and 2-Bromo-4'-nitroacetophenone 26e (93
o N mg, 0.38 mmol) gave 28e as yellow solid(85 mg,
55%). '"H NMR (400 MHz, DMSO- ds) & (ppm): 9.19 (1H, s), 8.38 (4H, aps), 8.28 (2H, d,
J=8.48 Hz), 8.00 (2H, d, J = 8.53 Hz), 7.56 (2H, bs, NH>, exchange with D,0). 3*C NMR
(100 MHz, DMSO-ds) & (ppm): 173.6, 154.6, 147.6, 146.5, 141.5, 138.9, 128.3, 128.2,
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127.9, 127.6, 125.2; 77Se NMR (76 MHz, DMSO-ds) & (ppm): 757.4. MS (ESI negative)
m/z: 408.1 [M-HT".

4-(5-(3-methoxyphenyl)-1,3-selenazol-2-yl)benzenesulfonamide 28f:

Q, _NH, Following the general procedure, 4-

—Q S\b sulfamoylbenzoselenoamide (25) (100 mg, 0.38 mmol)
@{ﬁ/@ and 2-Bromo-3'-methoxyacetophenone 26f (87 mg,

N 0.38 mmol) gave 28f (120 mg, 80%). '"H NMR (400

MHz, DMSO- ds) & (ppm): 8.86 (1H, s), 8.25 (2H, d, J=8.53 Hz), 7.99 (2H, d, /= 8.53 Hz),
7.68-7.66 (2H, m), 7.55 (2H, bs, NH,, exchange with D,0), 7.43 (1H, t, J=7.94 Hz), 7.00
(1H, ddd, J=8.53 Hz), 3.88 (3H, s). *C NMR (100 MHz, DMSO-ds) & (ppm): 172.4, 160.6,

156.7, 146.2, 139.2, 136.9, 130.8, 128.1, 127.6, 123.6, 119.8, 114.5,112.9, 56.1 ""Se NMR
(76 MHz, DMSO-dy) 6 (ppm): 757.4. MS (ESI positive) m/z: 395.0 [M+H]".

4-(5-methyl-1,3-selenazol-2-yl)benzenesulfonamide 29a:

o} _NH, Following the general procedure, 4-

bo) sulfamoylbenzoselenoamide (25) (100 mg, 0.38 mmol) and

Sen/©/ Chloroacetone 27a (31 pl, 0.38 mmol) gave 29a as yellow solid
(70 mg, 61%). '"H NMR (400 MHz, DMSO- ds) & (ppm): 8.12
(2H, d, J = 8.61 Hz), 7.94 (3H, m), 7.50 (2H, bs, NH;, exchange with D,0), 2.49 (3H, s).
13C NMR (100 MHz, DMSO-ds) & (ppm): 172.1, 154.8, 145.9, 139.3, 127.8, 127.5, 122.7,

18.9; 7Se NMR (76 MHz, DMSO-ds) & (ppm): 711.9. MS (ESI negative) m/z: 301.0 [M-
HJ.

2-(4-sulfamoylphenyl)-1,3-selenazole-5-carboxylic acid 29b:

0, _NH, Following the general procedure, 4-

be) sulfamoylbenzoselenoamide (25) (100 mg, 0.38 mmol) and

O>X\<S/en/©/ Chloroacetic acid 27b (64 mg, 0.38 mmol) gave 29b as white
O N solid (69 mg, 55%). '"H NMR (400 MHz, DMSO- dy) &

(ppm): 13.07 (1H, bs, COOH), 9.22 (1H, apd), 8.20 (2H, d, J=8.48 Hz), 7.98 (2H, d, J =
8.44 Hz), 7.54 (2H, bs, NH, exchange with D,0). *C NMR (100 MHz, DMSO-ds) & (ppm):
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173.6, 173.2, 163.1, 149.1, 146.5, 138.8, 128.3, 127.6; "’Se NMR (76 MHz, DMSO-ds) &
(ppm): 763.7. MS (ESI negative) m/z: 331.0 [M-H].

4-(5-(chloromethyl)-1,3-selenazol-2-yl)benzenesulfonamide 29c:

Q, _NH, Following the general procedure, 4-

0 sulfamoylbenzoselenoamide (25) (100 mg, 0.38 mmol) and

/\<\S/e I 1,3 Chloroacetone 27¢ (48 mg, 0.38 mmol) gave 29¢ as white
Cl N solid (89 mg, 70%). '"H NMR (400 MHz, DMSO- ds) &

(ppm): 8.47 (1H, s), 8.16 (2H, d, J= 8.62 Hz), 7.96 (2H, d, J = 8.62 Hz), 7.53 (2H, bs, NH},
exchange with D;0), 4.93 (2H, s). 3C NMR (100 MHz, DMSO-ds) & (ppm): 173.8, 154.5,
146.3, 138.9, 128.3, 128.0, 127.6, 42.7; "’Se NMR (76 MHz, DMSO-ds) & (ppm): 728.4.
MS (ESI negative) m/z: 335.0 [M-H].

Procedure for the synthesis of 4-(5-((phenylthio)methyl)-1,3-selenazol-2-yl)

benzenesulfonamide 32:

@)
~ NH
\S 2

7/©/ b 1,3 selenazole (29¢) (100 mg, 0.298 mmol),
Se :

thiophenol (36 uL, 1.2 Eq) and Et:N (79 uL, 2Eq)
O

were stirred overnight at room temperature. The

An acetonitrile solution (10 mL) of 2,5 substituted

mixture was extracted with ethyl acetate, dried with anhydrous Na,SO4 and the crude
material was purified by flash chromatography (1:1 hexane/ethyl acetate) to yield compound
32 as white solid (98 mg, 80%). "H NMR (400 MHz, DMSO- ds) 6 (ppm): 8.16 (1H, s), 8.10
(2H, d,J=8.36 Hz), 7.94 (2H, d, J=8.34 Hz), 7.52 (2H, bs, NH3, exchange with D,0), 7.45
(2H, d, J = 7.62 Hz), 7.36 (2H, t, J = 7.66 Hz), 7.24 (1H, t, J = 7.33 Hz), 4.43 (2H, s). ’C
NMR (100 MHz, DMSO-ds) & (ppm): 172.9, 154.8, 146.1, 139.1, 136.8, 129.9, 129.4, 127.9,
127.5, 126.8, 125.5, 34.4; 7Se NMR (76 MHz, DMSO-ds) & (ppm): 720.9. MS (ESI
positive) m/z: 411.0 [M+H]".

4.1.14 General procedure for the synthesis of 2, 5 substitutes 1, 3-selenazoles 33a-c and

34a-c.

NaBH; (43 mg, 1.14 mmol, 3.0 eq.) was portionwise added to a solution of appropriate
chalcogenide 30a-c or 31a-c (0.5 eq.) in EtOH (10 mL) at room temperature under inert
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atmosphere (N). After 30 min, 2,5 substituted 1,3 selenazole 29¢ (127 mg, 0.38 mmol, 1.0
eq.) was slowly added and the reaction mixture was stirred at room temperature for 3 h, until
complete consumption of the starting material was observed by TLC. The reaction was
quenched by addition of saturated aq. NH4Cl (2 mL) and diluted with EtOAc (5 mL). The
layers were separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried
over NaxSQys, filtered and concentrated under vacuum. The crude material was purified by
flash chromatography (hexane/EtOAc 1:1) to yield the corresponded chalcogenide 33a-c or
34a-c.

4-(5-((phenyltellanyl)methyl)-1,3-selenazol-2-yl)benzenesulfonamide 33a:

O\
~NH
\S 2

0 (chloromethyl)-1,3-selenazol-2-yl)benzene

Following  the  general procedure, 4-(5-

Se

Ifonamide 29¢ (127 mg, 0.38 mmol) and diphenyl
Q\Tﬁ/N

ditelluride 30a (78 mg, 0.19 mmol) gave 33a as
yellow solid (96 mg, 50%). 'H NMR (400 MHz, DMSO- ds) & (ppm): 8.05 (2H, d, J = 8.52
Hz), 7.93 (2H, d, J = 8.54 Hz), 7.89 (1H, s), 7.75 (2H, dd, J = 1.32, 8.06 Hz), 7.52 (2H, bs,
NH;, exchange with D,0), 7.33-7.25 (3H, m), 4.45 (2H, s). *C NMR (100 MHz, DMSO-
ds) & (ppm): 172.2, 157.5, 146.0, 139.2, 138.6, 130.1, 128.4, 127.8, 127.5, 122.5, 114.4, 8.0;
"’Se NMR (76 MHz, DMSO-ds) 8 (ppm): 717.6. 12Te NMR (126 MHz, DMSO-d;) 8(ppm):
608.3. MS (ESI negative) m/z: 506.9 [M-H].

4-(5-((p-tolyltellanyl)methyl)-1,3-selenazol-2-yl)benzenesulfonamide 33b:

0, _NH, Following the general procedure, 4-(5-

bo) (chloromethyl)-1,3-selenazol-2-

\@\ /\<\S/e/7/©/ yl)benzenesulfonamide 29¢ (127 mg, 0.38 mmol)
Te N and p-tolyl ditelluride 30b (83 mg, 0.19 mmol)

gave 33b as yellow solid (154 mg, 78%). '"H NMR (400 MHz, DMSO- ds) & (ppm): 8.05
(2H, d, J=8.59 Hz), 7.93 (2H, d, /= 8.60 Hz), 7.85 (1H, s), 7.63 (2H, d, J=7.96 Hz), 7.51
(2H, bs, NH,, exchange with D,0), 7.09 (2H, d, J=7.61 Hz), 4.40 (2H, s), 2.32 (3H, s). 1*C
NMR (100 MHz, DMSO-ds) o (ppm): 172.1,157.6, 146.0, 139.2,139.1, 138.1, 130.9, 127.8,
127.5,122.5,110.1, 21.6, 8.0; ”’Se NMR (76 MHz, DMSO-ds) & (ppm): 717.0. Te NMR

(126 MHz, DMSO-dps) & (ppm): 600.6. MS (ESI negative) m/z: 520.9 [M-H]J".
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4-(5-(((4-methoxyphenyl)tellanyl)methyl)-1,3-selenazol-2-yl)benzenesulfonamide 33c:

O
“ - NH
\S 2

bo) (chloromethyl)-1,3-selenazol-2-

Following the general procedure, 4-(5-

Se

T : yl)b enzenesulfonamide 29¢ ( 127 mg 0.38
I 9
/ : @ T e/\<\/ N

mmol) and 4-methoxyphenyl ditelluride 30c (89
mg, 0.19 mmol) gave 33c as yellow solid (153 mg, 75%). '"H NMR (400 MHz, DMSO- dj)
d (ppm): 8.05 (2H, d, J=8.59 Hz), 7.93 (2H, d, J=8.58 Hz), 7.85 (1H, s), 7.78 (1H, s), 7.64
(2H, d, J=8.75 Hz), 7.51 (2H, bs, NH3, exchange with D-0), 6.84 (2H, d, /= 8.77 Hz), 4.35
(2H, s), 3.76 (3H, s). *C NMR (100 MHz, DMSO-ds) & (ppm): 172.1, 160.3, 157.2, 146.0,
141.6, 139.2, 127.8, 127.5, 122.4, 116.1, 103.0, 55.9, 8.3; 77Se NMR (76 MHz, DMSO-ds)
8 (ppm): 716.1. 12Te NMR (126 MHz, DMSO-ds) & (ppm): 600.9. MS (ESI negative) m/z:
536.9 [M-HJ-.

4-(5-((phenylselanyl)methyl)-1,3-selenazol-2-yl)benzenesulfonamide 34a:

Q, _NH, Following  the  general procedure, 4-(5-

0 (chloromethyl)-1,3-selenazol-2-
Se

l)benzenesulfonamide 29¢ (127 mg, 0.38 mmol) and
| Yy
@ =au

phenyl diselenide 31a (59 mg, 0.19 mmol) gave 34a
as white solid (128 mg, 74%). '"H NMR (400 MHz, DMSO- ds) & (ppm): 8.09-8.06 (3H, m),
7.94 (2H, d, J = 8.41 Hz), 7.57 (2H, dd, J = 1.36, 8.01 Hz), 7.56 (2H, bs, NH», exchange
with D,0), 7.36-7.30 (3H, m), 4.41 (2H, s). *C NMR (100 MHz, DMSO-d;) & (ppm): 172.7,
155.8, 146.1, 139.1, 132.9, 131.2, 130.0, 127.9, 127.8, 127.5, 124.8, 27.5; ""Se NMR (76
MHz, DMSO-ds) & (ppm): 719.4, 347.3. MS (ESI positive) m/z: 459.0 [M+H]".

4-(5-((p-tolylselanyl)methyl)-1,3-selenazol-2-yl)benzenesulfonamide 34b:

@)
\NH
\S 2

7/©/ e (chloromethyl)-1,3-selenazol-2-

\@\ /\<\/ / yl)benzenesulfonamide 29¢ (127 mg, 0.38 mmol)
Se N and p-tolyl diselenide 31b (65 mg, 0.19 mmol)

gave 34b as white solid (143 mg, 80%). "H NMR (400 MHz, DMSO- ds) 5 (ppm): 8.08 (2H,
d, J=8.63 Hz), 8.01 (1H, s), 7.94 (2H, d, J = 8.63 Hz), 7.52 (2H, bs, NH3, exchange with

Following the general procedure, 4-(5-
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D,0), 7.44 (2H, d, J = 8.05 Hz), 7.16 (2H, d, J = 7.81 Hz), 4.35 (2H, s), 2.31 (3H, s). BC
NMR (100 MHz, DMSO-ds) 6 (ppm): 172.6, 156.0, 146.1, 139.2, 137.4, 133.5, 130.7, 127.8,
127.5, 127.2, 124.7, 27.9, 21.5; "7Se NMR (76 MHz, DMSO-ds) & (ppm): 722.2 MS (ESI
positive) m/z: 473.0 [M+H]".

4-(5-(((4-methoxyphenyl)selanyl)methyl)-1,3-selenazol-2-yl)benzene sulfonamide 34c:

o, _NH, Following the general procedure, 4-(5-

0 (chloromethyl)-1,3-selenazol-2-
Se

T : yl)benzenesulfonamide 29¢ (12 / mg 0.38
| 3

mmol) and 4-methoxyphenyl diselenide 31¢ (71
mg, 0.19 mmol) gave 34c as white solid (129 mg, 70%). "H NMR (400 MHz, DMSO- ds) &
(ppm): 8.08 (2H, d, J=8.54 Hz), 7.95-7.92 (3H, m), 7.51 (2H, bs, NH;, exchange with D,0),
7.46 (2H, d, J = 8.80 Hz), 6.91 (2H, d, J = 8.80 Hz), 4.28 (2H, s), 3.77 (3H, s). *C NMR
(100 MHz, DMSO-dys) 8 (ppm): 172.6, 159.9, 156.0, 146.0, 139.2, 136.3, 127.8, 127.5,
124.5,120.5, 115.7, 56.0, 28.7; ’Se NMR (76 MHz, DMSO-ds) & (ppm): 717.8, 341.4. MS
(ESI negative) m/z: 485.1 [M-H]-.

Procedure for the synthesis of 2-((2-(4-sulfamoylphenyl)-1,3-selenazol-5-yl)methyl)

isothiouronium chloride 35:

cr 4-(5-(chloromethyl)-1,3-selenazol-2-

O

L Se i yl)benzenesulfonamide 29¢ (127 mg, 0.38 mmol)
H,oN S/\E S—NH;
/ o} and Thiourea (29mg, 0.38 mmol) were dissolved in

dry acetone. The mixture was stirred at reflux for 1h and after cooling, the precipitate was

w

filtered off and washed with cold acetone to yield compound 35 as grey solid (78 mg, 50%).
"H NMR (400 MHz, DMSO- ds) & (ppm): 9.37 (2H, bs, NH>, exchange with D,0), 8.37
(1H, s), 8.14 (2H, d, J = 8.41 Hz), 7.96 (2H, d, J = 8.40 Hz), 7.56 (2H, bs, NH,, exchange
with D,0), 7.13 (2H, bs, NH3, exchange with D,0), 4.71 (2H, s). 3C NMR (100 MHz,
DMSO-ds) 8 (ppm): 174.2,170.4, 152.3, 146.4, 138.7, 128.0, 127.6, 127.1, 32.0; 7’Se NMR
(76 MHz, DMSO-ds) 6 (ppm): 731.5. MS (ESI positive) m/z: 377.0 [M+H]".
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General procedure for the synthesis of aryl ditellurides 37a-g:

To a stirred solution of appropriate bromo derivatives 36a-g (8.5 mmol) in dry THF (40 mL)
under N» at -78°C was added butyllithium (7.5 mL, 1.7 M; 12.75 mmol). After 1 h, the
cooling bath was removed and freshly crushed finely ground elemental tellurium (8.5 mmol)
was added while a brisk stream of nitrogen was passed through the open system. After 1
hour, when only trace amounts of tellurium remained, the dark solution was quenched with
a saturate solution of NH4Cl. After extraction with diethyl ether, separation, drying of the
organic phase with NaSO4 and evaporation, the pure product was obtained by flash

chromatography with appropriate mixture of hexane/ethyl acetate.
1, 2-bis (3,4,5-trimethoxyphenyl) ditellane 37g:

OCH; Following the general procedure, the product was gave

OCH; after flash chromatography (hexane/ethyl acetate

H;CO Te .o OCH, 70:30)as a red solid 37g (2 g, 80%). 'H NMR (400
H3COI;/ MHz, CDCL) 8(ppm): 6.99 (2H, s), 3.86 (3H, s), 3.79

OCH; (6H, s) 3C NMR (100 MHz, CDCl;) 8(ppm): 153.4,
145.4, 116.0, 102.2, 61.3, 56.5 Te NMR (126 MHz, CDCls) 8(ppm) : 489.5 MS (ESI
positive) m/z: [M+H]": 595

General Procedure for the synthesis of 39a-g

NaBH; (57 mg, 1.5 mmol, 3.0 eq.) was portionwise added to a solution of appropriate
ditelluride 39a-g (0.5 mmol, 0.5 eq.) in EtOH (10 mL) at room temperature under inert
atmosphere (N>). After 30 min, 4-(Bromomethyl) benzenesulfonamide 38 (250 mg, 1 mmol,
1.0 eq.) was slowly added and the reaction mixture was stirred at room temperature for 3 h,
until complete consumption of the starting material was observed by TLC. The reaction was
quenched by addition of saturated aq. NH4Cl (2 mL) and diluted with EtOAc (5 mL). The
layers were separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried
over Na,SQOys, filtered and concentrated under vacuum. The crude material was purified by

flash chromatography (hexane/EtOAc 1:1) to yield the corresponded telluride 39a-g.
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4-((phenyltellanyl)methyl)benzenesulfonamide 39a:

SO,NH, Following the general procedure, 37a (0.5 mmol) and 38 (1
\/©/ mmol) gave after flash chromatography (Hex/EtOAc 1:1)

Te
©/ 39a (236 mg, 63%). "H NMR (400 MHz, DMSO) &(ppm):
7.69-7.64 (4H, m), 7.34-7-25 (7TH, m), 4.37 (2H, s) *C NMR (100 MHz, DMSO) §(ppm):
147.0, 142.5, 138.8, 130.2, 129.3, 128.7, 126.5, 114.1, 11.6. 'Te NMR (126 MHz, DMSO)
d(ppm) : 682.3 MS (ESI positive) m/z: 395 [M+NH4]*

4-((o-tolyltellanyl)methyl)benzenesulfonamide 39b:

SO,NH, Following the general procedure, 37b (0.5 mmol) and 38 (1

Te /©/ mmol) gave after flash chromatography (Hex/EtOAc 1:1)

@ 39b (236 mg, 63%). '"H NMR (400 MHz, DMSO) §(ppm):

7.75-7.72 (2H, m), 7.66 (2H, d, J=8.32), 7.38 (2H, d,

J=8.39), 7.29-7.10 (3H, m),7.08 (1H, td, J=7.36, 1.18), 4.36 (2H, s), 2.31 (3H, s). *C NMR

(100 MHz, DMSO) &(ppm): 146.5, 138.6, 130.2, 130.0, 129.5, 127.6, 127.3, 126.5, 118.3,

26.8, 11.2. '»Te NMR (126 MHz, DMSO) §(ppm) : 564.0 MS (ESI positive) m/z: 396
[M+Li]*

4-((p-tolyltellanyl)methyl)benzenesulfonamide (39¢)

SO,NH, Following the general procedure, 37¢ (0.5 mmol) and 38
/©/ (1 mmol) gave after flash chromatography (Hex/EtOAc

Te
/©/ 1:1) 39¢ (257 mg, 66%). 'H NMR (400 MHz, DMSO)
d(ppm): 7.65 (2H, d, J=8.3 Hz), 7.57 (2H, d, J=7.9 Hz), 7.32-7.29 (5H, m), 7.10 (2H, d,
J=17.7 Hz), 4.32 (2H, s), 2.33 (3H, s) *C NMR (100 MHz, DMSO) &(ppm): 147.1, 142.5,
139.2,138.3,131.1,129.3,126.5,109.8,21.7, 11.7. 12Te NMR (126 MHz, DMSO) 3(ppm):
672.9 MS (ESI positive) m/z: 407 [M+NH4]*

4-(((4-methoxyphenyl)tellanyl)methyl)benzenesulfonamide 39d:

SO,NH, Following the general procedure, 37d (0.5 mmol)
/©/ and 38 (1 mmol) gave after flash chromatography

Te
/©/ (Hex/EtOAc 1:1) 39d (271 mg, 67%). 'H NMR
H;CO
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(400 MHz, DMSO) 8(ppm): 7.64 (2H, d, J=8.3 Hz), 7.58 (2H, d, J=8.7 Hz), 7.29 (2H, brs,
NH,, exchange with D,0), 7.25 (2H, d, J/=8.3 Hz), 6.85 (2H, d, J=8.7 Hz), 4.27 (2H, s), 3.79
(3H, s) BC NMR (100 MHz, DMSO) &(ppm): 160.4, 147.1, 141.6, 130.2, 129.2, 126.4,
116.2,102.7, 55.9, 12.0. 'Te NMR (126 MHz, DMSO) 8(ppm) : 672.9 MS (ESI positive)
m/z: 425 [M+NH4]"

4-((naphthalen-2-yltellanyl)methyl)benzenesulfonamide 39e:

SO,NH, Following the general procedure, 37e (0.5 mmol) and

Te /©/ 38 (I mmol) gave after flash chromatography
(Hex/EtOAc 1:1) 39e (259 mg, 61%). "H NMR (400
MHz, DMSO) &(ppm): 8.26 (1H, s), 7.93 (1H, dd, J=6.1, 2.9 Hz), 7.87 (1H, dd, J=6.2, 2.9
Hz) 7.82-7.76 (2H, m), 7.64 (2H, d, J=8.3 Hz), 7.57-7.54 (2H, m), 7.38 (2H, d, /=8.3 Hz),
7.24 (2H, brs, NH», exchange with D,0), 4.47 (2H, s) *C NMR (100 MHz, DMSO) &(ppm):

147.1, 142.5, 137.9, 135.4, 134.7, 133.0, 129.4, 129.1, 128.5, 128.0, 127.4, 127.3, 126.5,
11.8. 1Te NMR (126 MHz, DMSO) &(ppm) : 684.5 MS (ESI positive) m/z: 428 [M+H]"

4-(((2,6-dimethylphenyl)tellanyl)methyl)benzenesulfonamide 39f:

SO,NH, Following the general procedure, 37f (0.5 mmol) and 38 (1
Te/©/ mmol) gave after flash chromatography (Hex/EtOAc 1:1)

39f (278 mg, 69%). 'H NMR (400 MHz, DMSO) &(ppm):

7.59 (2H, d, J/=8.35 Hz), 7.28 (2H, brs, NH>, exchange with
D,0), 7.21-7.17 (3H, m), 7.13 (2H, d, J=8.36 Hz), 4.13 (2H, s), 2.47 (6H, s). *C NMR (100
MHz, DMSO) §(ppm): 146.9, 146.0, 130.2, 128.9, 127.0, 126.3, 122.1, 30.2, 11.0. "»Te
NMR (126 MHz, DMSO) d(ppm) : 460.4 MS (ESI positive) m/z: 412 [M+Li]*

4-(((3,4,5-trimethoxyphenyl)tellanyl)methyl)benzenesulfonamide 39g:

SO,NH, Following the general procedure, 37g (0.5 mmol)

H;CO Te\/©/ and 38 (1 mmol) gave after flash chromatography

j©/ (Hex/EtOAc 1:1) 39g (335 mg, 72%). 'H NMR
H;CO

OCH; (400 MHz, DMSO) é(ppm): 7.68 (2H, d, J=8.36

Hz), 7.36 (2H, d, J=8.38 Hz), 7.29 (2H, brs, NH,,
exchange with D,0), 6.85 (2H, s), 4.39 (2H, s), 3.75 (6H, s), 3.68 (3H, s). 13C NMR (100
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MHz, DMSO) o(ppm): 154.0, 146.9, 142.5, 138.6, 129.6, 126.5, 116.6, 106.9, 61.0, 56.9,
12.2. 12Te NMR (126 MHz, DMSO) &(ppm) : 719.5 MS (ESI positive) m/z: 485 [M+Na]*

General procedure for the synthesis of [1-hydroxy aryltellurides 42a-e

NaBH4 (30 mg, 0.80 mmol, 4.0 eq.) was portionwise added to ditelluride 37 (0.20 mmol, 1.0
eqg.) and NaOH (0.40 mmol, 2.0 eq.) in EtOH (5 mL) at 0°C under inert atmosphere (N>).
After 10 min, the epoxide 40 (102 mg, 0.36 mmol, 1.8 eq.) was slowly added and the reaction
mixture was stirred at room temperature for 12 h. The reaction was quenched by addition of
saturated aq. NH4Cl (5 mL) and diluted with EtOAc (10 mL), The layers were separated and
the aqueous layer was extracted with EtOAc (2 x 5 mL), dried over Na SO, filtered and
concentrated under vacuum. The crude material was purified by flash chromatography to

yield B-hydroxy aryltellurides (42a-e).
4-(2-Hydroxy-3-(phenyltellanyl)propoxy)benzenesulfonamide 42a:

OH Following the general procedure, 37a (66 mg, 0.16

TCJ\/O mmol) and 40 (82 mg, 0.29 mmol) gave, after flash
©/ \©\S”O column chromatography (petroleum ether/EtOAc
g N 1:1), telluride 42a (81, 64%). '"H NMR (400 MHz,
CDCl) 6 (ppm): 2.61 (1H, bd, J=4.6 Hz, OH), 3.15 (1H, dd, J = 6.8, 12.6 Hz, CH.H,Te),
3.20 (1H, dd, J = 6.1, 12.6 Hz, CH.HyTe), 4.04 (1H, dd, J = 6.0, 9.4 Hz, CH.H,0), 4.08
(1H, dd, J = 4.1, 9.4 Hz, CH,H,0), 4.15-4.23 (1H, m, CHOH), 4.78 (2H, bs, NH), 6.90
(2H, ap d, J=8.9 Hz), 7.19 (2H, ap t, J = 7.4 Hz), 7.26-7.30 (1H, m), 7.45-7.78 (2H, m),
7.83 (2H, ap d, J = 8.9 Hz). ®C NMR (100 MHz, CDCls) & (ppm): 13.7, 69.8, 71.9, 111.0,
114.7, 128.1, 128.6, 129.4, 134.2, 138.6, 161.7. '»Te NMR (126 MHz, CDCl;) 8 (ppm):

392.1. MSS (ESI negative) m/z (%): 436 [M-HJ" (100).

4-(2-Hydroxy-3-(o-tolyltellanyl)propoxy)benzenesulfonamide 42b:

OH Following the general procedure, 37b (52 mg, 0.12

TCJ\/O\©\ mmol) and 40 (61 mg, 0.22 mmol) gave, after flash
O

g column chromatography (petroleum ether/EtOAc

g NH . .
1:1), telluride 42b (48 mg, 48%). '"H NMR (400
MHz, CDCI3) & (ppm): 2.46 (3H, s), 2.87 (1H, bs, OH), 3.10-3.18 (2H, m, CH,Te), 3.99-
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4.07 (2H, m, CH,0), 4.14-4.24 (1H, m, CHOH), 5.11 (2H, bs, NH>), 6.86 (2H, ap d, J = 8.4
Hz), 6.97 (1H, t, J= 7.2 Hz), 7.15-7.21 (2H, m), 7.69 (1H, d,J= 7.5 Hz ), 7.78 (2H, d, J =
8.4 Hz). 3C NMR (100 MHz, CDCls) & (ppm): 12.5, 26.6, 69.9, 71.9, 114.7, 126.7, 128.3,
128.5, 129.3, 134.2, 134.2, 137.8, 142.6, 161.6. 12Te NMR (126 MHz, CDCl;) § (ppm):
283.6. MS (ESI negative) m/z (%): 450 [M-H] (100).

4-(2-hydroxy-3-(p-tolyltellanyl)propoxy)benzenesulfonamide 42c:

OH Following the general procedure, 37c¢ (52 mg, 0.12

TeJ\/O mmol) and 40 (61 mg, 0.22 mmol) gave, after flash
/©/ \©\ SO column chromatography (petroleum ether/EtOAc
G NH2 3.1y elluride 42¢ (53 mg, 54%). '"H NMR (400

MHz, CDCl3) & (ppm): 2.31 (3H, s), 2.60 (1H, bs, OH), 3.11 (1H, dd, J = 6.6, 12.5 Hz,
CH.HyTe), 3.16 (1H, dd, J = 5.9, 12.5 Hz, CH.HpTe), 4.02 (1H, dd, J = 6.0, 9.4 Hz,
CH.H,0), 4.06 (1H, dd, J=4.1, 9.4 Hz, CH.H»0O), 4.11-4.20 (1H, m, CHOH), 4.76 (2H, bs,
NH,), 6.89 (2H, ap d, /= 9.0 Hz), 6.99 (2H, ap d, /= 7.6 Hz), 7.65 (2H, ap d, J = 7.6 Hz),
7.82 (2H, ap d, J = 9.0 Hz). *C NMR (100 MHz, CDCls) & (ppm): 13.8, 21.2, 69.8, 71.7,

106.8, 114.7, 128.6, 130.4, 134.1, 138.4, 139.0, 161.7. '*Te NMR (126 MHz, CDCl;) &
(ppm): 376.5. MS (ESI negative) m/z (%): 450 [M-H] (100).

4-(2-Hydroxy-3-((4-methoxyphenyl)tellanyl)propoxy)benzenesulfonamide 42d:

Following the general procedure, 37d (47 mg,

OH
/@/TCJ\/O\Q\ 0.10 mmol) and 40 (51 mg, 0.18 mmol) gave,
O
~0 g after flash column chromatography (petroleum

~
U

O NH, ether/EtOAc 1:1), telluride 42d (43, 51%). 'H
NMR (400 MHz, CDCls) 6 (ppm): 2.64 (1H, bd, /= 5.1 Hz, OH), 3.05 (1H, dd, /= 6.5, 12.5
Hz, CH:HyTe), 3.13 (1H, dd, J= 6.0, 12.5 Hz, CH.H,Te), 3.77 (3H, s, CH30), 4.01 (1H, dd,
J = 4.6, 8.2 Hz, CH,H,0), 4.04 (1H, dd, J = 3.1, 8.2 Hz, CH.H,0), 4.10-4.17 (1H, m,
CHOH), 4.92 (2H, bs, NH»), 6.68 (2H, ap d, J = 8.7 Hz), 6.85 (2H, ap d, /= 9.0 Hz), 7.67
(2H, ap d, J = 8.7 Hz), 7.79 (2H, ap d, J = 9.0 Hz). ¥*C NMR (100 MHz, CDCl;) & (ppm):
14.1,55.2,69.9,71.5,99.9, 114.7,115.3,128.5, 134.1, 141.0, 159.9, 161.6. '*Te NMR (126
MHz, CDCl;) & (ppm): 369.4. MS (ESI negative) m/z (%): 466 [M-H] (100).
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4-(2-Hydroxy-3-(naphthalen-2-yltellanyl)propoxy)benzenesulfonamide 42e:

OH Following the general procedure, 37e (51 mg,

Tej\/O 0.10 mmol) and 40 (51 mg, 0.18 mmol) gave,
\©\S”O after flash column chromatography (petroleum
o} NH, ether/EtOAc 1:1), telluride 42e (38 mg, 43%).

"H NMR (400 MHz, CDCl3) § (ppm): 2.65 (1H, bd, J= 5.3 Hz, OH), 3.22 (1H, dd, /= 6.5,
12.6 Hz, CH.HyTe), 3.28 (1H, dd, J = 6.0, 12.5 Hz, CH.HyTe), 4.02 (1H, dd, J = 4.4, 8.2
Hz, CH.H,0), 4.06 (1H, dd, J=3.0, 8.2 Hz, CH.H»O), 4.17-4.25 (1H, m, CHOH), 4.78 (2H,
bs, NH), 6.79 (2H, ap d, J= 8.8 Hz), 7.44-7.51 (2H, m), 7.62 (1H, d, /= 8.4 Hz), 7.68-7.63
(1H, m), 7.71 (2H, ap d, J = 8.8 Hz), 7.76-7.79 (2H, m), 8.26 (1H, s). 3C NMR (100 MHz,
CDCls) & (ppm): 13.9, 69.9, 71.6, 108.3, 114.6, 126.5, 126.6, 127.2, 127.8, 128.5, 128.6,

132.6, 134.1, 135.0, 138.4, 161.5. 1Te NMR (126 MHz, CDCI;) & (ppm): 393.6. MS (ESI
negative) m/z (%): 486 [M-H] (100).

4,4'-((Tellurobis(2-hydroxypropane-3,1-diyl))bis(oxy))dibenzenesulfonamide 43:

@) A solution of the epoxide 40 (141

H OH
/@/OJ\/T‘?J\/O\Q\ mg, 0.5 mmol, 2.0 eq.) in dry
0)
O\\S g DMF was slowly added to a
N ¢ "NH
HN O O 2 suspension of Li,Te in THEF,

generated in situ according to literature from elemental tellurium (32 mg, 0.25 mmol., 1.0
eq.) and LiEt:BH (1.0 mL of a 1M THF solution; 1.0 mmol, 4.0 eq.). The reaction was stirred
for 12 h at ambient temperature and then treated with a NaOH 1M solution. The reaction
mixture was stirred at ambient temperature for 4 h and then diluted with EtOAc (10 mL),
filtered through a short pad of celite, washed with NH4Cl and with H>O (2 x 5 mL). The
organic phase was dried over Na,SOy, filtered and evaporated under reduced pressure. The
crude material was purified by flash column chromatography (petroleum ether/EtOAc 1:1)
to afford [J-hydroxy telluride 43 as a pale yellow solid (79 mg, 74%). '"H NMR (400 MHz,
DMSO-ds) 6 (ppm) 2.84 (4H, dd, J = 5.5, 12.0 Hz, CH.H,Te), 2.90 (4H, dd, J= 3.9, 12.0
Hz, CH.HTe), 3.97-4.08 (12H, m, CH,O and CHOH), 5.32 (4H, bd, J = 3.8 Hz, OH), 7.08
(2H, ap d,J=8.9 Hz), 7.18 (2H, bs, NH>), 7.75 (2H, ap d, J = 8.9 Hz). *C NMR (100 MHz,

152



Carbonic Anhydrase Inhibitors as Antitumor Agents

DMSO-ds) & (ppm): 9.8, 70.5, 73.7, 115.6, 128.7, 137.3, 162.0. 1*Te NMR (126 MHz,
DMSO-ds) 8 (ppm): 117.5, 118.5. MS (ESI negative) m/z (%): 589 [M-H] (100).

General procedure for the synthesis of compounds 45a-b:

NaBHj4 (3.0 eq.) was portionwise added to a solution of appropriate diselenides 44a-b (1 eq.)
in EtOH at room temperature under inert atmosphere (N2). After 30 min, cinnamoyl chloride
(2.0 eq.) was slowly added and the reaction mixture was stirred at room temperature for 2 h,
until complete consumption of the starting material was observed by TLC. The reaction was
quenched by addition of saturated aq. NH4Cl and diluted with EtOAc (5 mL). The layers
were separated and the aqueous layer was extracted with EtOAc, dried over Na,SOs, filtered
and concentrated under vacuum. The crude material was purified by flash chromatography

(hexane/EtOAc 90:10) to yield the corresponded compounds 45a-b.
General procedure for the synthesis of compounds 46a-b:

Selenophenylcinnamates (45a-b) were mixed with anhydrous AICl; (5 eq) in chlorobenzene
and heated at 100°C for 30 minutes. When the colour of the reaction mixture changed from
yellow to red and TLC indicated the disappearance of starting materials, the reaction mixture
was quenched with ice-cold diluted HCI and extracted with chloroform. The organic layer
was dried over magnesium sulfate, filtered and evaporated under reduced pressure. The
residue was purified by column chromatography (benzene/hexane 50:50) to give the title

compounds 46a-b.

2H-selenochromen-2-one 46a:

m Following the general procedure, 45a (1 equiv) and AICl; (5 equiv) gave 46a
SE Y0 asyellow solid (yield 70%). "TH NMR (400 MHz, CDCls) & (ppm): 6.24 (1H,

d, J= 11.00 Hz), 7.38 (1H, m), 7.45 (1H, td, J= 7.61, 1.48 Hz), 7.59 (1H, dd, J= 7.90, 1.30
Hz), 7.65 (1H, dd, J= 7.71, 1.18 Hz), 7.69 (1H, d, J= 11.01 Hz). ®C NMR (100 MHz,
CDCls) 8 (ppm): 123.9, 126.8, 127.9, 129.2, 130.3, 133.7, 138.0, 145.1, 189.9 ”’Se NMR
(76 MHz, CDCl3) & (ppm): 628.8 MS (ESI positive) m/z: 211.1 [M+H]" ((M+H]* 210.96

required).
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6-methyl-2H-selenochromen-2-one 46b:

= Following the general procedure, 46b (1 equiv) and AlICI; (5 equiv) gave
Om 47b as yellow solid (yield 50%). "TH NMR (400 MHz, CDCl3) § (ppm):
2.41 (3H, s), 6.16 (1H, d, J= 10.97 Hz), 7.17 (1H, dd, J= 7.96, 0.98 Hz), 7.38 (1H, s), 7.51
(1H, d,J=17.97),7.63 (1H, d, J= 10.97). BC NMR (100 MHz, CDCl;) & (ppm): 21.8, 122.8,
125.4,128.1,129.3, 133.5, 138.0, 141.1, 145.0, 190.0 7Se NMR (76 MHz, CDCl3)  (ppm):

624.7 MS (ESI positive) m/z: 225.1 [M+H]" ((M+H]" 224.97 required).
General procedure for the synthesis of compounds 47a-b:

Seleno-coumarin 46a-b and Lawesson’s reagent (2 eq) in dry toluene were refluxed for 4h.
Upon cooling to room temperature, water was added and extracted with ethyl acetate (20
mL x 3). The organic layer was dried over magnesium sulfate, filtered and evaporated under
reduced pressure. The residue was purified by column chromatography (hexane/ethyl acetate

90:10) to give the title compounds 47a-b.

2H-selenochromene-2-thione 47a:

m Following the general procedure, 46a (1 equiv) and Lawesson’s reagent (2
Qg g equiv) gave 47a as red solid (87%). "H NMR (400 MHz, CDCI3) & (ppm):

7.10 (1H, d, J= 10.54 Hz), 7.37-7.42 (2H, m), 7.55-7.48 (2H, m), 7.72 (1H, dd, J= 7.79,
0.95). BC NMR (100 MHz, CDCl;) & (ppm): 126.5, 127.9, 129.5, 130.5, 133.5, 135.6, 137.0,
141.1, 216.2 7Se NMR (76 MHz, CDCl;) & (ppm): 771.6 MS (ESI positive) m/z: 225.8
[M]". (IM]" 225.94 required).

6-methyl-2H-selenochromene-2-thione 47b:

Se_S Following the general procedure, 46b (1 equiv) and Lawesson’s reagent
/©/\j (2 equiv) gave 47b as red solid (80%). 'H NMR (400 MHz, CDCls) &
(ppm): 2.41 (3H, s) 7.06 (1H, d, J= 10.46 Hz), 7.20 (1H, d, J= 7.99 Hz) 7.35-7.41 (2H, m),
7.60 (1H, d, J= 8.01). 3C NMR (100 MHz, CDCls) § (ppm): 21.9, 126.7, 129.3, 130.5,

132.3, 135.7, 136.2, 136.9, 141.6, 215.9 77Se NMR (76 MHz, CDCl;) & (ppm): 767.7 MS
(ESI positive) m/z: 241.1 [M+H]" ((M+H]" 240.95 required).
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General procedure for the synthesis of compounds 49a-f:

Appropriate amines 48a-f (1.0 eq.) were added to a solution of cinnamoyl chloride (1 eq.) in
DCM at room temperature under inert atmosphere (N») and Et;N was added drop by drop.
The reaction was quenched by addition of saturated aq. NH4Cl and diluted with EtOAc (5
mL). The layers were separated and the aqueous layer was extracted with EtOAc, dried over
Na,SO,, filtered and concentrated under vacuum. The crude material was purified by flash

chromatography (hexane/EtOAc 70:30) to yield the corresponded compounds 49a-f.
General procedure for the synthesis of compounds 50a-f:

Compounds 49a-f were mixed with anhydrous AICl; (5 eq) in chlorobenzene and heated at
100°C for 5h. When TLC indicated the disappearance of starting materials, the reaction
mixture was quenched with ice-cold diluted HCI and extracted with chloroform. The organic
layer was dried over magnesium sulfate, filtered and evaporated under reduced pressure. The
residue was purified by column chromatography (hexane/ethyl acetate= 50:50) to give the

title compounds 50a-f.
Quinolin-2(1H)-one 50a:

N 'H NMR (400 MHz, CDCls) & (ppm): 6.75 (1H, d, J= 9.46), 7.22 (1H, m),
(:(Nlo 7.23-7.58 (3H, m), 7.83 (1H, d, J= 9.47), 12.81 (1H, bs). 3C NMR (100

H MHz, CDCls) § (ppm): 116.7, 120.3, 121.5, 123.1, 128.1, 131.1, 138.8,
141.5, 165.6 MS (ESI positive) m/z: 146.0 [M+H]" (M+H]* 146.05 required).

1-Methylquinolin-2(1H)-one 50b:

N H NMR (400 MHz, CDCls) & (ppm): 3.77 (3H, s), 6.80 (1H, d, J= 9.45),
(:(Nlo 7.28-7.30 (1H, m), 7.41 (1H, d, J= 8.61), 7.59-7.63 (2H, m), 7.72 (1H, d,
CHy;  J=9.45). ®C NMR (100 MHz, CDCL;)  (ppm): 29.7, 14.4, 121.1, 122.1,
122.4, 129.1, 131.0, 139.3, 140.4, 162.7 MS (ESI positive) m/z: 160.0 [M+H]" ((M+H]"

160.07 required).
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8-Chloroquinolin-2(1H)-one 50c:

AN "H NMR (400 MHz, CDCls) 5 (ppm): 6.69 (1H, d, J=9.57), 7.16 (1H, t, J=
N 7.88),7.48 (1H, dd, J= 0.78, 7.83), 7.56 (1H, dd, J= 0.93, 7.87), 7.74 (1H,
ca H d, d, J=9.58) 9.10 (1H, bs). *C NMR (100 MHz, CDClz) & (ppm): 119.7,

121.3,123.1,123.3,127.1, 130.7, 134.9, 140.7, 162.4 MS (ESI positive) m/z: 180.0 [M+H]"
(IM+H]* 180.01 required).

8-Fluoroquinolin-2(1H)-one 50d:
X "H NMR (400 MHz, CDCls) & (ppm): 6.75 (1H, d, J=9.60), 7.12-7.17 (1H,
N0 m), 7.25-7.30 (1H, m), 7.35 (1H, d, J= 7.88), 7.78 (1H, d, /= 9.61), 10.65
r H (1H, bs). *C NMR (100 MHz, CDCI5) & (ppm): 115.9 (d, J=17.18), 121.9
(d, J=2.99), 122.6 (d, J= 6.75), 123.3, 123.6 (d, J= 3.74), 127.7 (d, J= 12.84), 140.6, 149.7

(d, J=246.56), 163.0 ’F NMR (103 MHz, CDCI;) 8 (ppm): -134.16 MS (ESI positive) m/z:
164.0 [M+H]" ([M+H]" 164.04 required).

8-Bromoquinolin-2(1H)-one S0e:
X '"H NMR (400 MHz, CDCls) & (ppm): 6.68 (1H, d, J=9.55), 7.11 (1H, t,
N Yo J=785),7.53(1H, d, J=17.79),7.72 (1H, d, J= 9.25), 9.12 (1H, bs). BC
Br H NMR (100 MHz, CDCI3) 6 (ppm): 109.5, 121.4, 123.2, 123.7, 127.9,
134.0, 136.0 140.8, 162.5 MS (ESI positive) m/z: 224.0 [M+H]" ((M+H]" 223.96 required).
6-Methylquinolin-2(1H)-one 50f:
\©\/\I/\\ "H NMR (400 MHz, CDCls) & (ppm): 2.42 (3H,s), 6.74 (1H, d, J=9.41),
N Yo 7.35-7.42(3H,m), 7.80 (1H, d, J=9.40), 12.54 (1H, bs). 3C NMR (100
H MHz, CDCls) & (ppm): 21.2, 116.7, 120.6, 120.9, 127.7, 132.8, 133.1,
136.5, 141.7, 164.5 MS (ESI positive) m/z: 160.0 [M+H]" ((M+H]" 160.07 required).
General procedure for the synthesis of compounds 51a-b:

Quinolin-2(1H)-one derivatives 50a-b (1 equiv) and Wollins’ reagent (1.5 eq) in dry toluene
were refluxed for 4h. Upon cooling to room temperature, water was added and extracted

with ethyl acetate (20 mL x 3). The organic layer was dried over magnesium sulfate, filtered
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and evaporated under reduced pressure. The residue was purified by column

chromatography (hexane/ethyl acetate 70:30) to give the title compounds 51a-b.

quinoline-2(1H)-selenone 51a:

A Following the general procedure, 50a (1 equiv) and Wollins’ reagent (1.5
@le e equiv) gave 51a as red solid (yield 68%). 'H NMR (400 MHz, CDCI5) &
H (ppm): 7.10 (1H, d, J= 10.54 Hz), 7.37-7.42 (2H, m), 7.55-7.48 (2H, m),
7.72 (1H, dd, J= 7.79, 0.95). *C NMR (100 MHz, CDCl;) & (ppm): 116.9, 124.4, 125.9,

128.4, 132.0, 135.0, 135.3, 140.6 Se NMR (76 MHz, CDCls) & (ppm): 469.4 MS (ESI
positive) m/z: 210.0 [M+H]" ([M+H]" 209.97 required).

1-Methylquinoline-2(1H)-selenone 51b:

m Following the general procedure, 50b (1 equiv) and Wollins’ reagent (1.5
N Yge equiv) gave 51b as red solid (yield 98%). '"H NMR (400 MHz, CDCl;) &

CHy;  (ppm): 445 3H, s), 7.37-7.41 (1H, m), 7.47 (1H, d, J=9.02), 7.71-7.66
(3H, m) 8.02 (1H, d, J= 9.01). 3C NMR (100 MHz, CDCls) & (ppm): 42.8, 116.4, 125.1,
125.9, 129.4, 130.7, 131.7, 138.1, 141.7 ”’Se NMR (76 MHz, CDCL;) § (ppm): 646.7 MS
(ESI positive) m/z: 224.0 [M+H]" ((M+H]* 223.99 required).

Procedure for the synthesis of 1-bromo-2-(diethoxymethyl)benzene 53:

EtO. __OEt A solution of 2-bromobenzaldehyde 52 (1.0 equiv) was added to a solution
Br oftriethyl orthoformate (2 equiv) in EtOH under inert atmosphere (N,). The
solution was stirred at reflux overnight. The solution was quenched with
water and extracted with ethyl acetate. The organic layer was dried over magnesium sulfate,
filtered and evaporated under reduced pressure. The residue was purified by column
chromatography (hexane/ethyl acetate 90:10) to give the title compound 53 as colourless oil
(yield 97%). '"H NMR (400 MHz, CDCl;) & (ppm): 1.25 (6H, t, J= 7.06 Hz), 3.55-3.74 (4H,
m), 5.66 (1H, s), 7.17 (1H, td, /= 1.75, 7.75), 7.32 (1H, td, J= 0.92, 7.56), 7.54 (1H, dd, J=
1.08,7.97), 7.65 (1H, dd, J=1.71, 7.75). 3C NMR (100 MHz, CDCI5) & (ppm): 15.5, 62.8,
101.7, 123.3, 127.6, 128.6, 130.2, 133.1, 138.4. MS (ESI positive) m/z: 259.1 [M+H]"
([M+H]" 259.03 required).
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Procedure for the synthesis of 1,2-bis(2-(diethoxymethyl)phenyl)ditellane 54:

EtO. _OEt To a solution of 1-bromo-2-(diethoxymethyl)benzene 53 (1.0 equiv) in
Te anhydrous THF (10 mL) at -78°C under nitrogen, butyl lithium (1.7M,
2 15 equiv) was added. The solution was stirred for 1 h at -78°C prior to
the addition of freshly ground tellurium powder (1.0 equiv). After being stirred for 2 h at
ambient temperature, the solution was quenched with a saturated ammonium chloride
solution (10 mL) and extracted with ethyl acetate (20 mL x 3). The organic layer was dried
over magnesium sulfate, filtered and evaporated under reduced pressure. The residue was
purified by column chromatography (hexane/ethyl acetate 90:10) to give the title compound
54 as red oil (yield 90%). '"H NMR (400 MHz, CDCI3) & (ppm): 1.29 (12H, t, J= 7.07 Hz),
3.60-3.66 (8H, m), 5.54 (2H, s), 7.09 (2H, td, J= 1.47, 7.50), 7.23 (2H, td, J= 1.16, 7.47),
7.46 (2H, dd, J= 141, 7.61), 7.99 (2H, dd, J= 1.06, 7.77). ¥*C NMR (100 MHz, CDCls) &
(ppm): 15.7, 61.6, 103.1, 126.9, 127.5, 128.5, 129.9, 139.7, 140.7 2Te NMR (126 MHz,
CDCl3) 8 (ppm): 324.0 MS (ESI positive) m/z: 619.1 [M+H]* ([M+H]* 619.03 required).

Procedure for the synthesis of (2-(diethoxymethyl)phenyl)(methyl)tellane 55:

EtO_ _OEt Compound 54 was dissolved in ethanol (25 mL) followed by addition of
Te— sodium borohydride (4.0 equiv) at ambient temperature under nitrogen.

After being stirred for 30 min, iodomethane (2.0 equiv) was added and the

solution was allowed to stir overnight. The solution was quenched with a saturated
ammonium chloride solution (10 mL) and extracted with ethyl acetate (20 mL x 3), the
organic layer was dried over magnesium sulfate, filtered and evaporated under reduced
pressure. The residue was purified by column chromatography (hexane/ethyl acetate 90:10)
to give the title compound 55 as light yellow oil (yield 80%). '"H NMR (400 MHz, CDCls)
o (ppm): 1.26 (6H, t, J= 7.06 Hz), 2.06 (3H, s), 3.55-3.60 (4H, m), 7.16 (1H, td, J= 1.66,
7.43),7.22 (1H, td, J=1.35, 7.44), 7.55 (2H, td, J= 1.49, 7.68). *C NMR (100 MHz, CDCl;)
8 (ppm): 15.5, 15.6, 61.4,103.2, 126.5, 127.2, 128.5, 129.2, 134.5, 141.4 'Te NMR (126
MHz, CDCl;) & (ppm): 253.8 MS (ESI positive) m/z: 324.9 [M+H]" ((M+H]" 325.04

required).
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Procedure for the synthesis of 2-(methyltellanyl)benzaldehyde 56:

Ox In a round-bottom flask were added (2-
Te— (diethoxymethyl)phenyl)(methyl)tellane (55) and concentrated HCI (0.68
mL). After being stirred for 15 min at room temperature, the solution was
quenched with a saturated sodium hydrogen carbonate solution (10 mL) and extracted with
diethyl ether (10 mL x 3). The organic layer was dried over magnesium sulfate, filtered and
evaporated under reduced pressure. The residue was purified by column chromatography
(hexane/ethyl acetate=90:10) to give the title compound 56 as a yellow oil (yield 98%). TH
NMR (400 MHz, CDCls3) & (ppm): 2.01 (3H, s), 7.37 (1H, td, J= 1.17, 7.33), 7.43 (1H, td,
J=1.71,7.50), 7.61 (1H, d, J= 7.66), 7.82 (1H, dd, J=1.61, 7.43), 10.16 (1H, s). *C NMR
(100 MHz, CDCls) & (ppm): -16.0, 123.7, 125.8, 132.5, 133.9, 136.8, 137.3, 193.1 ®Te
NMR (126 MHz, CDCl;3) & (ppm): 417.3 MS (ESI positive) m/z: 260.0 [M+H]" ((M+H]"
250.96 required).

Procedure for the synthesis of (E)-3-(2-(methyltellanyl)phenyl)acrylic acid 57:

@) In a round-bottom flask was added 2-(methyltellanyl)benzaldehyde
(:(\)‘\OH (56) (1 equiv) and malonic acid (2.3 equiv)in a solution of
TS pyridine/piperidine (95/5). The solution was stirred at reflux overnight

and after it brought at 0°C was quenched with concentrated HCI. The precipitate was
collected and dried on air to give the title compound 57 as a yellow solid (yield 50%). 'H
NMR (400 MHz, CDCls) & (ppm): 2.17 (3H, s), 6.33 (1H, d, J= 15.69), 7.20 (1H, td, J=
1.41,7.53),7.32 (1H, td, J/=0.71, 7.62), 7.60 (1H, dd, J=1.37, 7.82), 7.79 (1H, dd, J= 1.05,
7.70), 8.16 (1H, d, J= 15.72). 3C NMR (100 MHz, CDCl3) & (ppm): -14.8, 119.1, 119.6,

127.3, 128.6, 130.8, 138.7, 139.1, 171.8 '2Te NMR (126 MHz, CDCl3) § (ppm): 258.7 MS
(ESI positive) m/z: 293.0 [M+H]* ((M+H]" 292.97 required).

Procedure for the synthesis of 2H-tellurochromen-2-one 58:

m In a round-bottom flask was added (E)-3-(2-(methyltellanyl)phenyl)acrylic
Te X0 acid (57) (1 equiv) and anhydrous ZnCl, (0.1 equiv) in a solution of

dichloromethyl methyl ether/ CCls (33/66). The solution was stirred at room temperature

overnight and the solvent was removed under reduce pressure. The crude product was
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dissolved in CS,, brought at 0°C and added AICl; (1 equiv). After 5 min the solution was
stirred at reflux for 30 minutes, quenched with HCI 3N and and extracted with diethyl ether.
The organic layer was dried over magnesium sulfate, filtered and evaporated under reduced
pressure. The residue was purified by column chromatography (hexane/ethyl acetate=90:10)
to give the title compound 58 as a yellow solid (yield 25%). "TH NMR (400 MHz, CDCl3) &
(ppm): 5.74 (1H, d, J= 11.60), 7.26-7.37 (2H, m), 7.69-7.72 (2H, m), 7.75-7.78 (1H, m) 13C
NMR (100 MHz, CDCls) 6 (ppm): 125.4, 125.7, 127.4, 130.1, 130.8, 135.5, 136.2, 145.9,
194.0 '>Te NMR (126 MHz, CDCls) & (ppm): 859.63 (d, J=19.96) MS (ESI positive) m/z:
261.0 [M+H]" ([M+H]" 260.95 required).

Carbonic anhydrase inhibition

An Applied Photophysics stopped-flow instrument has been used for assaying the CA
catalyzed CO» hydration activity.” Phenol red (at a concentration of 0.2 mM) has been used
as indicator, working at the absorbance maximum of 557 nm, with 20 mMHepes (pH 7.5)
as buffer, and 20 mM Na,SO4 (for maintaining constant the ionic strength), following the
initial rates of the CA-catalyzed CO, hydration reaction for a period of 10-100 s. The CO;
concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters
and inhibition constants. For each inhibitor at least six traces of the initial 5-10% of the
reaction have been used for determining the initial velocity. The uncatalyzed rates were
determined in the same manner and subtracted from the total observed rates. Stock solutions
of inhibitor (0.1 mM) were prepared in distilled-deionized water and dilutions up to 0.01 nM
were done thereafter with the assay buffer. Inhibitor and enzyme solutions were
preincubated together for 15 min at room temperature prior to assay, in order to allow for
the formation of the E-I complex. The inhibition constants were obtained by non-linear least-

squares methods using PRISM 3 and the Cheng—Prusoff equation.
Crystallization and X-ray data collection

Crystals of hCAII were obtained using the hanging drop vapor diffusion method using 24
well Linbro plate. 2 ul of 10 mg/ml solution of hCA II in Tris-HCI 20 mM pH 8.0 were
mixed with 2 pl of a solution of 1.5 M sodium citrate, 0.1 M Tris pH 8.0 and were
equilibrated against the same solution at 296 K. Crystals of the protein grew in one week.

Afterwards hCAII crystals were soaked in 5SmM inhibitor solution for 3 days. The crystals
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were flash-frozen at 100K using a solution obtained by adding 15% (v/v) glycerol to the
mother liquor solution as cryoprotectant. Data on crystals of the complexes were collected
using synchrotron radiation at the ID23-2 beamline at ESRF (Grenoble, France) with a
wavelength of 0.8731 A and a PILATUS3 2M Dectris detector. Data were integrated and
scaled using the program XDS.?? Data processing statistics were showed in supporting

information.
Structure determination

The crystal structure of hCA II (PDB accession code: 4FIK) without solvent molecules and
other heteroatoms was used to obtain initial phases of the structures using Refmac5* 5% of
the unique reflections were selected randomly and excluded from the refinement data set for
the purpose of Rfree calculations. The initial |Fo - Fc| difference electron density maps
unambiguously showed the inhibitor molecules. The inhibitor was introduced in the model
with 1.0 occupancy. Atomic models for inhibitors were calculated and energy minimized
using the program JLigand 1.0.40.3° Refinements proceeded using normal protocols of
positional, isotropic atomic displacement parameters alternating with manual building of the
models using COOT.”® Solvent molecules were introduced automatically using the program
ARP."" The quality of the final models were assessed with COOT and RAMPAGE.” Atomic
coordinates were deposited in the Protein Data Bank. Graphical representations were

generated with Chimera.”
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Summary of Data Collection and Atomic Model Refinement Statistics

PDB
Compound
Space group
Cell dimensions
a. b, c
alpha, beta, gamma
Resolution (A)
Resolution-high (A)
Rmerge
Rpim
CC%
I/sigl
Completeness (%)
Redundancy

Refinement
resolution (A)
unique reflections
Rwork/Rfree (%)
# atoms
Protein
metal (Zn)
ligand
water
B-factors (A?)
protein
metal (Zn)
ligand
water
r.m.s. deviations
Bond length (A)
Bond angle (°)

SULN
22
P2,

42.5,41.6,72.2

90, 104.5, 90
41.6-1.35
1.37-1.35

0.042 (0.284)

0.017 (0.124)

1.000 (0.948)
31.3(6.3)
94.0 (61.5)

73(6.1)

41.6-1.35
48038
10.6/14.3
2586
2230
1
21
327
13.8
129
57
17.1
273

0,015
1,783

SUMC
14
P2,

425,415,723
90, 104.4, 90

415-2.15
221-2.15

0.225 (0.793)
0.112 (0.396)
0.978 (0.755)

5.7 (2.0)
99.3 (92.4)
5.0(4.8)

41.5-2.15
12801
19.6/26.2
2252
2101
1
22
95
20.2
204
12.3
254
20.1

0,014
1,664

SWEX
10
P2;

42.5,41.5,72.4

90, 104.4, 90
411-126
128 126

0.076 (1.175)

0.034 (0.511)

0.999 (0.609)

10.6 (2.0)
96.9 (93.4)
6.8 (6.0)

41.1-1.26
60631
11.8/14.7
2464
2196
1
21
237
17.0
16.4
8.2
232
296

0,015
1,766
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PDB
Compound
Space group
Cell dimensions
a, b, c
alpha, beta, gamma
Resolution (A)
Resolution-high (A)
Rsym (%)
Rmeas (%)
CCY%

I/sigl
Completeness (%o)
Redundancy
Wavelength (A)
Refinement
resolution (4)
unique reflections
Rwork/Rfree (%)
Rfactor (%)
Rfree(%)

Ramachandran statistics (%)

Most favored
additionally allowed
outlier regions
B-factors (A2)
ligand
water
r.m.s. deviations
Bond length (A)
Bond angle (°)

6H3Q
2%¢
P2,

424, 41.4,72.1
90, 104.3, 90
41.36-1.31

1.40 - 131
142 (100.7)
15.7 (111.6)
0.996 (0.503)

6.0 (0.95)
100.0 (99.9)

5.4(5.3)

0.8731

4136-131
58339 (10448)
2824
1821
20.69

973
2.7
0.0

17.47

27.73

2774

0,0166
1,8364
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Biological Assays.

Human prostate cancer cell line PC3 and human breast cancer cell line MDA-MB-231 were
obtained from American Type Culture Collection (Rockville, MD). PC3 and MDA-MB-231
were cultured in DMEM high glucose with 20% FBS in 5% CO, atmosphere at 37° C. Media
contained 2 mM L-glutamine, 1% essential aminoacid mix, 100 TU ml penicillin and 100
ug ml'! streptomycin (Sigma, Milan, Italy). Cells were plated in 960 wells cell culture
(1:'10%well) and, 24 h after, treated with the tested compounds for 48 h. Low oxygen
conditions were acquired in a hypoxic workstation (Concept 400 anaerobic incubator,
Ruskinn Technology Ltd., Bridgend, UK). The atmosphere in the chamber consisted of 1%
O, (hypoxia), 5% CO,, and residual N,. In parallel, normoxic (21% O,) dishes were
incubated in air with 5% CO,. Cell vitality was assessed via MTT assay. Viability is
expressed as % in comparison to the control cells (arbitrarily set 100 % of viable cells). Data
are presented as mean = SEM. One-way ANOV A with a Bonferroni post-hoc test was used
to compare the treated samples to the control. A p-value less than 0.05 was considered to

indicate a significant difference.
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Chapter 4

CALIs as possible agents against Diabetic Cerebrovascular Pathology
4.1 Introduction

Diabetes is a chronic disease and according to official reports the world population affected
is expected to rise from 108 million in 1980 to 422 million in 2014.! Several complications
of diabetes associated with hyperglycemia lead to disruption of the microvasculature of
insulin-insensitive tissues in the eye, nerve, and brain.> These complications are mainly
caused by oxidative stress and lead to pericyte loss,** disruption of the blood—brain barrier
(BBB),>¢ and cognitive decline.”” The blood brain barrier (BBB) is largely composed by
endothelial cells and their close proximity are the cerebral pericytes.! Pericyte cells are
particularly susceptible to oxidative stress, which leads to cell death by apoptosis.'! A cause
of oxidative stress is the overproduction of superoxide as a byproduct during excess
respiration caused by influx of glucose in insulin sensitive tissues.? Mitochondrial carbonic
anhydrases hCA VA and VB play a central role in the metabolism of pyruvate, by sustaining

the rate of respiration'? (Figure 1).

Glucose

glycolysis

cytoplasm

oxaloacetate

CO; + HyO <—> HCO5 +H*

Mitochondrion mitochondrial ETC
CAVAeCAVB
superoxide
Krebs cycle i
NADH, FADH, ROS
apoptosis

Figure 1. Mitochondrial CAs in ROS production and its role in brain pericytes apoptosis.
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Pyruvate is the end-product of glucose glycolytic pathway in the cytosol. Pyruvate enters the
mitochondria where it is carboxylated to oxaloacetate. In this step, the production of
bicarbonate anion required for carboxylation is produced by mitochondrial hCAs through
reversible reaction between water and carbon dioxide (CO, + H,O & HCO; + H").V
Oxaloacetate, when entering the Krebs cycle, produces FADH, and NADH, which are
carried out to the electron transfer chain (ETC) to generate ATP. Oy is a by-product of ETC
reactions and it is the precursor of all ROS. The high activity of the Krebs cycle produces a
high potential of mitochondrial membrane and this, inhibits the transport of electrons to the
complex III increasing the half-life of the free radicals of the coenzyme Q, which reduces
0O, to O,". Mitochondrial CA isoform VA was identify as a one of major contributor to brain
diabetic disease,!* moreover, was discover that hCAs IX and XII are recently implicated in
ischemia-induced cerebrovascular pathology'4, make these enzymes attractive drug targets
for obtaining agents that can interfere with these deleterious processes. This may lead to
novel strategies to prevent diabetic complications in the brain and possibly in other insulin-

Insensitive tissues.

Sulfonamides are a widely investigated class of CAls, and among these acetazolamide
(AAZ) zonisamide (ZNS) and topiramate (TPM) are the best known representatives '3
(Figure 2).

0
o NN 0O T e
A OSNH, 0N A ¢
NS4 H T, 0-SO:NH,
H Ho% SO,NH,
AAZ TPM ZNS

Figure 2. Structures of hCAs inhibitors: acetazolamide (AAZ), topiramate (TPM) and
zonisamide (ZNS).

The low CA isoform selectivity as well as the ability of Topiramate to interfere with other

metabolic pathways, results in serious side effects,!s?

and in many cases it is not well
tolerated by patients. Thus, it is essential to develop newer drugs having better isoform

selectivity and thus fewer side effects.
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4.2 Discussion

Our drug design started from the idea to combine the primary sulfonamide moiety as typical
zinc binding group (ZBG) with the interesting antioxidant proprieties of organo-selenium
scaffolds.?'"* Thus, we investigated different selenides incorporating a benzenesulfonamide
moiety as carbonic anhydrase inhibitors (CAI). The synthetic approach towards the synthesis
of diselenide 3 is shown in Scheme 1. The diazonium salt of sulfanilamide was prepared by
reaction of 1 with sodium nitrite in the presence of acid (Sandmeyer reaction) and used as
key intermediate for the synthesis of compound 2. Successively, the selenocyanate
derivative 2 was easily converted into the diselenide 3 as reported previously by our group**

(Scheme 1).

SO,NH, SO,NH,
i) HCI, NaNO, NaBH, Sey,
ii) KSeCN 1. Q
ii) KSe EtOH r.t H,NO,S

NHz SeCN

1 2 3

Scheme 1. Synthesis of selenocyanate 2 and diselenide 3 bearing benzenesulfonamide

moiety

Thereafter, 3 was reduced with NaBH, to the corresponding selenolate, which in turn was
treated in situ with the appropriate halo-alkyl moieties 4a-j, affording the selenides 5a-j in

good yield (Table 1).
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Table 1: Synthesis of selenides bearing benzenesulfonamide moiety 5a-j.

Seb i) NaBH, EtOH r.t. /©/Se'R
H.-NO S/i: ii) X-Alkyl (2.1 eq.) 4a-j H-NO-S
2N X=CI, Br. 1 SR

3 EtOH reflux, 3h Sa-j

Entry X-Alkyl Product

5
Se
4a HzNOZS

Al X
z Q A@
Br HzNOZS

4b
Se\
3 ICH,
de H,NO,S 5c
Se
4 /L /©/ ]/
Br H,NO,S
4d
Se \/\
5 A Br O
4e H,NO,S 5e
Se. X
6 N Br
i H,NO,S 5f
Se_
7 /&\/Br N
Br /@/SQ/\/\
8
/\/\/ H,NO,S
4h
Br Se
o (Y 0
H,NO,S
4i i
Se A
_a O 0
10 0 H,NO,S
4j Si
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In order to propose an alternative way to access the target compounds, we sought to achieve
selenides from the selenocyanate 2, thus avoiding the synthesis of the diselenide 3. We were
pleased to observe that selenides 5a-j were obtained by nucleophilic substitution with the

selenolate, in situ generated by reducing 2, as reported in Scheme 2.

NaBH,

Se
o e AT
H,NO,S EtOH, rt., 1 h |H2NO2S

2
X-R | rt toreflux,3 h

4a-j
(2.1eq.)| X=ClBrI

H,NO,S

Sa-j

Scheme 2. Synthesis of selenides 5a-j bearing benzenesulfonamide moiety

In order to access different benzenesulfonamide with a seleno aromatic tail (9), the procedure
started with synthetized 4-(bromomethyl)benzenesulfonamide 7 as reported in Scheme 3.

The compound 7 was synthesized following the method of Naganawa et al.?®

SO,CI SO,NH,
NH,OH
_— =
THF
Br Br
6 7

Scheme 3. Synthesis of 4-(bromomethyl)benzenesulfonamide 7

Finally, the selenide 9 was obtained from reduction of diphenyldiselenide 8 with NaBH, and
in situ was added sulfonamide 7 to afford in good yield the selenide 9 as outlined in scheme

4.
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SO,NH, SO,NH,
/@ NaBH, Se”
SeSe —_ > + —
@f EtOH, r.t. /@
Br Se
8 7 9

Scheme 4. Synthesis of 4-((phenylselanyl)methyl)benzenesulfonamide 9

In this study the CA inhibition profile of compounds 2, 3, Sa-j and 9 was investigated against
six human isoforms such as the physiologically relevant CA I, II, VA, VB, VII and IX by
means of the stopped-flow carbon dioxide hydration assay.?® Their activities were compared

to the standard CAls acetazolamide (AAZ) and topiramate (TPM) (Table 2).

Table 2. Inhibition constants of hCA I, hCA II, hCA VA, hCA VB, hCA VII and hCA IX with
compounds 2, 3, 5a-j, 9 and AAZ by a stopped-flow CO; hydrase assay*®

K: (nM)*
Compound hCA 1 hCAIlL hCAVA hCAVB  hCAVI  hCAIX*
3 95.6 531 8.2 59 71 93
3 1522.7 79 7.3 55 405 B
5a 338.3 3553 5.4 46.8 ] 24
5b 256.8 93 5.1 36.0 031 87
5S¢ 352.2 732 73 313 4.6 2.7
5d 9.7 69.9 7.1 57 0.28 24
Se 5.2 36.5 6.9 45.1 0.27 2.6
sf ) 9.3 5.8 irds: 025 27
5g 2935 76 Zd 16.8 2.0 22
5h 297.1 70.8 2.9 12.3 0.38 2.6
Si 219 6.3 8.8 {98 0.24 2.6
5§ 261.7 412 40 55 0.77 12.0
9 226.1 53.0 5.4 19.1 6.6 27
TPM 250.0 10.0 63.0 30.0 9.0 58.0
AAZ 250.0 12.1 63.0 54.0 25 25.8

* Mean from three determinations by a stopped-flow, CO: hydrase method. Standard errors were in
the range of 5—-10% of the reported values.

* Catalytic domain
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One goal of this study was to generate compounds containing organoseleno scaffolds with
antioxidant properties to improve the selectivity in targeting the mitochondrial hCAs (VA
and VB) when compared to the clinically used topiramate inhibitor (TPM). For the
preliminary investigation, we tested the key intermediates 2 and 3 and we observed that the
replacement of the selenocyanate group by a diselenide was well tolerated except for the
hCA I (K 1522.7 nM for 3 against h CA I). The following structure—activity-relationship
(SAR) for selenides 5a-j and 9 were observed by analyzing CA the inhibition data in Table
2. The inhibition profile of hCA I was comparable to standards AAZ and TPM, except for
5d-f and Si. These compounds showed an activity 10 times greater for 5i and over 25 times
greater for Sd-f. The other dominant cytosolic isoform, hCA II, was inhibited by almost all
selenides with an inhibition constant in the medium nanomolar range except for compound
5a in high nanomolar range (K; 6.3 to 355 nM). An interesting inhibition profile was
observed for the mitochondrial isoform hCA VA. All compounds were potent inhibitors with
an activity in the low nanomolar range (K; 2.9 to 8.8 nM). On the other hand, the small and
cyclic moieties found in 5S¢, 5d and Si led to less active inhibitors. This potency was
substantially higher than for the reported standards, thus, these compounds were excellent
candidates for follow-up cell-based studies. In addition, the second mitochondrial isoform
hCA VB was also well inhibited by almost all selenides reported here. An interesting case
was offered by compounds 5a with 5j with the latter being nearly 10 folds more potent. The
differences in structures are represented by a hydroxyl vs a methoxy moiety respectively.
The last cytosolic human isoform here studied, hCA VII, was also strongly inhibited by
selenides 5a-j with inhibition constants spanning from the subnanomolar (K; 0.24 nM) to
the medium nanomolar range (K; 27.4 nM). Compound 5a, this time, showed a potency of
inhibition 35 fold less than the compound incorporating the methoxyl tail (5j). The
transmembrane isoform hCA IX was effectively inhibited by all compounds here reported
with Kis in the range of 2.2—12 nM. The SAR is almost absent in this case as all selenides
showed a very comparable behavior as potent hCA IX inhibitors. In addition, hCA IX is not
only implicated in ischemia-induced cerebrovascular pathology'* but its expression is
upregulated in a wide type of hypoxic tumors, thus several of these compounds may have

potential as anticancer therapeutics.
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The hCA II complex with compound Se was studied by means of X-ray experiments (Figure

3)‘27

Figure 3. Whole protein hCA II with 5e bound (A) and active site region of the hCA 1I/5e
complex (B) (PDB code: 6CEH).

Active site analysis of selenide 5e showed that the sulfonamide moiety of inhibitor was
tightly coordinated to the Zn (II) ion by a binding mode to the protein similar to other CAls
containing the same ZBG.?’ Additionally, hydrophobic residues which are in relatively close
proximity of the inhibitor scaffold are shown around the alkyl chain of compound Se (Figure

3B).

Some selected compounds (3, 5a, 5d, 5h and 5j), chosen among those possessing an
interesting inhibitory profile against the mitochondrial hCA VA and VB, were tested to
evaluate their effects on the viability of rat brain endothelial (RBE4) cells, cultured in
oxidative stress condition in the presence of glucose oxidase (GOx). First of all, we evaluated
the cytotoxicity of the tested compounds against RBE4 and the cell viability is shown in
Figure 4.
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Figure 4. RBE4 cell viability (4x10* cell/well) following 24h- incubation with compounds
3, 5a, 5d, 5h, 5j at 10, 30, 100 pM. *p<0.001 versus control

Diselenide 3 was significantly cytotoxic, inducing a mortality of about 50% at a
concentration of 30 puM. All other selenides here reported proved to be safe at low
concentrations. One should note that a decrease of cell viability was measured at high
concentrations (100 uM), after 24h treatment with compounds Sa and Sh. The safe
compounds 5a, 5d, Sh and 5j were evaluated as possible scavengers of oxidative stress by
GOx. RBEA4 cells were incubated with glucose oxidase in two concentrations (0.1 U/mL and

0.3 U/mL) and selenides. The results are shown in Figure 5.
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Figure 5. RBE4 cells (4x104 cell/well) were incubated 1h with GOx (0.1, 0.3 U/ml) and 5a,
5d, 5h, 5j. (10 and 30 uM, also 100 uM, when it was not cytotoxic) and the following 24h
they recovered in culture medium with the compounds at the same concentrations. **p<0.01,

**%p<0.001 versus control; *p<0.05 vs GOX 0.1 U/ml

Cell viability of control decrease up to 40% with enhancement of GOx. Among the tested
compounds, only the selenide 5j showed good protection of cerebral endothelial cells from
GOx damage at the higher dose (100 uM). The other selenides, did not show any significant

scavenger activity in this assay conditions.

4.3 Conclusions

We synthesized, kinetically determined and studied the binding modes, by means of X-ray
co-crystallographic adducts, of a novel series of selenides which behave as potent
mitochondrial CA inhibitors. Compound 5j proved to be effective as a scavenger agent on
RBE4 cell line. Selective binding to mitochondrial CA is an important undertaking for
targeting diabetic cerebrovascular pathology and is challenging with classical
pharmacologically used sulfonamide/sulfamate CA inhibitors. The findings reported here
are of substantial interest and highlight the potential of selenides bearing
benzenesulfonamide groups to be exploited for the discovery of potent, mitochondrial-

selective CA inhibitors.
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4.4 Experimental data
General

Anhydrous solvents and all reagents were purchased from Sigma-Aldrich, Alfa Aesar and
TCI. All reactions involving air- or moisture-sensitive compounds were performed under a
nitrogen atmosphere using dried glassware and syringes techniques to transfer solutions.
Nuclear magnetic resonance (‘H-NMR, *C-NMR, F NMR, 7’Se-NMR) spectra were
recorded using a Bruker Advance 111 400 MHz spectrometer in DMSO-ds. (PhSe), was used
as an external reference for ’Se NMR (8 = 461 ppm). Chemical shifts are reported in parts
per million (ppm) and the coupling constants (J) are expressed in Hertz (Hz). Splitting
patterns are designated as follows: s, singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet;
brs, broad singlet; dd, double of doublets. The assignment of exchangeable protons (OH and
NH) was confirmed by the addition of D,O. Analytical thin-layer chromatography (TLC)
was carried out on Merck silica gel F-254 plates. Flash chromatography purifications were
performed on Merck Silica gel 60 (230-400 mesh ASTM) as the stationary phase and ethyl
acetate/n-hexane were used as eluents. Melting points (mp) were measured in open capillary
tubes with a Gallenkamp MPD350.BM3.5 apparatus and are uncorrected. The solvents used
in MS measures were acetone, acetonitrile (Chromasolv grade), purchased from Sigma-
Aldrich (Milan - Italy), and mQ water 18 MQ, obtained from Millipore's Simplicity system
(Milan-Italy). The mass spectra were obtained using a Varian 1200L triple quadrupole
system (Palo Alto, CA, USA) equipped by Electrospray Source (ESI) operating in both
positive and negative ions. Stock solutions of analytes were prepared in acetone at 1.0 mg
mL! and stored at 4°C. Working solutions of each analyte were freshly prepared by diluting
stock solutions in a mixture of mQ H,O/ACN 1/1 (v/) up to a concentration of 1.0 pg mL"!
The mass spectra of each analyte were acquired by introducing, via syringe pump at 10 pL
min”!, of the its working solution. Raw-data were collected andprocessed by Varian

Workstation Vers. 6.8 software.
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Procedure for the synthesis of compound 2:

SeCN A suspension of 4-Aminonenzenesulfonamide 1 (1,72 g, 10

HLNO,S /©/ mmol) in H>O (6 mL ) with HCI (11 mL, 32 %) was cooled down
to -5°C. Then, an aqueous solution of NaNO» (1.2 eq) was added

dropwise and the mixture was kept stirring at the same temperature until a persistent pale
yellow solution was formed (5-10 min). The resulting diazonium salt, kept at -5°C, was
added KSeCN (1.2 eq). The reaction solution was stirred for 2 hours at the same temperature.
The product was filtered off, washed with H,O, dried under vacuo, and purified by flash
column chromatography eluting with 1:1 mixture of hexane/ethyl acetate. (1.79 g, 83%). 'H
NMR (400 MHz, DMSO-ds) 6 (ppm): 7.95 (2H, d, J=8.61), 7.89 (2H, d, J=8.68), 7.52 (2H,
bs, NH,, exchange with D20). 3C NMR (100 MHz, DMSO-ds) & (ppm): 145.5, 134.1,
129.8,127.9,105.9. 7Se NMR (76 MHz, DMSO-ds) & (ppm): 340.0. MS (ESI negative) m/z

(%): 261 [M-HT; (IM-H] 260.93 required).
General procedure for synthesis of Compound 3:

SO,NH, NaBHj4 (3 mmol) was added in small portions with
caution to a solution of 4-
selenocyanatobenzenesulfonamide 2 (3 mmol) in

Se—Se absolute ethanol (40 mL). The mixture was stirred

HZNOZS/©/ at room temperature for 2 h. The solvents were
removed under vacuum by rotary evaporation and

the residue was treated with water. The mixture was extracted with ethyl acetate, dried with

anhydrous Na;SOs, and purified by crystallization from EtOH. (529 mg, 75%). '"H NMR

(400 MHz, DMSO- dy) 8 (ppm): 7.87 (2H, d, J=8.31), 7.79 (2H, d, J=8.36), 7.43 (2H, bs,

NH_, exchange with D,0). ¥C NMR (100 MHz, DMSO- ds) & (ppm): 144.3, 135.2, 131.5,

127.5.77Se NMR (76 MHz, DMSO- ds) 8 (ppm): 446.7. MS (ESI negative) m/z (%):471 [M-

H]; ([M-H] 470.86 required)

General procedure for Synthesis Compounds 5a-j from diselenide 3:

NaBH4 (23 mg, 0.60 mmol, 3.0 eq.) was portionwise added to a solution of 4,4'-
diselanediyldibenzenesulfonamide 3 (94 mg, 0.20 mmol, 1.0 eq.) in EtOH (2 mL) at 0°C
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under inert atmosphere (N2). After 30 min, the halo-alkyl 4a-j (0.36 mmol, 2.1 eq.) was
slowly added and the reaction mixture was stirred at reflux for 3 h, until complete
consumption of the starting material was observed by TLC. The reaction was quenched by
addition of saturated aq. NH4Cl (2 mL) and diluted with EtOAc (5 mL). The layers were
separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried over Na,SOy,
filtered and concentrated under vacuum. The crude material was purified by flash

chromatography to yield selenides (5a-j) bearing benzenesulfonamide moiety.
4-((2-hydroxyethyl)selanyl)benzenesulfonamide Sa:

SO,NH, Following the general procedure, 4,4'-
/©/ diselanediyldibenzenesulfonamide 3 (100 mg, 0.21 mmol)
HO\/\S€ and chloroethanol 4a (30 pl, 0.44 mmol) gave after flash
chromatography (hexane/EtOAc 1:1) 5a (80 mg, 68%). 'H NMR (400 MHz, DMSO- ds) &
(ppm): 7.73 (2H, d, J = 8.62 Hz), 7.66 (2H, d, J = 8.64 Hz), 7.37 (2H, bs, NH3, exchange
with D,0), 5.06 (1H, t, /= 5.5 Hz, OH), 3.69 (2H, dd, /= 6.82, 12.39 Hz), 3.16 2H, t, J =
6.90 Hz). *C NMR (100 MHz, DMSO-ds) 8 (ppm): 30.1, 61.4, 127.1, 131.1, 137.1, 142.6.
7Se NMR (76 MHz, DMSO-ds) & (ppm): 268.5. MS (ESI negative) m/z: 280 [M-H]; ( [M-
H] 279.96 required)

4-(phenethylselanyl)benzenesulfonamide Sb:

SO,NH, Following the general procedure, 4.4'-

@\A /©/ diselanediyldibenzenesulfonamide 3 (100 mg, 0.21

3¢ mmol) and (2-bromoethyl)benzene 4b (60 pl, 0.44

mmol) gave after flash chromatography (hexane/EtOAc 1:1) 5b (99 mg, 69%). '"H NMR

(400 MHz, DMSO- dy) 6 (ppm): 7.74 (2H, d, J = 8.50 Hz), 7.67 (2H, d, J = 8.61 Hz), 7.38

(2H, bs, NH;, exchange with D,0), 7.36-7.26 (5H, m), 3.35 (2H, m), 3.01 2H, t,J=7.74

Hz). BC NMR (100 MHz, DMSO-dj) & (ppm): 28.1, 36.3, 127.1, 127.3, 129.3, 131.1, 137.0,
141.4, 142,7. MS (ESI negative) m/z: 340 [M-H]; ( [M-H] 340.0 required)
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4-(methylselanyl)benzenesulfonamide S-c:

SO,NH, Following the general procedure, 4,4'-

S e/©/ diselanediyldibenzenesulfonamide 3 (100 mg, 0.21 mmol) and

iodomethane 4¢ (27 pl, 0.44 mmol) gave after flash chromatography

(hexane/EtOAc 1:1) 5¢ (63 mg, 60%). "H NMR (400 MHz, DMSO- ds) 6 (ppm): 7.73 (2H,

d, J=8.59 Hz), 7.60 (2H, d, J=8.61 Hz), 7.36 (2H, bs, NH3, exchange with D,0), 2.45 (3H,

s). BC NMR (100 MHz, DMSO-ds) & (ppm):7.1, 127.0, 129.6, 138.5, 142.2. MS (ESI
negative) m/z: 250 [M-H]; ( [M-H] 249.95 required)

~

4-(isopropylselanyl)benzenesulfonamide 5-d:

SO,NH, Following the general procedure, 4,4'-

)\S e/©/ diselanediyldibenzenesulfonamide 3 (100 mg, 0.21 mmol) and 2-

Bromopropane 4d (41 pl, 0.44 mmol) gave after flash

chromatography (hexane/EtOAc 1:1) 5d (79 mg, 68%). 'TH NMR (400 MHz, DMSO- ds) &

(ppm): 7.76 (2H, d, J = 8.51 Hz), 7.70 (2H, d, J = 8.53 Hz), 7.40 (2H, bs, NH», exchange

with D,0), 3.76 (1H, m), 1.45 (6H, d, J = 6.79 Hz). 3*C NMR (100 MHz, DMSO-ds) &

(ppm):24.6, 33.9, 127.1, 133.2, 136.3, 143.2. MS (ESI negative) m/z: 278 [M-H]’; ( [M-H]
277.98 required)

4-(allylselanyl)benzenesulfonamide 5-e:

\ SO,NH, Following the general procedure, 4,4'-
\L /©/ diselanediyldibenzenesulfonamide 3 (100 mg, 0.21 mmol) and
S¢ Allyl bromide 4e (38 upl, 0.44 mmol) gave after flash
chromatography (hexane/EtOAc 1:1) Se (63 mg, 54%). '"H NMR (400 MHz, DMSO- ds) &
(ppm): 7.73 (2H, d, J = 8.14 Hz), 7.66 (2H, d, J = 8.16 Hz), 7.37 (2H, bs, NH3, exchange
with D,0), 6.0-5.9 (1H, m), 5.2 (1H, dd, /=0.92, 16.9 Hz), 5.02 (1H, dd, /= 0.88, 9.98 Hz),
3.78 (2H, d, , J=7.32 Hz) . ¥*C NMR (100 MHz, DMSO-ds) & (ppm): 29.7, 118.5, 127.0,
131.8, 135.0, 136.4, 143.0. MS (ESI negative) m/z: 276 [M-H]’; ( [M-H] 275.97 required)
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4-(prop-2-yn-1-ylselanyl)benzenesulfonamide 5-f:

X SO,NH, Following the general procedure, 4,4'-
\LS e/©/ diselanediyldibenzenesulfonamide 3 (100 mg, 0.21 mmol) and

Propargyl bromide 4f (39 pl, 0.44 mmol) gave after flash
chromatography (hexane/EtOAc 1:1) 5f (57 mg, 50%). "H NMR (400 MHz, DMSO- ds) &
(ppm): 7.78 (2H, d, J = 8.59 Hz), 7.68 (2H, d, J = 8.61 Hz), 7.40 (2H, bs, NH,, exchange
with D,0), 6.54 (1H, t,J=6.26 Hz), 5.09 (2H, d, J= 6.26 Hz). *C NMR (100 MHz, DMSO-
ds) & (ppm):14.8, 76.1, 78.3, 127.3, 131.0, 136.9, 143.3. MS (ESI negative) m/z: 274 [M-H]

; ([M-H] 273.95 required)

4-(but-2-yn-1-ylselanyl)benzenesulfonamide 5g:

Following the general procedure, 4,4'-

\sL SONHp .
/©/ diselanediyldibenzenesulfonamide 3 (100 mg, 0.21 mmol)
Se and 1-Bromo-2-butyne 4g (39 pl, 0.44 mmol) gave after flash
chromatography (hexane/EtOAc 1:1) 5g (64 mg, 53%). '"H NMR (400 MHz, DMSO- ds) &
(ppm): 7.76 (2H, d, J = 8.52 Hz), 7.69 (2H, d, J = 8.58 Hz), 7.39 (2H, bs, NH,, exchange
with D,0), 3.83 (2H, dd, J=2.56, 5.19 Hz), 1.81 (3H, t,J=2.57 Hz). *C NMR (100 MHz,
DMSO-ds) & (ppm): 4.2, 12.8, 76.6, 80.5, 127.0, 131.3, 136.6, 143.0. MS (ESI negative)

m/z: 288 [M-HJ; ( [M-H] 287.97 required)

4-(pentylselanyl)benzenesulfonamide Sh:

SO,NH, Following the general procedure, 4,4'-
/©/ diselanediyldibenzenesulfonamide 3 (100 mg, 0.21

\/\/\Se

mmol) and 1-bromopentane 4h (55 pl, 0.44 mmol) gave
after flash chromatography (hexane/EtOAc 1:1) Sh (77 mg, 60%). '"H NMR (400 MHz,
DMSO- dy) & (ppm): 7.73 (2H, d, J=8.59 Hz), 7.64 (2H, d, /= 8.63 Hz), 7.35 (2H, bs, NH,
exchange with D,0), 3.09 (2H, t, J=7.37 Hz), 1.71 (2H, m), 1.38 (4H, m), 0.89 (3H, t, J =
7.18 Hz). BC NMR (100 MHz, DMSO-ds) 6 (ppm):14.7,22.4,27.1,29.9,32.2,127.1, 131.1,
137.1, 142.6. MS (ESI negative) m/z: 306 [M-H]; ([M-H] 306.01 required)
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4-(cyclohexylselanyl)benzenesulfonamide Si:

SO,NH, Following the general procedure, 4,4'-
O\S e/©/ diselanediyldibenzenesulfonamide 3 (100 mg, 0.21 mmol) and

Bromocyclohexane 4i (54 pl, 0.44 mmol) gave after flash
chromatography (hexane/EtOAc 1:1) 5i (96 mg, 72%). '"H NMR (400 MHz, DMSO- ds) &
(ppm): 7.75 (2H, d, J = 8.61 Hz), 7.69 (2H, d, J = 8.64 Hz), 7.37 (2H, bs, NH», exchange
with D,0), 3.60 (1H, m), 2.02 (2H, m), 1.72 (2H, m), 1.70-1.32 (6H, m). *C NMR (100
MHz, DMSO-ds) & (ppm): 26.1, 26.9, 34.4, 43.0, 127.1, 133.2, 135.7, 143.2. MS (ESI

negative) m/z: 318 [M-HJ; ([M-H] 318.01 required)

4-((2-methoxyethyl)selanyl)benzenesulfonamide 5j:

/©/ SO,NH, Following the general procedure, 4,4'-

/O\/\Se diselanediyldibenzenesulfonamide 3 (100 mg, 0.21 mmol)

and 2-Chloroethyl methyl ether 4j (40ul, 0.44 mmol) gave
after flash chromatography (hexane/EtOAc 1:1) 5j (108 mg, 87%). '"H NMR (400 MHz,
DMSO- dy) & (ppm): 7.73 (2H, d, J=8.64 Hz), 7.67 (2H, d, /= 8.68 Hz), 7.38 (2H, bs, NH,
exchange with D,0), 3.65 (2H, t, J = 6.64 Hz), 3.30 (3H, s), 3.26 (2H, t, J = 6.64 Hz). *C
NMR (100 MHz, DMSO-ds) 6 (ppm): 26.5, 58.7,71.9,127.1, 131.1, 136.9, 142.7. MS (ESI
negative) m/z: 294 [M-HJ; ( [M-H] 293.98 required)

General procedure for the synthesis of selenides Sa-j from selenocyanate 2:

NaBHs (30 mg, 0.80 mmol, 4.0 eq.) was portionwise added to a solution of 4-
selenocyanatobenzenesulfonamide 2 (52 mg, 0.20 mmol, 1.0 eq.) in EtOH (2 mL) at room
temperature under inert atmosphere (N,). After 1 h, the halo-alkyl compounds 4a-j (0.20
mmol, 1.0 eq.) was slowly added and the reaction mixture was stirred at reflux for 3 h, until
complete consumption of the starting material was observed by TLC. The reaction was
quenched by addition of saturated aq. NH4Cl (2 mL) and diluted with EtOAc (5 mL). The
layers were separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried
over Na,SQOys, filtered and concentrated under vacuum. The crude material was purified by

flash chromatography to yield selenides bearing benzenesulfonamide moiety 5a-j.
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General procedure for the synthesis of sulfonamide 7:

SO,NH, 4-(bromomethyl)benzenesulfonyl chloride 6 (10 mmol) was added to a
solution of THF (40 mL). 2.8 ml of ammonium hydroxide solution (30%) was
added at 0° C and the mixture stirred at room temperature for 1 h. The reaction

Br mixture was quenched with water and extracted with ethyl acetate, dried with
anhydrous Na,SO4, and concentrated to yield 6. (2,94 g, 95%). 'H NMR (400 MHz, DMSO-
ds) o (ppm): 7.84 (2H, d, /=8.37), 7.67 (2H, d, J=8.39), 7.42 (2H, bs, NH3, exchange with
D,0), 4.80 (2H, s). *C NMR (100 MHz, DMSO- ds) & (ppm): 33.9, 127.0, 130.7, 142.8,
144.7.

General procedure for the synthesis of selenide 9:

SO,NH, NaBH4 (32 mg, 0.85 mmol, 4.0 eq.) was portionwise added to a solution of
diphenyldiselenide 8 (100 mg, 0.21 mmol, 1.0 eq.) in EtOH (5 mL) at room
temperature under inert atmosphere (N>). After 30 min, sulfonamide 7 (105

/@ mg, 0.42 mmol, 2.0 eq.) was slowly added and the reaction mixture was

se stirred at room temperature for 3 h, until complete consumption of the

starting material was observed by TLC. The reaction was quenched by addition of saturated
aq. NH4CI (2 mL) and diluted with EtOAc (5 mL). The layers were separated and the
aqueous layer was extracted with EtOAc (2 x 5 mL), dried over Na;SO,, filtered and
concentrated under vacuum. The crude material was purified by flash chromatography

(hexane/EtOAc 1:1) to yield selenide 9. (116 mg, 85%). "TH NMR (400 MHz, DMSO- ds) &

(ppm): 7.72 (2H, d, J = 8.36 Hz), 7.651 (2H, dd, J = 1.72, 7.76 Hz), 7.47 (2H, d, J = 8.36

Hz), 7.33-7.31 (5H, m), 4.33 (2H, s). *C NMR (100 MHz, DMSO-ds) & (ppm):30.6, 126.6,

128.0, 130.1, 130.7, 133.0, 143.3, 144.1. ’Se NMR (76 MHz, DMSO-ds) & (ppm): 373.5

MS (ESI negative) m/z: 326 [M-H]; ( [M-H] 325.98 required)
Carbonic anhydrase inhibition

An Applied Photophysics stopped-flow instrument has been used for assaying the CA
catalyzed CO, hydration activity.?® Phenol red (at a concentration of 0.2 mM) has been used
as indicator, working at the absorbance maximum of 557 nm, with 20 mMHepes (pH 7.5)

as buffer, and 20 mM Na,SO4 (for maintaining constant the ionic strength), following the
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initial rates of the CA-catalyzed CO, hydration reaction for a period of 10—100 s. The CO
concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters
and inhibition constants. For each inhibitor at least six traces of the initial 5-10% of the
reaction have been used for determining the initial velocity. The uncatalyzed rates were
determined in the same manner and subtracted from the total observed rates. Stock solutions
of inhibitor (0.1 mM) were prepared in distilled-deionized water and dilutions up to 0.01 nM
were done thereafter with the assay buffer. Inhibitor and enzyme solutions were
preincubated together for 15 min at room temperature prior to assay, in order to allow for
the formation of the E-I complex. The inhibition constants were obtained by non-linear least-

squares methods using PRISM 3 and the Cheng—Prusoff equation.
Protein X-ray Crystallography

The protein was concentrated to about 7 mg/mL and set up in SD2 crystallization plates
(Molecular Dimensions) with the following ratio of protein plus reservoir: 200 nL + 200 nL.
The plate was incubated at 8 °C and the reservoir conditions consisted of 2.6 to 3.0 M
ammonium sulfate with 0.1 M Tris buffer at pH 8.0 to pH 8.5. Dry compound was added to
the crystallization drops after crystals had formed and several days before data were
collected. 360 frames of one degree oscillation were obtained from the MX1 beamline of the
Australian Synchrotron. The data were indexed using XDS?® and scaled using Aimless.?’
Molecular replacement was done using Phaser® using 4cq0 as the initial starting model. The
model was manually rebuilt using Coot’! and refined using Refmac.*? The compound was
placed in density using the program Afitt (OpenEye Scientific Software) and further refined

using Refmac.
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Summary of Data Collection and Atomic Model Refinement Statistics

PDB
Compound
Space group
Cell dimensions
a.b, ¢
alpha, beta, gamma
Resolution (A)
Resolution-high (A)
Rmerge
Rpim
CC%
1/sigl
Completeness (%)
Redundancy

Refinement
resolution (A)
unique reflections
Rwork/Rfree (%)
# atoms
Protein
metal (Zn)
ligand
water
B-factors (A?)
protein
metal (Zn)
ligand
water
r.m.s. deviations
Bond length (&)
Bond angle (°)

6CEH
Se
P2,

425,415,725
90, 104.5, 90
41.5-143
1.46-1.43
0.092 (0.590)
0.037 (0.240)
0.998 (0.864)
17.1 (33)
993 (95.9)
7.1(6.8)

41.5-1.43
42805
152/208

13,6
248

0,017
1,916
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Biological Assays
Cell culture and treatment

Rat brain endothelial cells RBE4 were obtained from American Type Culture Collection
(Rockville, MD) and were cultured in MEM Alpha/NutriHam F-10 in 1:1 ratio (Thermo
Fisher Scientific, Italy) , supplemented with 10% fetal bovine serum, 0.1% basic fibroblast
growth factor, 100 IU mL™ penicillin and 100 pg mL ™" streptomycin (Sigma, Milan, Italy)
at 37°C in humidified, 5% CO; atmosphere. 4 x 104 cells per well were plated in 96-well
plates and treated for cytotoxicity assay: cells were incubated with the tested compounds for
24h. The same number of cells was plated for GOx-induced oxidative stress damage: cells
were co-treated with GOx 0.1 or 0.3 U/L and the non-cytotoxic compounds (0-100uM) for
1h and then were allowed to recovery in the culture medium with the compounds at the same

concentration.
Cell viability assay

Cell viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Following treatments, cells were washed and incubated with MTT
solution (1 mg/ml) at 37°C for 30 minutes in humidified, 5% CO, atmosphere. After
washing, the formazan crystals were solubilized in 200 ul DMSO and absorbance was

measured at 550 nm wavelength
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Chapter 5
CAlISs with neuropathic pain modulating effects.
5.1 Introduction

Neuropathic pain is a major public health problem that affects approximately 6% of the adult
population worldwide.! This condition manifests specific symptoms such as spontaneous
burning pain and allodynia (pain that arises due to non-noxious stimuli) due to sensory
system damage or disease.! Such symptoms have a significant impact on a patient’s quality
of life and social productivity. Despite several therapeutic options currently available, the
treatment or control of neuropathic pain still remains challenging since the heterogeneous
etiology associated to multifactorial mechanisms underlying this disease are often
concomitant.> Damages to the nervous tissue trigger a complex machinery pathophysiologic
events. A peripheral nerve lesion may provoke aberrant regeneration of the nerve, with the
neurons becoming unusually sensitive and developing an abnormal excitability called
peripheral sensitization.>* On the other hand, a central component of pain is developed by
direct or indirect alterations. The spinothalamic tract neurons aquire an increased
background activity, coupled to enlarged receptive fields and increased responses to afferent
impulses, including the normally innocuous stimuli. These mechanisms together with
secondary events in the central pain processing pathways contribute to the development and
maintenance of a steady-state pain condition.’ Recently, pioneering work from Kaila and
Price’s groups discovered the connection between Carbonic Anhydrases (CAs) modulation
and neuropathic pain.®’ These metalloenzymes catalysed efficiently the hydration of CO; to
bicarbonate and protons. Generation of HCO;™ as a reaction product of CO, hydration is
closely connected with the physiology/biochemistry of many neurotransmitters, such as y-
aminobutyric acid (GABA).® CA inhibition with the clinically used sulfonamide
acetazolamide (AAZ) augments GABAa receptor-mediated analgesia via a spinal
mechanism of action. /n vivo pharmacologic and modelling studies showed that a loss
function of the neuron-specific potassium-chloride (KCI) cotransporter KCC2 leads to a
decrease in the efficacy of GABAa-mediated spinal inhibition.” In order to reduced
bicarbonate-dependent depolarization via GABAA receptors when the function of KCC2 is
compromised, one potential strategy was inhibit CA thus mitigates the negative effects of

loss of KCC2 function after nerve injury.® The use of CAls in the management of neuropathic
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pain’® and cerebral ischemia!® showed very interesting preliminary results, which might lead
to new possibilities of therapeutic applications for this class of compounds.

The physical damage by chemotherapeutic drugs leads to functional impairment in neurons
through oxidative stress, inflammation, apoptosis and electrophysiological disturbances. In
fact, oxidative stress is identified to be responsible for the neuronal damage in different
models of neuropathies such as diabetic neuropathy, acryl amide induced neuropathy and

Charcot-Marie neuropathy. !4

5.2 Discussion

We propose a drug design strategy based on the combination of sulfonamide moiety as a
typical zinc binding group (ZBG), with the well-known antioxidant propriety of organo-
selenium scaffolds.'>!” 4,4'-Diselanediyldibenzenesulfonamide 1 was synthesized from
sulfanilamide in three steps using procedures outlined in Chapter 4.'* Compound 1 was then
treated with NaBH4 and then treated in situ with the appropriate halo-alkyl derivatives (2a-
f) to afford the corresponding selenides (3a-f) in good yields (Table 1).
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Table 1: Synthesis of selenides bearing benzenesulfonamide moiety 3a-f.
Seb i) NaBH, EtOH r.t. /©/Se-R
H2NOZS/©/ ii) X-Alkyl (2.1 eq.) 2a-f  H,NO,S

X=Cl, Br
1 EtOH reflux, 3h 3a-f

Entry X-Alkyl Product

-0
S

1 ~0 Cl /©/ eJ
2a HZNozs 3a

Se
: Q. 0
Br H,NO,S
2NU) 3b

2b

; Br OSGA
H,NO,S 3¢

2c
2d H,NO,S 3d

Pz
H,NO,S

2e 3e

B
s (0 jon
2f H,NO,S 3f

In order to access various selenides different approaches were used. The synthesis of

compounds 7a-b was carried out according to Scheme 1 by reduction of diselenides (4a-b)
which was reacted with 4-(bromomethyl) benzenesulfonamide (6) to afford in good yields

selenides 7a-b.
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R~ SeSe/R
4a R= phenyl
4b R= 2-naphtyl

SO,NH, SO,NH,

NaBH, Se-
EtOH, r.t. R + —_—
O
Br Se

R@SeCN 6 7aR=H

7b R=2-naphtyl
5a R=NH, 7¢ R=4-NH,
5b R= N(CHj), 7d R= 4-N(CHj3),

Scheme 1. Synthesis of selenides 7a-d from different diselenides or selenocyanates

Two different amino aromatic selenocyanates (Sa-b) proved efficient alternative to the use
of diselenides for the obtainment of selenides 7¢-d as outlined in Scheme 1. The key
intermediates selenocyanates 5a,b were obtained according to the literature procedure ' by
addition of selenium dioxide to malononitrile in DMSO at room temperature followed by
reaction with the corresponding aminoaryl derivatives. The aniline function of 7¢ was then

converted into two different moieties:

(1) Ureido containing compounds (10a-c) using the appropriate isocyanate or isothiocyanate

(8a-c) in acetonitrile at room temperature as reported previously by our group;*

(i) Amide containing derivatives (11a-c), obtained in excellent yield by using the

appropriate acyl chloride (9a-c), in THF and triethylamine as reported in Scheme 2.
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SO,NH,
IO
S‘e Te
0 i
THEF.
s MCCN
NEt Cl)J\R fac N\
Pa-c X=0,$ @
R
SOzNHz SOZNHZ
H H H
N__R E? /©/N\H/N
\n/ R

F
0. 0O
_ X=0
HaR ﬁ/ ;@ 10a R= g@f
O~ X=0
11b R= 10b R= OH

11c R= %\/Q

Scheme 2. Synthesis of new selenides with ureido (10a-c) and amido (11a-c) groups

Finally, the halogen pendant of 4-(bromomethyl) benzenesulfonamide 6 was used for
nucleophilic displacement reactions using potassium selenocyanate to afford the 4-

(selenocyanatomethyl)benzenesulfonamide 12 in good yields (Scheme 3).
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SO,NH, SO,NH,
KSeCN
—_—
Acetone
reflux
Br SeCN
6 12

Scheme 3. Synthesis of 4-(selenocyanatomethyl)benzenesulfonamide 12

All synthesized compounds 3a-f, 7a-d, 10a-c, 11a-c and 12 were tested in vitro for their
inhibitory properties against the physiological relevant hCA isoforms (I, II, VII, and IX) by

I and their activities were

means of a stopped-flow carbon dioxide hydration assay 2
compared to the standard carbonic anhydrase inhibitor (CAI) acetazolamide (AAZ) (Table

2).
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The following SARs for the hCA isoforms considered are reported:

)

Table 2. Inhibition constants of hCA I, hCA II, hCA VII and hCA IX with compounds 3a-f, 7a-d,

CAIs with neuropathic pain modulating effects.

10a-c, 11a-c, 12 and AAZ by a stopped-flow CO> hydrase assay?!

Ki (nM)*
Compound hCAI hCATI hCA VI hCAIX
3a 261.7 41.2 0.77 12.0
3b 256.8 9.3 0.31 8.7
3c 73.5 49 72 46.4
3d 531.2 3.9 1.8 548.6
3e 2935 7.6 2.0 22
3f 219 6.3 0.24 2.6
Ta 226.1 53.0 6.6 2.7
7b 953.7 70.8 645.0 3374
Te 4643 L5 17.4 286.3
7d 841.1 46.9 311.8 450.1
10a 4767 220.5 295.6 1071
10b 926.8 6.0 86.0 1137
10c 755.4 0.94 3.8 697.4
11a 933 0.54 0.93 709.8
11b 5995 9.4 37.4 845.0
11c 2578 364.6 462.8 1006
12 70.2 14.0 0.97 4.0
AAZ 250 12.1 2:5 258

* Mean from three determinations by a stopped-flow, CO; hydrase method. Standard errors were in

the range of 5-10% of the reported values.

The ubiquitous cytosolic hCA I was weakly inhibited by all compounds except for
3f which showed a good inhibition potency with K; of 21.9 nM. The different tails
of derivatives 3a-e and 7a-c did not significantly modified the activity. On the other
hand, the inhibition potency decreased to the micromolar range when
functionalization of compound 7¢ to afford ureido (10a-c¢) and amido (11a-c)

moieties was introduced. The only exception was represented by 11a with K;0f 93.3

nM.
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The in vitro kinetic data showed that ureido 10¢ and amido derivatives 11a were the
most potent inhibitors against the dominant cytosolic human isofom hCA 1I, in sub
nanomolar range (K; 0.94 and 0.54 nM respectively), followed by the compounds in
series 3a-f (K 3.9 to 41.2 nM). Low-medium inhibition potencies, with K; values
spanning between 220.5-364.6 nM, were obtained for compounds 10a and 11c¢.
The last cytosolic human isoform studied here, hCA VII, was potently inhibited by
many compounds investigated in the present article, in the sub or low-medium
nanomolar range, except for derivatives 7¢, 10a and 11¢ which were active in the
high nanomolar range (K; 295.6-645.0 nM). Conversely, the different moieties of
derivatives 3a-f and 7a-c influenced the activity, leading to a decrease of inhibition
potency over 10 times for compounds 7a-c. Further functionalization of compound
7c¢ to ureido (10a-c) and amido (11a-c) scaffolds determined strong change in the
inhibition profiles against hCA VII, with 10c and 11a being highly potent.

Similar to hCA 1, the transmembrane tumor-associated hCA IX, was weakly
inhibited by almost all compounds investigated here, which showed K;s in the high
nanomolar range. Ureido and amido substituents (10a-¢ and 11a-c), did not
influence the efficacy of inhibition. On the other hand, the different moieties of
selenides in the compounds series 3a-f showed variety of inhibition profiles, thus

proving to be crucial for the modulation of such hCA isoform.

Recent studies reported an enhanced expression of some cytosolic hCA isoforms (among

which hCA 1I) in conditions connected to chronic pain, such as thrombus-induced ischemic

pain,*? or chronic musculoskeletal pain.* We solved the hCA II X-ray crystal structures in

complex with compounds 3e and 3f (Figure 1) with the aim to obtain an insight into the

ligand—protein interactions at the atomic level. As below showed the selenides bearing the

sulfonamide moieties 3e-f contain a short hydrophobic tail.
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Tk

Phi 1731 -—/\
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\
\

Leu204 g~
/mf.a
T
L‘:;j/

Pro202

Figure 1. Inhibitors bound in the active site of hCA II. Ligands 3e (A) (PDB: 6D1L) and 3f
(B) (PDB: 6D1M) are shown in green, the zinc ion is the gray sphere with its protein ligands
(His94, 96 and 119 in blue) shown as stick model, in CPK colours. Residues involved in the

binding of inhibitors are also shown and labelled in red.

In each protein—inhibitor complex the conserved zinc-bound water molecule is displaced by
the inhibitors 3e and 3f, while additional hydrogen bond interactions with residue Thr199
further contribute to stabilize the binding (Figure 1). The hydrophobic tails of the inhibitors
are oriented towards the hydrophobic region of the active site in a small pocket delimited by
residues Val 121, Phel31, Vall35, Leul98, and Pro202. We observed some different
interactions in hydrophobic region between inhibitors, namely the cyclohexane tail of
compound 3f was in close proximity of Phel31, whereas the butyne moiety of 3e showed

additional hydrophobic interactions with Val135 and Leu204 residues (Figure 1A).

All these compounds are potent inhibitors of several physiologically relevant CA isoforms,
such as hCA [, II, VII and IX., but to date there is not a precise knowledge which CA
isoforms are involved in neuropathic pain responses. For this reason, we focused our
attention on different cytosolic and transmembrane CAs which are commonly present in the
central/peripheral nervous system such as the CA L, II, VII (the last one was predominantly

expressed in the brain and being absent in most other tissues) and CA IX (transmembrane
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isoform). We investigated different selenides such as 3a-b and 7a in comparison to
acetazolamide (AAZ), as possible pain relievers in a mice model of neuropathic pain induced
by oxaliplatin®*?* (Figure 2). This platinum derivative has become a valid option as adjuvant
therapy in several types of cancer.?* However, a possible side effect is a painful neuropathy
correlated with characteristic alterations of the nervous system leading to a negative

influence on patients’ quality of life.*

-+~ vehicle + vehicle + oxaliplatin + AAZ 30 mg kg p o s i oxaliplatin + 3a 10 mg kg ' p o
+
- oxalplatin + vehicle *- oxaliplatin + AAZ 100 mg kg ' p.o. _:_ ::i:—::ucpﬁm:’? :Z’:[ e+ Oxaliplatin + 3a30makg ' po
214 *— oxaliplatin + 3a 100 mg kg™ p o
204
s 211
1y N 1 20] {
2 ]l ¥ . s g W
2 164 - __—
s ) ) 2 ¥ AR
i 2 164 o —1— AA
= 14 3 IRV
=4 / \ = 154 / == ,i AN
e 13 - 144
12 / S S = pe
= y — S 134 -
i S 121 ,}’ 7
10 - }/- = 11 S ¥
grxd— 5 -
‘ 4 1 i
0 20 40 60 81
T T T T T
Time (min) 0 20 40 60
Time (min)
*~ oxaliplatin + 7a3mg kg ' p.o
e vehicle + vehicle . ) )
-e- vehicle + vehicle + oxaliplatn + 3b 30 mg kg ™' p.o = oxaliplalin + vehicle oxaliplatin + 7a 10 mg kg R
—=- oxaliplatin + vehicle  —s— oxaliplatin + 3b 100 mg kg p.o + oxaliplatin + 7a 30 mg kg’ p.o
214 214
204 204
19 s f == 194 _,_,,.,%—J-”‘ -
~ 181 % ¥ ~ 184 _— 3
IC8 D ¥ An
=174 n /\;/\ ~ 171 - T AA
2 16 T e 16 AN A 3
% 15 } AA % 154 /I’ﬂ/\ N
LA i 3 qad . A 3
o o /
£ 13 c 134 I i
5 12 . S 4 5 124 / 1
= - —~ = -
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T === 1 = 3
o] . — gf*+ —— ¢
8+ 8
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Figure 2. Effect of acute administration of carbonic anhydrase inhibitors 3a-b, 7a and AAZ
on oxaliplatin induced neuropathic pain in the mouse Cold plate test. Oxaliplatin (2.4 mg kg
1) was i.p. administered for 5 consecutive days every week for 2 weeks. Experiments were
performed on day 14. **P<0.01 vs vehicle + vehicle treated animals; “P<0.05 and ~P<0.01
vs oxaliplatin + vehicle treated animals. Each value represents the mean + S.E.M. of 10 mice

performed in 2 different experimental sets.
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Mice were repeatedly treated intraperitoneally with oxaliplatin (2.4 mg kg!) for 5
consecutive days every week for 2 weeks till to development of a significant painful
neuropathy.?® On day 14, a single administration of compounds 3a-b and 7a significantly
reduced the lowering of pain threshold to cold stimuli. All selenides, here considered,
relieved pain dose-dependently (3—100 mg kg! p.o.). Compounds 3a-b showed a significant
pain relief to higher dose (100 mg kg p.o.) between 15 and 45 min after treatment. The
more effective was 7a which was able to restore the pain threshold at basal values after 30

min of administration using a dose of 30 mg kg™
5.3 Conclusions

We reported for the first time selenides having moderate inhibition against the cytosolic
isoforms hCA I and the transmembrane X, with strong efficacy for CA II, VIL. These last
isoforms are present in the central/peripheral nervous system and their inhibition showed in
a mice model of neuropathic pain induced by oxaliplatin efficient and long lasting pain

relieving effects.

5.4 Experimental Data
Chemistry

Anhydrous solvents and all reagents were purchased from Sigma-Aldrich, Alfa Aesar and
TCI. All reactions involving air- or moisture-sensitive compounds were performed under a
nitrogen atmosphere using dried glassware and syringes techniques to transfer solutions.
Nuclear magnetic resonance (‘H-NMR, C-NMR, F NMR, 7’Se-NMR) spectra were
recorded using a Bruker Advance 111 400 MHz spectrometer in DMSO-ds. (PhSe), was used
as an external reference for ’Se NMR (8= 461 ppm). Chemical shifts are reported in parts
per million (ppm) and the coupling constants (J) are expressed in Hertz (Hz). Splitting
patterns are designated as follows: s, singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet;
brs, broad singlet; dd, double of doublets. The assignment of exchangeable protons (OH and
NH) was confirmed by the addition of D,O. Analytical thin-layer chromatography (TLC)

was carried out on Merck silica gel F-254 plates. Flash chromatography purifications were
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performed on Merck Silica gel 60 (230-400 mesh ASTM) as the stationary phase and ethyl
acetate/n-hexane were used as eluents. Melting points (mp) were measured in open capillary
tubes with a Gallenkamp MPD350.BM3.5 apparatus and are uncorrected. The solvents used
in MS measures were acetone, acetonitrile (Chromasolv grade), purchased from Sigma-
Aldrich (Milan - Italy), and mQ water 18 MQ, obtained from Millipore's Simplicity system
(Milan-Italy). The mass spectra were obtained using a Varian 1200L triple quadrupole
system (Palo Alto, CA, USA) equipped by Electrospray Source (ESI) operating in both
positive and negative ions. Stock solutions of analytes were prepared in acetone at 1.0 mg
mL" and stored at 4°C. Working solutions of each analyte were freshly prepared by diluting
stock solutions in a mixture of mQ H,O/ACN 1/1 (v/v) up to a concentration of 1.0 pg mL"!
The mass spectra of each analyte were acquired by introducing, via syringe pump at 10 pLL
min’!, of the its working solution. Raw-data were collected andprocessed by Varian

Workstation Vers. 6.8 software.
General procedure for the synthesis of compound 3a-f:

NaBHs (23 mg, 0.60 mmol, 3.0 eq.) was portionwise added to a solution of 4,4'-
diselanediyldibenzenesulfonamide 1 (94 mg, 0.20 mmol, 1.0 eq.) in EtOH (2 mL) at 0°C
under inert atmosphere (N>). After 30 min, the halo-alkyl 2a-f (0.36 mmol, 2.1 eq.) was
slowly added and the reaction mixture was stirred at reflux for 3 h, until complete
consumption of the starting material was observed by TLC. The reaction was quenched by
addition of saturated aq. NH4Cl (2 mL) and diluted with EtOAc (5 mL). The layers were
separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried over Na;SOs,
filtered and concentrated under vacuum. The crude material was purified by flash

chromatography to yield selenides (3a-f) bearing benzenesulfonamide moiety.
4-((cyclopropylmethyl)selanyl)benzenesulfonamide 3c:

Following the general procedure, 4,4'-
SONH, . :
/©/ diselanediyldibenzenesulfonamide 1 (100 mg, 0.21 mmol)

ﬁ\se
gave after flash chromatography (hexane/EtOAc 1:1) 3¢ (91
mg, 71%). '"H NMR (400 MHz, DMSO- ds) & (ppm): 7.72 (2H, d, J= 8.61 Hz), 7.67 (2H,

and (bromomethyl)cyclopropane 2¢ (60 mg, 0.44 mmol)
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d, J=8.58 Hz), 7.37 (2H, bs, NH,, exchange with D,0), 3.08 (2H, d, /= 7.25 Hz), 1.14-
1.07 (1H, m), 0.61-0.60 (2H, m), 0.31-0.29 (2H, m). *C NMR (100 MHz, DMSO-ds) &
(ppm): 142.6, 137.5, 131.3, 127.1, 32.9, 12.0, 7.7. ’Se NMR (76 MHz, DMSO-ds) &
(ppm): 303.6. MS (ESI negative) m/z: 290.1 [M-H]

4-(benzylselanyl)benzenesulfonamide 3d:

Following the general procedure, 4.4'-
Q ©/ SO;NH, diselanediyldibenzenesulfonamide 1 (100 mg, 0.21 mmol)

Se and benzyl bromide 2d (75 mg, 0.44 mmol) gave after flash
chromatography (hexane/EtOAc 1:1) 3d (110 mg, 77%). '"H NMR (400 MHz, DMSO- d)
o (ppm): 7.70 (4H, apq), 7.40-7.39 (4H, m), 7.34-7.30 (2H, m), 7.26-7.23 (1H, m), 4.39 (2H,
s). BC NMR (100 MHz, DMSO-ds) 8 (ppm): 143.0, 139.0, 137.1, 131.6, 129.8,129.3, 127.9,
127.0,30.8. 7Se NMR (76 MHz, DMSO-ds) & (ppm): 367,7. MS (ESI negative) m/z: 326.1
[M-H]J-.

General procedure for the synthesis of selenides 7a-b:

NaBHy; (0.60 mmol, 3.0 eq.) was portionwise added to a solution of diselenides 4a-b (0.20
mmol, 1.0 eq.) in EtOH (5 mL) at room temperature under inert atmosphere (N>). After 30
min, sulfonamide 6 (0.40 mmol, 2.0 eq.) was slowly added and the reaction mixture was
stirred at room temperature for 3 h, until complete consumption of the starting material was
observed by TLC. The reaction was quenched by addition of saturated aq. NH4Cl (4 mL)
and diluted with EtOAc (5 mL). The layers were separated and the aqueous layer was
extracted with EtOAc (2 x 5 mL), dried over Na,SQOs, filtered and concentrated under
vacuum. The crude material was purified by flash chromatography (hexane/EtOAc 1:1) to
yield selenides 7a-b.

4-((naphthalen-2-ylselanyl)methyl)benzenesulfonamide 7b:

Following  the general procedure, 1,2-
SeﬁQS%NHz di(naphthalen-2-yl)diselenide 4b (83 mg, 0.20
mmol) and 4-(bromomethyl) benzenesulfonamide
6 (100 mg, 0.40 mmol) gave after flash chromatography (hexane/EtOAc 1:1) 7b (215 mg,
70%). "H NMR (400 MHz, DMSO- ds) 8 (ppm): 8.07 (1H, s), 7.89-7.84 (3H, m), 7.72
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(2H, d, J = 8.41 Hz), 7.66-7.64 (2H, m), 7.56-7.51 (3H,m), 7.31 (2H, bs, NH,, exchange
with D,0), 4.45 (2H, s). 3C NMR (100 MHz, DMSO-ds) & (ppm): 144.2, 143.3, 134.4,
132.6, 131.1, 130.4, 130.1, 129.3, 128.6, 128.4, 128.0, 127.6, 127.0, 126.6, 30.5. ""Se
NMR (76 MHz, DMSO-d5) 6 (ppm): 375.9. MS (ESI negative) m/z: 376.1 [M-H]

General procedure for the synthesis of selenides 7c-d:

NaBHj4 (0.80 mmol, 4.0 eq.) was portionwise added to a solution of arylselenocyanates Sa-
b (0.20 mmol, 1.0 eq.) in EtOH (5 mL) at room temperature under inert atmosphere (N>).
After 1h, sulfonamide 6 (0.20 mmol, 1.0 eq.) was slowly added and the reaction mixture was
stirred at room temperature for 3 h, until complete consumption of the starting material was
observed by TLC. The reaction was quenched by addition of saturated aq. NH4Cl (4 mL)
and diluted with EtOAc (5 mL). The layers were separated and the aqueous layer was
extracted with EtOAc (2 x 5 mL), dried over Na,SQOs, filtered and concentrated under
vacuum. The crude material was purified by flash chromatography (hexane/EtOAc 1:1) to
yield selenides 7c-d.

4-(((4-aminophenyl)selanyl)methyl)benzenesulfonamide 7c:

<:> SO,NH, Following  the  general procedure, 4-
HzN@Se selenocyanatoaniline 5a (40 mg, 0.20 mmol) and
4-(bromomethyl) benzenesulfonamide 6 (50 mg,

0.20 mmol) gave after flash chromatography (hexane/EtOAc 1:1) 7¢ (58 mg, 85%). 'H

NMR (400 MHz, DMSO- ds) é (ppm): 7.70 (2H, d, J= 8.36 Hz), 7.36-7.29 (4H, m), 7.12

(2H, d, J=8.51 Hz), 6.50 (2H, d, J = 8.53 Hz), 5,32 (2H, bs, NH;, exchange with D,0),

4.05 (2H, s). *C NMR (100 MHz, DMSO-ds) & (ppm): 149.8, 145.0, 143.0, 136.9, 129.8,

126.4, 115.5, 113.3, 32.5. 77Se NMR (76 MHz, DMSO-ds) 8 (ppm): 370.7. MS (ESI

negative) m/z: 341.2 [M-H]J-.

4-(((4-(dimethylamino)phenyl)selanyl)methyl)benzenesulfonamide 7d:
\ /—<;>—502NH2 Following the general procedure, N,N-dimethyl-4-
/N@Se selenocyanatoaniline 5b (45 mg, 0.20 mmol) and 4-

(bromomethyl) benzenesulfonamide 6 (50 mg, 0.20
mmol) gave after flash chromatography (hexane/EtOAc 1:1) 7¢ (66 mg, 90%). '"H NMR
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(400 MHz, DMSO- dy) 6 (ppm): 7.70 (2H, d, J = 8.29 Hz), 7.36-7.28 (6H, m), 6.66 (2H,
d,J=8.83 Hz), 4.10 (2H, s), 2.93 (6H, s). *C NMR (100 MHz, DMSO-d;) & (ppm): 151.0,
144.9, 143.0, 136.5, 129.9, 126.5, 114.2, 113.8, 40.8, 32.4. 7’Se NMR (76 MHz, DMSO-
ds) 6 (ppm): 365.4. MS (ESI positive) m/z: 371.2 [M+H]".

General procedure for the synthesis of selenides 10a-c:

Compound 7c¢ (0.20 mmol) was dissolved in acetonitrile (5 mL) and then treated with a
stoichiometric amount of isocyanates 8a-b or isothiocyanate 8¢. The mixture was stirred at
room temperature until completion (TLC monitoring). The heavy precipitate formed was
filtered off, washed with diethyl ether (10 mL), and dried in vacuo. The crude material was
purified by flash chromatography (hexane/Acetone 1:1) to yield selenides 10a-c.

4-(((4-(3-(4-fluorophenyl)ureido)phenyl)selanyl)methyl)benzenesulfonamide 10a:

Following the general procedure, 4-(((4-

/ < > SO2NH2 aminophen D)selanyl)methyl
HN

benzenesulfonamide 7c¢ (68 mg, 0.20

@ 0 mmol) and 4-Fluorophenyl isocyanate 8a

(34 mg, 0.20 mmol) gave after flash
F chromatography (hexane/Acetone 1:1)
10a (76 mg, 80%). '"H NMR (400 MHz, DMSO- ds) & (ppm): 10.26 (2H, bs, NHa,
exchange with D,0), 7.70 (2H, d, J = 8.37 Hz), 7.55 (2H, d, J = 8.67 Hz), 7.44-7.37 (6H,
m), 7.32 (2H, bs, NH;, exchange with D,0), 7.19 (2H, t, J = 8.93 Hz) 4.25 (2H, s). *C
NMR (100 MHz, DMSO-ds) 6 (ppm): 170.0, 162.0 (d, J=242.13 Hz), 144.4, 143.2, 139.5,
134.5,132.9(d, J=3.15 Hz), 131.9 (d, J=8.03 Hz), 130.0, 126.5, 123.6, 120.7, 115.9 (d,
J =21.20 Hz), 43.2. YF-NMR (376 MHz, DMSO-ds,) 8 (ppm): -116.5. 7Se NMR (76

MHz, DMSO-ds) 6 (ppm): 373.8. MS (ESI negative) m/z: 477.2 [M-H].
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4-(((4-(3-(3,5-dimethylphenyl)ureido)phenyl)selanyl)methyl)benzenesulfonamide 10b:

/_©7502NH2
-
HN

O

Following the general procedure, 4-

(((4-aminophenyl)selanyl)

methyl)benzenesulfonamide 7¢ (68
mg, 0.20 mmol) and 3,5 dimethyl
phenyl isocyanate 8b (29 mg, 0.20

mmol) gave after flash

chromatography (hexane/Acetone 1:1) 10b (81 mg, 83%). '"H NMR (400 MHz, DMSO-
ds) 6 (ppm): 8.78 (1H, bs, NH», exchange with D,0), 8.59 (1H, bs, NHa, exchange with
D,0), 7.72 (2H, d, J = 8.28 Hz), 7.41-7.33 (8H, m), 7.10 (2H, bs, NH3, exchange with
D,0), 6.65 (1H, s) 4.23 (2H, s). '3C NMR (100 MHz, DMSO-ds) & (ppm): 153.3, 144.5,
143.2,140.4, 140.3, 138.6, 135.0, 129.9, 126.5, 124.5,121.5, 119.7, 116.9, 31.6, 22.0. "Se
NMR (76 MHz, DMSO-ds) 6 (ppm): 371.8. MS (ESI negative) m/z: 488.2 [M-H]".

2-(6-hydroxy-3-oxo0-3H-xanthen-9-yl)-5-(3-(4-((4-sulfamoylbenzyl)selanyl)phenyl)

thioureido) benzoic acid 10c:

L
SO,NH,

Following the general procedure, 4-

(((4-aminophenyl)selanyl)methyl)
benzenesulfonamide 7¢ (68 mg, 0.20
mmol) and Fluorescein
isothiocyanate 8¢ (78 mg, 0.20
mmol) gave after flash
chromatography  (hexane/Acetone
1:1) 10¢ (80 mg, 55%). '"H NMR
(400 MHz, DMSO- ds) 6 (ppm):

10.34 (1H, bs, exchange with D,0), 10.22-10.17 (3H, m, exchange with D,0), 8.24 (1H,
d, J=1.49 Hz), 7.85 (2H, d, /= 8.20 Hz), 7.74 (2H, d, J = 8.25 Hz), 7.49-7.47 (SH, m),
7.34(3H, d, J = 4.63 Hz), 6.72 (2H, J = 1.93 Hz), 6.66-6.60 (4H, m), 4.33 (2H, s). B*C
NMR (100 MHz, DMSO-dys) 6 (ppm): 180.5, 169.4, 160.5, 152.9, 144.3, 143.9, 143.8,
143.4, 139.4, 133.6, 130.1, 130.0, 129.9, 126.8, 126.7, 125.2, 118.6, 113.6, 110.7, 103.3,

212



CAIs with neuropathic pain modulating effects.

84.0,31.1. 7Se NMR (76 MHz, DMSO-ds) & (ppm): 370.1. MS (ESI negative) m/z: 730.3
[M-H]J.

General procedure for the synthesis of selenides 11a-c:

Compound 7¢ (0.2 mmol) was dissolved in anhydrous THF (5 mL) ,then added
trimethylamine (0.24 mmol, 1.2 eq.) and a stoichiometric amount of acyl chloride 9a-¢. The
mixture was stirred at room temperature until completion (TLC monitoring). The reaction
was quenched by addition of saturated aq. NH4+Cl (2 mL) and diluted with EtOAc (5 mL).
The layers were separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried
over NaxSQys, filtered and concentrated under vacuum. The crude material was purified by

flash chromatography (hexane/EtOAc 1:1) to yield selenides 11a-c.
2-((4-((4-sulfamoylbenzyl)selanyl)phenyl)carbamoyl)phenyl acetate 11a:

Following the general procedure, 4-(((4-

@SOzNHz aminophenyl)selanyl)methyl)
—< >—Se

benzenesulfonamide 7¢ (68 mg, 0.20

HN
2 O mmol) and O-Acetylsalicyloyl chloride

O
O:< 9a (40 mg, 0.20 mmol) gave after flash

chromatography (hexane/EtOAc 1:1) 11a
(71 mg, 70%). '"H NMR (400 MHz, DMSO- ds) & (ppm): 10.44 (1H, bs, NH,, exchange
with D,0), 7.85 (1H, d, J=8.33 Hz), 7.74-7.64 (6H, m), 7.49-7.42 (4H, m), 7.34 (2H, d, J
=9.62 Hz), 7.29 (1H, dd, J = 8.09, 0.88 Hz), 4.29 (2H, s), 2.23 (3H, s). *C NMR (100
MHz, DMSO-ds) 8 (ppm):169.8, 165.1, 148.9, 144.4, 143.7, 143.3, 139.4, 134,3 132.5,
130.4, 130.0, 126.8, 126.6, 124.3, 124.2, 121.4, 65.8, 21.6. 7’Se NMR (76 MHz, DMSO-
ds) O (ppm): 372.6. MS (ESI negative) m/z: 502.2 [M-H]".

2,4-dimethoxy-N-(4-((4-sulfamoylbenzyl)selanyl)phenyl)benzamide 11b:

Following the general procedure, 4-
Oo— SO2NH2

:/( W@Se (((4-aminophenyl)selanyl)
/O O methyl)benzenesulfonamide 7¢ (68 mg,

0.20 mmol) and 2,4-Dimethoxybenzoyl chloride 9b (40 mg, 0.20 mmol) gave after flash
chromatography (hexane/EtOAc 1:1) 11b (66 mg, 65%). '"H NMR (400 MHz, DMSO- d)

213



Chapter 5

8 (ppm): 10.01 (1H, bs, NHa, exchange with D:0), 7.76 (1H, d, J = 8.57 Hz), 7.71 (4H, t,
J = 8.41 Hz), 7.46 (2H, d, J = 8.64 Hz), 7.43 (2H, d, J = 8.42 Hz), 7.33 (2H, bs, NHy,
exchange with D;0), 6.74, (1H, t, J = 2.10 Hz), 6.70 (1H, dd, J = 8.63, 2.29 Hz), 4.28 (2H,
5),3.98 (3H, 5), 3.88 (3H, 5). *C NMR (100 MHz, DMSO-dp) 8 (ppm): 164.6, 163.9, 159.2,
144.4, 143.2, 139.4, 134.4, 132.8, 130.0, 126.6, 123.8, 121.4, 117.0, 106.7, 99.5, 57.1,
56.5,31.3 7Se NMR (76 MHz, DMSO-ds) & (ppm): 373.1. MS (ESI negative) m/z: 505.2
[M-HT.

N-(4-((4-sulfamoylbenzyl)selanyl)phenyl)cinnamamide 11c:

Following the general procedure, 4-

/_Q SO 2NH2
WQSC (((4-aminophenyl)selanyl)
"%

chloride 9¢ (40 mg, 0.20 mmol) gave after flash chromatography (hexane/EtOAc 1:1) 11¢
(72 mg, 76%). 'H NMR (400 MHz, DMSO- ds) & (ppm): 10.33 (1H, bs, NH;, exchange
with D,0), 7.73 (2H, d, /= 8.37 Hz), 7.69-7.64 (5H, m), 7.51-7.45 (5H, m), 7.43 (2H, d, J
=8.38 Hz), 7.34 (2H, bs, NH,, exchange with D,0), 6.86 (1H, d, /= 15.72 Hz), 4.28 (2H,
s). BC NMR (100 MHz, DMSO-ds) 8 (ppm):164.5, 144.4, 143.2, 141.3, 139.6, 135.6,
134.5, 130.8, 130.0, 129.9, 128.7, 126.6, 123.9, 123.0, 120.8, 31.3 77Se NMR (76 MHz,
DMSO-ds) & (ppm): 373.5. MS (ESI negative) m/z: 471.2 [M-H].

methyl)benzenesulfonamide 7c¢ (68

mg, 0.20 mmol) and cinnamoyl

General procedure for the synthesis of selenide 12:

4-(bromomethyl) benzenesulfonamide 6 (125 mg, 0.5
/—<j>7SOZNH2 mmol) was dissolved in acetone (10 mL) and then was
NCSe added KSeCN (87 mg, 0.6 mmol, 1.2 eq.). The mixture was
stirred at reflux for 4h, until completion (TLC monitoring). The reaction was quenched by
addition of saturated aq. NH4Cl (2 mL) and diluted with EtOAc (5 mL). The layers were
separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried over Na>SOs,
filtered and concentrated under vacuum. The crude material was purified by flash
chromatography (DCM/MeOH 90:10) to yield selenide 12 (70%). '"H NMR (400 MHz,
DMSO- ds) 6 (ppm): 7.85 (2H, d, J = 8.39 Hz), 7.58 (2H, d, J = 8.41 Hz), 7.40 (2H, bs,
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NHg, exchange with D,0), 4.40 (2H, s). 3C NMR (100 MHz, DMSO-ds) & (ppm): 144.2,
143.3,130.2, 126.9, 105.6, 32.5 77Se NMR (76 MHz, DMSO-d;) & (ppm): 327.7. MS (ESI
negative) m/z: 274.0 [M-H]J".

Carbonic anhydrase inhibition

An Applied Photophysics stopped-flow instrument has been used for assaying the CA
catalyzed CO, hydration activity.?! Phenol red (at a concentration of 0.2 mM) has been used
as indicator, working at the absorbance maximum of 557 nm, with 20 mMHepes (pH 7.5)
as buffer, and 20 mM Na,SO4 (for maintaining constant the ionic strength), following the
initial rates of the CA-catalyzed CO, hydration reaction for a period of 10—100 s. The CO;
concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters
and inhibition constants. For each inhibitor at least six traces of the initial 5-10% of the
reaction have been used for determining the initial velocity. The uncatalyzed rates were
determined in the same manner and subtracted from the total observed rates. Stock solutions
of inhibitor (0.1 mM) were prepared in distilled-deionized water and dilutions up to 0.01 nM
were done thereafter with the assay buffer. Inhibitor and enzyme solutions were
preincubated together for 15 min at room temperature prior to assay, in order to allow for
the formation of the E-I complex. The inhibition constants were obtained by non-linear least-

squares methods using PRISM 3 and the Cheng—Prusoff equation.
Protein X-ray Crystallography

The protein was concentrated to about 7 mg/mL and set up in SD2 crystallization plates
(Molecular Dimensions) with the following ratio of protein plus reservoir: 200 nL + 200 nL.
The plate was incubated at 8 °C and the reservoir conditions consisted of 2.6 to 3.0 M
ammonium sulfate with 0.1 M Tris buffer at pH 8.0 to pH 8.5. Compounds in DMSO were
added to crystallization drops after crystals had formed and several days before data were
collected. 360 frames of one degree oscillation were obtained from the MX1 beamline of the
Australian Synchrotron. The data were indexed using XDS?® and scaled using Aimless.?’
Molecular replacement was done using Phaser?® using 4cq0 as the initial starting model. The
model was manually rebuilt using Coot?* and refined using a combination of Phenix*® and
Refmac.?! The compound was placed in density using the program Afitt (OpenEye Scientific

Software) and further refined using Refmac. For structure 6D1L, two data sets from two
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different crystals soaked with the same compound were merged. For structure 6D1M, a

single 360 degree data set was obtained and used for the structure determination and

refinement.

Summary of Data Collection and Atomic Model Refinement Statistics

PDB
Compound
Space group
Cell dimensions
a, b, ¢
alpha, beta, gamma
Resolution (A)
Resolution-high (A)
Rmerge
Rpim
CCl»h
I/sigl
Completeness (%)
Redundancy

Refinement
resolution (A)
unique reflections
Rwork/Rfree (%)
# atoms
Protein
metal (Zn)
ligand
water
B-factors (A?)
protein
metal (Zn)
ligand
water
r.m.s. deviations
Bond length (A)
Bond angle (°)
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6D1L
3e
P2,

42.3,413,72.1
90, 104.4, 90
69.8 - 1.40
1.42-1.40
0.177 (1.231)
0.048 (0.395)
0.998 (0.723)
11.8(2.1)
100 (100)
14.5 (10.5)

69.8 - 1.40
45559
16.1/18.1
2573
2212

11,5
21,0

0,009
1,431

6D1M
3f
P2,

42.4,41.6,72.2
90, 104.2, 90
41.6-121
123-1.21
0.094 (0.704)
0.037 (0.290)
0.999 (0.825)
15.6 (2.5)
97.9(91.2)
7.2(6.4)

41.6-1.21
69692
1327157
2669
2206
1
34
363
10,2
92
45
9.6

3

239

0,009
1,440
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Biological Assays.

Oxaliplatin (2.4 mg kg') was dissolved in 5% glucose solution and i.p. administered for 5
consecutive days every week for 2 weeks.*> Starting from day 14, compounds and
acetazolamide were suspended in CMC and p.o. administered.**3* Pain-related behavior (i.e.
lifting and licking of the hind paw) were observed and the time (seconds) of the first sign
was recorded. **P<0.01 vs vehicle + vehicle treated animals; “P<0.05 and "P<0.01 vs

oxaliplatin + vehicle treated animals. Each value represents the mean of 10 mice.
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Chapter 6
Anti-infective Carbonic Anhydrase Inhibitors
6.1 Introduction

Microorganisms existed long before human species, and as an evolutionary result we well
adapted to live in an environment crowded of far more abundant living species.! Prokaryotes
include several kind of microorganisms such as bacteria and cyanobacteria; eukaryotic
microorganisms include fungi, protozoa and simple algae.! Most such microorganisms do
not normally cause disease in humans, since a state of either commensalism or in mutualism
with the host was established.>* This non-harmful condition occurs when the immune
system properly works, but the same organisms can cause infections when the latter fails.
All microorganisms that cause diseases or illnesses to their host are defined as pathogens.’
Microbes express their pathogenicity by means of their virulence, a term referring to the
degree of pathogenicity of the microbe.’> Hence, the determinants of virulence of a pathogen
are any of its genetic, biochemical or structural features that enable it to cause a disease
through its ability to enter a host, evade host defences, grow in the host environment,
counteract host immune responses, assimilate iron or other nutrients from the host or sense
environmental changes.®’ All these abilities implicate the action of numerous enzymes. The
enzymes considered as virulence factors are generally active against host components and
contribute to virulence by damaging host tissues.®!? At present, infectious diseases are the
second-leading cause of death in the world and the emergence of antibiotic-resistant
microorganisms is an inevitable and widespread phenomenon, inherent to most drugs.'!
Recently, Carbonic Anhydrases started to be investigated in detail in microorganisms, in the
search for anti-infectives with a novel mechanism of action. It has been indeed demonstrated
that in many microorganisms as pathogens, CAs are essential for their life cycle and their

inhibition can lead to growth impairment and defects.!*'4
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6.2 Different seleno-scaffolds show potent inhibitory activity against carbonic

anhydrases from the pathogenic bacterium Vibrio cholerae

During the last decades, new selenium containing scaffolds have successfully been designed

15-17 However, until now few efforts have been made

and screened as antimicrobial agents.
for the applications of organoselenium derivatives in enzyme inhibition studies. We reported
here, the inhibition studies against two isoforms from pathogenic bacterium Vibrio cholerae
(VchCAa and VchCAP) with different acyl seleno ureido compounds 1-4 series, which were
synthetized as previously discussed in Chapter 2 (Figure 1) with the aim to detect any

possible candidates for the development of new anti-infectives.

O Se SONH, O Se
U U
N™°N N" N SO,NH,
H H H

H
R 1a-d R 3a-c
a:R=H a:R=H
b: R=3-CH;4 b: R=3-CH;4
¢: R=4-Ph ¢: R=2,4 CF;

d: R=benzo[d][1,3]dioxole

10 Se /©/SO2NH2 0 Jsl\e
NJLN N N
H H H H Sonm,

R
2a-¢ 4

a: R=H

b: R= benzo[d][1,3]dioxole
¢: R=3-Br, 5-OCF;

d: R= 2-Acetate

e: R=4-hepthyl

Figure 1: Acyl selenoureido derivatives 1-4 series

We tested in vitro the above compounds for their inhibitory activity against the two
physiologically relevant hCA isoforms I, II (offtargets) and the bacterial enzyme VchCAa,

VchCAB by means of the stopped-flow carbon dioxide hydration assay.'® The activities were
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compared to those of the standard and clinically used CAI acetazolamide (AAZ) (Table 1).
The selectivity ratios for the inhibition of the bacterial vs the human isoform hCA 1II (the

physiologically dominant one) are also included in Table 1.

Table 1. Inhibition constants of hCA I, hCA 11, VchCAa and VchCAB with compounds 1-4 and AAZ
by a stopped-flow CO; hydrase assay'®

Ki (nM)* selectivity ratio®
Compound hCA 1 hCA 11 VchCAa  VchCAPB hCA 1I/ VchCAa
1a 65.6 18.7 0.67 5574 279
1b 514.9 21.8 0.77 5335 283
1c 3746 9534 0.95 5989 10035 4
1d 523.7 26.9 0.30 6777 89.7
2a 73.8 9.5 0.68 6620 14
2b 8702 402.4 0.58 5487 693.8
2c 85.7 0.7 0.88 6821 0.79
2d 85.7 9.1 0.66 5242 13.8
2e 734.2 48.9 0.30 8057 16.3
3a 521.2 2474 0.67 8771 369.2
3b 81.6 6.6 0.36 7127 183
3¢ 9381 6072 0.74 6378 8205.8
4 61.5 66.9 8.4 4530 8
AAZ 250 12.1 6.8 451 1.8

* Mean from three determinations by a stopped-flow, CO; hydrase method. Standard errors were in
the range of 5-10% of the reported values.

* Selectivity as determined by the ratio of K; for hCA 1T isoform relative to VchCAa.

The following structure-activity-relationship (SAR) may be noted regarding the inhibition
data in Table 1:

Acyl selenoureido compounds series 1-4 exhibited a highly potent inhibitory activity
towards VchCAa, with inhibition constants K;s ranging in the subnanomolar range, except
for derivative 4, which was active in the low nanomolar range (overall the Kjs ranged
between 0.3 to 8.4 nM). These data suggest that the placement of the sulfonamide moiety in
selenium-containing analogs leads to excellent inhibitory potencies against VchCAa, a

kinetic result rarely observed with other CAls of the sulfonamide type.!>* In fact, all these
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derivatives (except 4) were so potent CAls that a proper SAR is difficult to draw at the
moment. As mentioned above, only the ortho-substituted derivative 4 showed a somehow
decreased activity being as active as AAZ (Table 1). The introduction of small substituents
on the acyl scaffold incorporating 4-ethylamino benzensulfonamide (1a-d) did not influence
significantly the potency for inhibition for VchCAa, although the benzodiaxole scaffold (1d)
showed the best activity with a K; of 0.3 nM. An interesting inhibition profile was observed
for compounds 1c¢ and 3¢. The presence of another phenyl moiety as in 1¢, or two CF3 groups
in the acyl scaffold, as in 3¢, decreased the inhibition potency for all humans and B-CA
isoforms and did not influence VchCAa kinetics. Thus, these compounds showed excellent
selectivity, being over a 1000 folds more potent over the f-ones. Indeed, unlike the standard
drug acetazolamide (AAZ) the acyl selenoureido sulfonamides reported here were generally
poor inhibitors against VchCAP, showing K; values in the high micromolar range (Kis of
4.53-8.77 uM). Overall, all the synthesised compounds (except for 2¢) were selective
inhibitors for the bacterial VchCAa isoform over the hCAs I and II and VchCA B.

In order to design new organoselenium compounds that may have anti-infective applications,
we also studied the selenides 5-8 (Figure 2), reported above in Chapter 4, as inhibitors of
VchCAao,B and the BpsCAR, a B-CA from pathogenic bacteria B. pseudomallei.
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SO,NH,
/©/5e§2 /©/Se~R
H,NO,S H,NO,S
SeCN
5 6 7a-j
a: CH,CH,0OH
SO,NH, b: CH,CH,Ph
c: CH;
d: Isopropyl
/@ e: CH,CHCH,
s f: CH,CCH
g: CH,CCCHj
8 h: (CH,),CHj

i: Cycloesyl
j: CH2CH20CH3

Figure 2: Acyl selenoureido derivatives 5-8

We tested in vitro these compounds for their inhibitory activity against the two off-targets
physiologically relevant hCA isoforms I, II and the bacterial enzymes VchCAa, VchCAB
and BpsCAB by means of the stopped-flow carbon dioxide hydration assay.'® These activities
were compared to those of the standard and clinically used CAI acetazolamide (AAZ)
(Table 2).
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Table 2. Inhibition constants of hCA I, hCA 1I, VhCAa, VhCAP and BpsCAp with compounds 5-8

and AAZ by a stopped-flow CO; hydrase assay'®

K: (nM)*
Compound hCA hCA I VhCAa VhCAP BpsCAp

5 956 53.1 46 2172 753
6 1523 7.9 5.7 6804 83.6
7a 3383 3553 5.9 7598 754.2
7b 256.8 93 4.1 5942 845.6
7e 3522 732 6.1 8727 5298
7d 9.7 69.9 6.5 5264 51.9
Te ) 36.5 28.6 7853 9.1
7 73 9.3 6.7 2590 21.4
g 2935 76 6.0 6901 54
7h 297.1 70.8 44 5068 8230
7i 219 63 43 5897 876.9
7 261.7 412 7.5 1853 866.6
8 226.1 53.0 5.4 7697 6504

AAZ 250.0 12.1 6.8 451 745

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

The following structure—activity relationship (SAR) can be drawn from the data of this table:

i)

Selenides 5, 7a-j, 8 and diselenide 6 exhibited potent inhibitory activity towards
VchCAa with inhibition constants in the low-nanomolar range, except for compound
7¢, which was active in the medium nanomolar range (overall the Kis ranged between
4.3 to 28.6 nM). Small structural differences in the tail moiety, such as the replacement
of methyl (7¢) with different methylene chains (7a-b, 7d-j, 8), did not result in
particular kinetic effects, except for the selenide 7e where efficacy decreased of about

4 times.

All compounds showed poor effects on the VCchCAP with a constant of inhibition in
the micromolar range (Kis ranged between 1.8 to 8.7 uM). This time, diselenide 6 was
3 fold more potent than the selenocyanate derivative 5. Also for this isoform, small

structural differences on the tail did not significantly change the inhibitory potencies.
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The only exceptions were 7f and 7j that showed an potencies respectively almost 2

and 3 times higher.

iii) The inhibition profile of BpsCA differs substantially from the other -class enzyme
(VhCAP) investigated here. An interesting inhibition profile was observed for 7e-g
where a rigid scaffold on the tails showed a potent activity against this isoform at low
nanomolar values (Kis 5.4 and 9.1 nM for 7e and 7g, slightly less efficacy with Kis
21.4 nM for compound 7f). Furthermore, selenide 5 and diselenide 6 reveal good
potency of inhibition in the range of medium nanomolar (Kis 75.3 to 83.6 nM). On
the other hand, scaffolds less rigid lead to drastically decrease the potency in the range
of high nanomolar (Kjs spanning between 529.8 to 876.9 nM).

The inhibition profiles for the two V. cholerae enzymes (VhCAa and B) and for selected one
from B. pseudomallei (BpsCAP) showed quite dissimilar also in comparison with the hCA
II (Table 3).
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Table 3. Inhibition constants of hCA T, hCA TI, VhCAa, VhCAP and BpsCAp with compounds 5-8
and AAZ by a stopped-flow CO hydrase assay'®

Selectivity ratio®

Compound hCA 1I/ VchCAa hCA 1I/ VchCAPR hCA 1/ BpsCAp

5 11.54 2107 0.7
6 1.38 11073 941072
7a 60.22 46102 0.47
7b 2.26 11073 1102
Te 12 8107 8 10°
7d 10.75 13107 13
7e 1.27 4107 4
7t 1.38 3107 0.43
7g 1.26 110°? 1.4
7h 16.09 1.3 102 8.6 107
Ti 1.46 1103 710°
7j 5.49 2.210% 47107
8 9.8 7107 8.11072

AAZ 1.77 2.6 10% 1.6 107

 Selectivity as determined by the ratio of K; for hCA II isoform relative to bacterial isoforms.

A relatively high number of selenides that have been investigated act as effective CAls
against the VhCAa. Among them, the compound with the ethanoyl moiety (7a) showed the
most promising profile with a selectivity index of 60 (Table 3). The diselenide 6 showed
quite potent inhibition but poor selectivity over the human isoforms. The selectivity ratio of
BpsCAp differs substantially from the other B-class enzyme (VhCAP) investigated here.
Only compound 7e showed a good selective inhibition against this isoform with a 4 fold
higher potency when compared to the off-target isoforms (hCA I, II) and 3 fold higher for
VhCAua. Selenides 7d and 7g, on the other hand, exhibit slightly selectivity with 1.3 and 1.4

folds respectively.
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6.3 Famotidine, an antiulcer agent, strongly inhibits Helicobacter pylori and human

carbonic anhydrases

The third generation histamine H, receptor antagonists such as cimetidine, ranitidine and
famotidine (Figure 1) are widely used for the treatment of duodenal and gastric ulcers,
gastroesophageal reflux disease and pathological hyper-secretory conditions such as
Zollinger-Ellison syndrome.?'** Famotidine incorporates a sulfamide moiety, a bioisoster of
the sulfonamide group, a well-known zinc binding group present in CAls.* However, the

effects of famotidine on these zinc metalloenzymes was scarcely investigated up until now.

///N
HN \ Nl
H H
cimetidine

NH, /
HoN— _<S \ o —N_ HN™ O
N \N S N.g’ \41/8 )\/ﬁrr

V\f/ §\NH O N O
NH, O 2 H
famotidine ranitidine

Figure 1: Third generation of H, antagonists in clinical use

We decided to investigate whether famotidine shows CA inhibitory effects. All catalytically
active human CA isoforms (hCA [-XIV), as well as the two CAs present in the bacterial
pathogen Helicobacter pylori (a-HpCA, B-HpCA), the etiologic agent responsible of gastric
ulcers, were included in the study. Furthermore, we report the X-ray structure of famotidine
in complex with hCA I and hCA 1I, allowing us to unravel interesting aspects related to its
CA inhibition mechanism. The inhibition profiles of famotidine and acetazolamide (AAZ),
as standard sulfonamide inhibitor against all catalytically active CA isoforms is shown in

Table 4.
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Table 4. Inhibition constants of hCA I-XIV with famotidine and acetazolamide (AAZ) as a standard

inhibitor, by a stopped-flow CO; hydrase assay'®

K; nM*

Enzymes Famotidine AAZ
hCA 1 9224 250.0
hCA Il 579 12.1
hCA 111 >10000 >10000
hCA TV 938.8 74.0
hCA VA 1429 63.0
hCA VB 5328 54.0
hCA VI 98.2 11.0
hCA VII 3.0 2.5
hCA IX 126.3 25.8
hCA XII 453 5.7
hCA XIII 171.5 17.0
hCA XIV 677.2 41.0

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

The cytosolic isoforms had a very different inhibition profile with famotidine. hCA VII was
the most susceptible isoform to inhibition with this drug, with an inhibition constant K; of
3.0 nM. On the other hand, the two widespread cytosolic isoforms hCA I and hCA II, showed
a very different inhibition with this compound: hCA II was effectively inhibited (Ki 57.9
nM), whereas hCA I was more than ten times less sensitive to famotidine inhibition
compared to hCA II, with a K; of 922.4 nM. Famotidine was a moderate inhibitor of isoform
hCA XIII (K; 171.5mM) and lost any activity against hCA III with a K> 10 uM. The two
mitochondrial isoforms (hCA VA and VB) were poorly inhibited by this sulfamide drug, in
the micromolar range (Kis of 1.4 and 5.3 uM, respectively). The membrane-bound isoforms,
similar to the cytosolic ones discussed above, showed a heterogeneous inhibition pattern.
hCA XII, a tumor associated isoform was effectively inhibited by famotidine with a K; of
45.3 nM. The second enzyme overexpressed in hypoxic tumors, hCA IX, was on the other
hand less inhibited by famotidine, with a K; of 126.3 nM (Table 4). The last two membrane-
associated isoforms hCA IV and XIV, instead, were weakly inhibited by this drug, in the
high nanomolar range (K; 938.8 and 677.2 nM).
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H. pylori, a Gram-negative neutralophile was shown to be the cause of chronic gastritis,
peptic ulcers, and, more recently, gastric cancer, the second most common tumor in

26,27

humans.”>*’ This gastric pathogen encodes for two classes of CAs, an a- and a -one. Both

enzymes are crucial for its survival in the acidic environment within the stomach, and recent
studies showed that sulfonamides block the growth of the pathogen in vitro and in vivo.?**
Thus, in case of interference with these enzymes, famotidine might be used as a new
pharmacologic tool in the management of drug-resistant H. pylori.>' For this reason, we

performed inhibition studies of the two bacterial CAs (Table 5).

Table 5. Inhibition constants of hpaCA and hppCA with famotidine and acetazolamide (AAZ) as a
standard inhibitor, by a stopped-flow CO hydrase assay'®

KinM*
Enzymes Famotidine AAZ
hpaCA 20.7 214
hppCA 49.8 40.0

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

The a-class enzyme was effective inhibited by this compound, with an inhibition constants
of 20.7 nM, comparable to clinically used sulfonamide acetazolamide. On the other hand,
hpBCA was less effectively inhibited by famotidine (Ki of 49.8 nM). However, also for this
enzyme the activity was comparable to AAZ. An interesting observation was that famotidine
prove to be more active against H. pylori enzymes compared to the two human dominant
cytosolic isoforms (hCA I and hCA II), whereas AAZ was an effective inhibitor for both
(Table 4). Considering the abundant localization in the gastro-intestinal tract of the cytosolic
hCA I and II, as well as their crucial roles in pH regulation, we focused and obtained the
high resolution X-ray crystal structures of the adducts of famotidine with these enzymes, in
order to understand in detail the binding modes of the drug. Inspection of the initial |[F,—F,|
electron density maps of both active sites showed well defined densities, fully compatible
with the presence of famotidine and, surprisingly, revealed two possible conformations of
the drug for both adducts (Figure 2A and B). Famotidine coordinates the catalytic zinc ion

of the two CA isoforms by means of one nitrogen atom of the sulfamide group, displacing
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the zinc bound water molecule/hydroxide ion, resulting in a tetrahedral coordination

geometry of the metal ion, similarly to other sulfamide and sulfonamide compounds.*

A

Figure 2: Active site region of hCA I/famotidine (A) and hCA II/famotidine (B) complexes.
Inhibitors shown as cA-weighted |F,—F.| density maps at 2.0 6. The zinc ion (grey sphere)

and its three His ligands are shown in CPK colour.

The hCA I/famotidine complex showed two different orientation of the inhibitor (Figure 3).
The first one, labelled in green, exhibited different hydrogen bonds stabilizing the enzyme-
inhibitor adduct, such as the ones involving the guanidine tail and Asn69 or the nitrogen
atom near the sulfamide moiety and Thr199 and His200. On the other hand, hydrophobic
interactions were almost non-existent in this complex. We found only one such interaction
among Leul98 and the methylene chain of famotidine. The opposite orientation of the
second structure (labelled in magenta), surprisingly did not show any interaction with side

chains of the protein (Figure 3).
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Figure 3: Active site region of hCA I/famotidine adduct. Inhibitor showed as cA-weighted
|[Fo—F.| density map at 2.0 6. Hydrogen bonds, van der Waals interactions, and the active site

7Zn**-ion coordination are also shown

A completely different situation was observed when the hCA 1I active site was analyzed.
Again two possible orientations of famotidine were observed, both located in the
hydrophobic region delimited by a small pocket aligned by the side chains of Phel31,
Leul98, and Pro201 (Figure 4). The thiazole ring of one famotidine orientation (labeled in
green) formed strong hydrophobic interactions with these residues and a water bridge with
Pro201 by means of the azomethine nitrogen atom. This portion of the molecule was oriented
differently in two conformations: in one the nitrogen atom participates to several hydrogen
bonds with Thr199 and Thr200. In the second one, a reverse orientation of the nitrogen was
seen, with no interactions with the protein. Finally, the sulfamide oxygen is involved in a
bifurcated hydrogen bond with Thr200 (Figure 4). Electron density was absent for the
guanidine tail of the conformation labeled in magenta in Figure 4 and was not introduced in

the complex model.

234



Anti-infective Carbonic Anhydrase Inhibitors

4

_N@thm

Leu198/

”\ H|s119

His96 .
S

Figure 4: Active site region of hCA II/famotidine adduct. Inhibitor showed as cA-weighted
|[Fo—F.| density map at 2.0 6. Hydrogen bonds, van der Waals interactions, and the active site

Zn*"-ion coordination are also shown.

The structural superimposition between the hCA I and hCA II complexes, is reported in
Figure 5, and shows that, while the sulfamide moieties of famotidine are rather well
superimposable, the two aliphatic tails present different orientations, and as a consequence,
diverse interactions with amino acid side chains from the two active sites. Phe131 in hCA 11
proved to be essential to collocate famotidine within the lipophilic side of the active site
cavity, which strongly correlates with the inhibition potency of this drug against hCA II. On
the other hand, the presence of Leul31 in hCA I led to a loose van der Waals interaction,
which did not force famotidine towards the lipophilic side of the active site, leading thus to
two opposite orientations of the scaffold and few hydrophobic interactions with the active
site. These characteristics reflect the loss of inhibitory potency against this isoform

compared to hCA 1L
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Figure 5: Structural superimposition of famotidine/hCA 1 and famotidine/hCA 11

complexes. hCA I and hCA 1II adducts are coloured in green and magenta, respectively.

6.4 Conclusions

We have investigated a series of selenides bearing benzenesulfonamide for their inhibition
against two pathogenic bacteria from Vibrio cholera (VchCAa and VchCAP) and,
Burkholderia pseudomallei (BpsCAp). Excellent inhibitory activity, in the nanomolar range,
was observed against VchCAa whereas the B class enzyme was much less inhibited. These
selenides were also VchCAa-selective inhibitors over the human off-target enzymes hCA 1,
II. Thus, this series of compounds might be considered important leads for obtaining more

effective and selective CAls targeting VchCAa.

Moreover, Famotidine shows particular efficacy for the cytosolic isoforms hCA IT and hCA
VII. Furthermore, the two class bacterial enzymes from H. pylori (hpaCA and hppCA) were
also highly inhibited by this drug, raising thus the possibility that the effective antiulcer
effects of famotidine may be due not only to its action of Ha-receptor antagonist but also due

to the inhibition of the bacterial CAs too.
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6.5 Experimental Data

General

Anhydrous solvents and all reagents were purchased from Sigma-Aldrich, Alfa Aesar and
TCI. The solvents used in MS measures were acetone, DMSO, acetonitrile (Chromasolv
grade), purchased from Sigma-Aldrich (Milan - Italy), and mQ water 18 MQ, obtained from
Millipore's Simplicity system (Milan-Italy).

Carbonic anhydrase inhibition

An Applied Photophysics stopped-flow instrument has been used for assaying the CA
catalyzed CO» hydration activity.'® Phenol red (at a concentration of 0.2 mM) has been used
as indicator, working at the absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5)
as buffer, and 20 mM Na,SO4 (for maintaining constant the ionic strength), following the
initial rates of the CA-catalyzed CO, hydration reaction for a period of 10—100 s. The CO;
concentrations ranged from 1.7 to 17 mM for the determination of the kinetic parameters
and inhibition constants. For each inhibitor at least six traces of the initial 5-10% of the
reaction have been used for determining the initial velocity. The uncatalyzed rates were
determined in the same manner and subtracted from the total observed rates. Stock solutions
of inhibitor (0.1 mM) were prepared in distilled-deionized water and dilutions up to 0.01 nM
were done thereafter with the assay buffer. Inhibitor and enzyme solutions were
preincubated together for 15 min at room temperature prior to assay, in order to allow for
the formation of the E-I complex. The inhibition constants were obtained by non-linear least-

squares methods using PRISM 3 and the Cheng—Prusoff equation.

Crystallization and X-ray data collection

Crystals were obtained using the hanging drop vapor diffusion method using 24 well Linbro
plate. 2 ul of 10 mg/ml solution of hCA I in Tris-HCI 20 mM pH 9.0 were mixed with 2 ul
of a solution of 28-31% PEG4000, 0.2 M Sodium acetate, 0.1 M Tris pH 8.5-9.0 and were
equilibrated against the same solution at 296 K. Crystals of the protein grew in fifteen days.
Afterwards hCAI crystals were soaked in SmM inhibitor solution for 3 days. The crystals
were flash-frozen at 100K using a solution obtained by adding 15% (v/v) glycerol to the
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mother liquor solution as cryoprotectant. Data on crystals of the complexes were collected
using synchrotron radiation at the ID23-2 beamline at ESRF (Grenoble, France) with a
wavelength of 0.873 A and a PILATUS3 2M Dectris CCD detector. 2 ul of 0.8 mM solution
of hCA 1II in Tris-HCI pH=8.0 were mixed with of a solution of 1.5, 1.6 and 1.7 M sodium
citrate, 50 mM Tris pH 8.0 and were equilibrated against 500 pl of the same solution at 296
K. Crystals of the complexes grew in a few days. hCAII crystals were soaked in SmM
inhibitor solution for 2 days. The crystals were flash-frozen at 100K using a solution
obtained by adding 25% (v/v) glycerol to the mother liquor solution as cryoprotectant. Data
on crystals of the complexes were collected using synchrotron radiation at the ID-30B
beamline at ESRF (Grenoble, France) with a wavelength of 0.827 A and a PILATUS3 6M
Dectris CCD detector, to a maximum resolution of 1.0. Data were integrated and scaled

using the program XDS.*?
Structure determination

The crystal structure of hCA I (PDB accession code: 1JV0) and hCA II (PDB accession
code: 4FIK) without solvent molecules and other heteroatoms was used to obtain initial
phases of the structures using Refmac5.** 5% of the unique reflections were selected
randomly and excluded from the refinement data set for the purpose of Rfree calculations.
The initial |Fo - Fc| difference electron density maps unambiguously showed the inhibitor
molecules. Atomic models for inhibitors were calculated and energy minimized using the
program JLigand 1.0.40.>* Refinements proceeded using normal protocols of positional,
isotropic atomic displacement parameters alternating with manual building of the models
using COOT.* Solvent molecules were introduced automatically using the program ARP .
The quality of the final models were assessed with COOT and RAMPAGE.*>” Atomic
coordinates were deposited in the Protein Data Bank (PDB accession code: 6G3Q and

6G3V). Graphical representations were generated with Chimera.*
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Summary of Data Collection and Atomic Model Refinement Statistics

PDB
Compound
Space group
Cell dimensions
ab,c
alpha, beta, gamma
Resolution (A)
Resolution-high (A)
Rsym (%)
Rmeas (%)
CC%

I/sigl
Completeness (%)
Redundancy
Wavelength (A)
Refinement
resolution (A)
unique reflections
Rwork/Rfree (%)
Rfactor (%)
Rfree(%)

Ramachandran statistics (%)

Most favored
additionally allowed
outlier regions
B-factors (A2)
ligand
water
r.m.s. deviations
Bond length (A)
Bond angle (°)

6G3Q
Famotidine
P2,

42.3,41.4,72.1

90, 104.3, 90
41.0- 1.01
1.08 - 1.01
3.8 (60.1)
4.8(76.5)

0.998 (0.639)
10.80 (1.35)
88.6 (65.1)

2524
0.827

30.0 - 1.01
106958
5346
12,72
15.15

96.9
3.1
0.0

18.58

19,74

35,53

0,009
1,427

6G3V
Famotidine
P2,2:2,

62.5,71.4,121.4
90, 90, 90
30.0- 1.69
1.80-1.69
6.8 (120.2)
8.3 (151.7)
0.997 (0.370)
8.30 (0.83)
93.5 (82.6)
2.75 (2.2)
0.873

27.0-1.69
54371
2811
21.42
26.31
1
97.2
28
0.0
30,96
31,42
54,66

0,0123
2,199
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Chapter 7

New activators of human Carbonic Anhydrases
7.1 Introduction.
Carbonic Anhydrase activation properties were reported in the early 1940s by several
independent groups.!” As previously discussed in Chapter 1.4 amines, such as histamine,
amino acids and peptides were shown to possess such a biochemical activity.!* However,
the subject became highly controversial in the early 1990s, when the use of highly purified
enzymes and very precise techniques became routinary.*® A general mechanism of action

for the Carbonic Anhydrase activators (CAAs) has been proposed based on Equation below:

H,0
EZn’*—OH, + A ===|EZn*’-OH,—A ] :lEZn2L OH — AH' | === EZn’>-OH" + AH"

According to this model, the activator molecule participates to the rate-determining step of
the catalytic cycle, the proton shuttling, acting similarly to the natural proton shuttle (i.e.
His64). In such enzyme—activator complexes proposed for explaining the mechanism,’ the
proton transfer becomes intramolecular, thus being more efficient when compared to the
intermolecular transfer to buffer molecules, not bound within the enzyme cavity. ¢ Kinetic
data in the presence of activators proved that the activator does not influence Ky (the affinity
for the substrate) and has an effect only on ket of the enzyme-catalyzed reaction, both for
the esterase (with 4-nitrophenyl acetate) and CO, hydration reactions.”® Finally, the
confirmation of CA activation mechanism arrived in 1997, by the report of the first X-ray
crystal structure of an activator, histamine, bound to hCA II.” Although CAls have been
extensively studied, and exploited clinically for the prevention and treatment of several
diseases, the field of CA activators is largely unexplored. The pharmacologic applications
of the activators started to be explored in the last 15 years. Sun and Alkon reported that
phenylalanine, an activator, when administered to experimental animals produces a relevant
pharmacological enhancement of synaptic efficacy, spatial learning and memory, proving
that this class of unexplored enzyme modulators may be used for the management of
conditions in which learning and memory are impaired.”!® CA-deficiency and tissue
engineering field!!? are others fields where this modulators could be used. For these reason,
we continued to investigate new compounds as possible CAAs for better understand the role

of different isoforms in the human body and their possible pharmacological applications.
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7.2 Psychoactive substances belonging to the amphetamine class potently activate brain

Carbonic Anhydrase isoforms VA, VB, VII, and XII

Psychoactive substances, such as cocaine, amphetamines, and cannabinoids, as well as new
synthetic molecules belonging to a vast array of chemical families, some of which are poorly
characterised from the pharmacological and toxicological viewpoints.'*'!> Our interest in this
type of compounds is connected to the fact that many of the “classical” drug abuse
compounds are primary, secondary, or tertiary amines incorporating the phenethylamine
scaffold (such as amphetamine and methamphetamine).'*!'* This type of amines, possessing
the general formula Ar-CH,CH(R)NHR, typical of carbonic anhydrase activators

(compounds 1-4 in Figure 1),”® were never investigated as potential CAAs.

0 0 H OH
N N HO NS
\)\/\ </ OH OH
NH; ’ NH NH
HN 2 2 HO
2 3 4

1
histamine histidine phenylalanine L-adrenaline
H
©\)Niz - ©\)<N H2 ©\)<N =~
N
H
5 6 7 8
amphetamine methamphetamine phentermine mephentermine
| X
N
T ~
Cl
9
chlorphenteramine

Figure 1. Structure of typical CAAs 1-4 and psychoactive substances investigated as CAAs
5-9.

Here, we report the first study showing that amphetamine S5, methamphetamine 6,

phentermine 7, mephentermine 8, and chlorphenteramine 9 (Figure 1 entry 5-9), potently
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activate several CA isoforms, some of which are highly abundant in the brain, where they

play important functions connected to cognition and memory, among others.’!°

Amines 5-9 are widely used psychoactive substances. They include primary amines such as
amphetamine 5 and phentermine 7, secondary ones such as methamphetamine 6 and
mephentermine 8, as well as a tertiary amine, chlorphenteramine 9, which unlike compounds
5-8, which possess the general formula mentioned above, typical to most CAAs 4-6,
incorporates a dimethylamino moiety linked by a three carbon atoms chain to a bulky
aromatic moiety of the 4-chlorophenyl type. Furthermore, 9 also incorporates a second bulky
moiety, the 2-pyridyl one, making it an interesting candidate to be tested as CAA, with
structural features not encountered in other such derivatives investigated earlier. We
investigated the CA activating properties of amines 5-9 against 11 catalytically active and
physiologically relevant hCA isoforms, that is, the cytosolic hCA 1, II, VII, and XIII, the
membrane associated hCA IV, the mitochondrial hCA VA and VB, the secreted hCA VI, as
well as the transmembrane isoforms hCA IX, XII, and XIV.'¢8

The following structure—activity relationship (SAR) for the activation of these enzymes with
standard CAAs 14 and psychotropic amines 5-9 can be drawn from data of Tables 1 and
2:

1) The cytosolic, widespread isoforms hCA I and II were not significantly activated by
these amines up to concentrations as high as 150 uM, whereas hCA XIII, another
cytosolic isoform with a more particular expression pattern (as it is widespread in
many organs but with quite low expression level)?® is moderately activated by
amines 5-9, with activation constants in the range of 24.1-79.5 uM. The best
activators of hCA XIII were amphetamine 5 and methamphetamine 6, whereas
phentermine 7, mephentermine 8, and chlorphenteramine 9 showed a decreased
potency. It is interesting to note the differences between the activating effects of
amines 5-9 and the standard CAAs 1-4: hCA I for example is effectively activated
by compounds 1-4, whereas hCA 1I is poorly activated by histamine 1 and L-
adrenaline 4, but highly effectively activated by amino acids such as L-His and D-
Phe (Table 1). hCA XIII is also rather well activated by 1-3 (L-adrenaline’s effects

on this isoform were not investigated).
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Table 1. CA activation of isoforms hCA 1, II, VII, and XIII (cytosolic) and IV (membrane-associated)

with compounds 1-9, by a stopped-flow COx hydrase assay.'?

K (nM)°
compound hCA 1 hCA I hCA IV hCA VII hCA XIII

1 2:1 125 253 37.5 4.7

2 (1-His) 0.03 0.90 73 0.92 0.13

3(1-Phe) 0.07 0.013 36.3 10.9 1.02

4 0.09 96 45 60 Nt

5 >150 >150 0.094 0.91 24.1

6 >150 >150 0.051 0.93 25.6

7 >150 >150 0.074 0.89 542

8 >150 >150 1.03 0.64 48.3

9 >150 >150 0.055 0.098 79.5

Nt: not tested

Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

ii)

iii)

hCA VII, the brain-associated cytosolic CA isoform'¢, known to be involved in the
antiepileptic and antineuropathic pain effects of the CAIs,'*!® was effectively
activated by the psychotropic amines investigated here, with Kas ranging between
98nM and 0.93 uM. The most effective hCA VII activator was chlorphenteramine 9
whereas the remaining derivatives, possessing the phenethylamine scaffold showed
rather similar, submicromolar activation constants (Kas of 0.64-0.93 uM). No major
differences in the activating capacity were observed between the primary and
secondary amines, or between the derivatives possessing the relatively not sterically
hindered a-methyl group near the amino functionality, such as 5 and 6, compared to
the sterically hindered, structurally related amines 7 and 8 (Table 1). It should also
be noted that except L-His, which has the same level of activity as the psychotropic
amines investigated here, the other standard CAAs, such as 1, 3, and 4, were quite
ineffective as hCA VII activators (Table 1).

The membrane-associated isoform hCA IV was the most sensitive one to activation
by amines 5-9, which showed Kas ranging between 51 nM and 1.03 pM. The best
hCA 1V activator was methamphetamine 6 and chlorphenteramine 9 (Kas of 51-55
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nM), followed by phentermine 7 and amphetamine 5 (Kas of 74-94 nM). The
sterically hindered (at the amino moiety) mephentermine 8 was the least effective
CAA with a Ka of 1.03 uM. There is a huge difference of activity between the
psychotropic amines investigated here 5-9, which act as efficient or highly efficient
hCA 1V activators, and compounds 1-4, which were quite ineffective such agents
with Kas in the range of 7.3—45 uM (Table 1).

The two mitochondrial isoforms hCA VA and VB, involved in many metabolic
reactions (ureagenesis, lipogenesis, neoglucogenesis, etc.)'¢'® and also present in the
brain, were also effectively activated by amines 5-9, with Kas ranging between 0.24
and 2.56 pM (Table 2). The best activators against these isoforms were
mephentermine 8 against hCA VB (Ka of 240 nM) and chlorphenteramine 9 against
hCA VA (Ka of 310 nM), with the remaining compounds (except amphetamine 5
against hCA VB which showed a Ka of 2.56 uM) showing a rather effective,
submicromolar activation profile against both isoforms and with a flat SAR (Kas
ranging in a narrow interval of 0.37-0.92 uM, Table 2). It should be noted that apart
from histamine 1, which is an effective hCA VA activator (Ka of 10 nM), the
standard CAAs 2—4 were generally less effective mitochondrial CA activators

compared to the psychotropic amines 5-9 (Table 2).
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Table 2. CA activation of isoforms hCA VA, VB (mitochondrial), VI (secreted), and IX, XII, and XIV

(trans-membrane) with compounds 1-9, by a stopped-flow CO; hydrase assay."”

Ka (uM)?*

Compound  hCA VA hCA VB hCA VI hCA IX hCA XII hCA XIV

1 0.010 3.52 6.50 35.1 279 0.010
2 (1-His) 1.34 097 32.0 9.71 375 0.50
3 (1-Phe) 9.81 10.45 1.23 16.3 1.38 0.24
4 63 67 Nt 0.87 0.41 36.1
5 0.81 2.56 >150 >150 0.64 9.15
6 0.92 0.78 >150 >150 0.80 7.38
7 0.53 0.62 >150 34.6 324 12.7
8 0.37 0.24 >150 258 6.12 18.1
9 0.31 0.75 >150 34.1 0.97 6.81

Nt: not tested

*Mean from three determinations by a stopped-flow, COz hydrase method. Standard errors were in

the range of 5-10% of the reported values.

v)

Vi)

Similar to hCA I and II, the secreted isoform hCA VI was not significantly activated
by amines 5-9 up until 150 uM, whereas compounds 1-3 showed a much better
activating efficacy (Table 2).

The tumor-associated, transmembrane isoform hCA IX was not significantly
activated by amphetamine 5 and methamphetamine 6 (Kas >150 uM), whereas the
remaining psychotropic amines 7-9 showed weak activating effects, with Kas of
25.8-34.6 uM. However, the second tumour-associated, transmembrane isoform
hCA XII showed a very different activation profile with these compounds compared
to hCA IX. Indeed, amphetamine 5, methamphetamine 6, and chlorphenteramine 9
were submicromolar activators (Kas of 0.64-0.97 uM) whereas the sterically
hindered amines 7 and 8 were one order of magnitude less efficient as hCA XII
activators (Kas of 3.24-6.12 uM). The primary amines 5 and 7 were in this case
more effective activators compared to the corresponding secondary amines 6 and 8.

Among the standard CAAs, only L-adrenaline 4 showed the same level of activity
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as amines 5 and 6, the remaining derivatives 1-3 being generally less effective as
hCA XII activators (Table 2).

vii) hCA XIV, another transmembrane isoform not connected with tumours, was
moderately activated by amines 5-9, which showed Kxs of 6.81-18.1 uM. The best
hCA XIV activator was chlorphenteramine 9 whereas the least effective one was
mephentermine 8. Some of the standard CAAs, such as histamine 1 showed much

more effective, low nanomolar activating effects against this isoform.

7.3 Investigation of piperazines as human carbonic anhydrase I, II, IV and VII

Activators

4-Aminoethyl-piperazine 10 (Figure 2), which is structurally similar to histamine 1 (Figure
1) has been reported for many years as an effective, low micromolar activator for several
CA isoforms, but this was the only piperazine derivative until now investigated. In order to
increase the structure-activity relationship (SAR) data on this class of compounds, in
particular towards hCA IV and hCA VII isoforms, we evaluated the activation effects of
different piperazines incorporating a variety of scaffolds 11-34, synthesized by Romanelli’s
group (Figure 2). These particular compounds were chosen to be investigated as CAAs as
they contain the endocyclic NH group able to participate in proton shuttling processes
between the zinc-coordinated water from the CA active site and the external medium, in a
similar manner to 4-aminoethyl-piperazine 10, and histamine 1, which were considered as
lead compounds. Furthermore, in contrast to 10 and 1, piperazines 11-34 do not possess the
aminoethyl moiety present in the two leads, but the pK, of the NH (or NR) groups from the
heterocyclic ring is influenced by the diverse substitution patterns present in them. Indeed,
both electron withdrawing as well as electron donating moieties are present in these
compounds which may lead to a different basicity of the moieties able to shuttle protons
between the enzyme active site and the reaction medium. The unsubstituted piperazine 35

(Figure 2) was also tested for comparison.
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/N
N A HN  NH
10 35
4-aminoethyl-piperazine piperazine
R1—N/_\NH N/_\NH R1—N/_\NH
_/ < Ry
I m 11
(11-24) (25-31) (32-35)
Compound Structure Ry Ry
1 I Phenyl -
12 I 4-F-phenyl -
13 I 4-Cl-phenyl -
14 I 4-MeO-phenyl -
15 I 4-COMe-phenyl -
16 I 3-Cl-phenyl -
17 I 3-MeO-phenyl -
18 I 3-CF5-phenyl -
19 I 2-Pyridyl -
20 I Methyl -
21 I Benzyl -
22 I Acetyl -
23 I CH,CH,0OH -
24 I 2-Piperidinyl -
25 11 H Methyl
26 11 H Phenyl
27 I Benzoyl Phenyl
28 11 H Benzyl
29 I Propionyl Benzyl
30 I Benzoyl Benzyl
31 1l H COOH
32 i} H co
33 I H CH,CH,
34 1 Benzyl CH,CH,

Figure 2. Compound 10, Piperazines 11-34 and Piperazine 35 in the

CA activation study.
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Activation data against four physiologically relevant hCA isoforms, hCA I, II, IV, and VII,
are shown in Table 3. Indeed, hCA I, II, and IV are involved in a multitude of eye

diseases,' 7!

and their inhibition is pharmacologically used for the treatment of glaucoma?!,
edema,?? obesity,® and hypoxic tumors,>* whereas more recently, some of these isoforms
were also validated as drug targets for neuropathic pain,? cerebral ischemia,* and arthritis.?’
Thus, modulators, potentially with selective action, both for inhibiting and activating these
enzymes, are of great pharmacological interest. The activation of the four CA isoforms
mentioned above with the piperazine derivatives 11-35 and well known activators 1 and 10

shown in Table 3 allowed us to delineate the following structure-activity relationship (SAR):

Although unsubstituted piperazine 35 was inactive as a CAA (Kas>150 uM against all
investigated enzymes), the substituted-piperazines 11-34 showed CA activating properties
against hCA I (except compounds 11, 20, 21, and 25, which had Kas>150 uM) with
activation constants ranging between 32.6 and 131 uM, being thus moderate — weak
activators. Indeed, the leads 1 and 10 were much more potent, low micromolar activators of
this isoform, with Kas of 2.1-7.4 uM (Table 3). The best hCA I activators in the series of
investigated compounds were 14, 29, 31, and 34 (Kas of 32.6—48.1 uM), and they belong to
variously substituted piperazines. Small variations on the core structure of these compounds
generally led to a diminution of the activity. For example, 29, the best hCA I activator,
carries a propionyl group on the piperazine ring and a benzyl moiety at 3 position. Its
deacylated analog, 28, was almost 2 times a less effective hCA I activator, with a Ka of 73.7

uM, when compared to 29.
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Table 3. CA activation of isoforms hCA I, 1I, IV and VII with compounds 1, 10-35, by a stopped-
flow CO: hydrase assay."”

Chapter 7

Ka (uM)*
Compound hCAT hCA T hCA TV hCA VII
1 2.10 125.0 253 37.5
10 7.41 2.30 249 325
11 >150 74.9 >150 121.3
12 88.2 38.7 >150 47.8
13 104.0 110.3 >150 126.1
14 48.6 50.1 >150 80.4
15 83.7 97.9 >150 >150
16 95.2 82.7 >150 104.0
17 119.2 80.1 >150 >150
18 110.2 77.6 >150 114.5
19 131.0 75.2 >150 952
20 >150 78.4 >150 97.0
21 >150 853 >150 98.4
22 127.4 109.0 >150 96.4
23 102.1 91.6 >150 124.2
24 62.5 16.2 >150 49.2
25 >150 84.0 >150 131
26 80.3 49.7 >150 >150
27 75.2 84.5 >150 352
28 731 116 >150 17.1
29 32.6 36.1 >150 84.0
30 85.2 824 >150 48.5
21 479 46.8 >150 93.6
32 115.0 >150 >150 37.1
33 794 44.6 >150 98.5
34 48.1 332 >150 127
35 >150 >150 >150 >150

*Mean from three determinations by a stopped-flow, CO> hydrase method. Standard errors were in

the range of 5-10% of the reported values.

The physiologically dominant cytosolic isoform hCA II was more sensitive to activation

with piperazines 11-34 investigated here compared to hCA I (Table 3). Thus, only 32 was
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inactive (Ka >150 puM), and the range of the activation constants for the remaining
derivatives was of 16.2—116 uM. A number of compounds showed K s in the range of 16.2—
50.1 pM: for example 12, 14, 24, 29, 31, 33 and 34. They belong to various chemical classes
and incorporated different substituents, which demonstrates that it might be possible to
design much more efficient CAAs incorporating this interesting ring. However, the simple
lead compound 10 was a much more potent hCA II activator compared to the other
piperazines investigated here, whereas histamine 1 was a very inefficient hCA II activator
with a Ka of 125 pM (Table 3). Amazingly, the best hCA II activator was 24, which has
two potential piperidine rings that may participate in the proton shuttling processes.
Surprisingly, the membrane-bound isoform hCA IV has not activated significantly by any
of the piperazines investigated here, although the leads 1 and 10 showed medium potency
efficacy with Kas of 24.9-25.3 uM. The brain cytosolic isoform hCA VII was not activated
by piperazines 15, 17, and 26 (Kx > 150 uM), whereas the remaining derivatives showed a
profile of medium—weak activator, with Kas in the range of 17.1-131 uM (Table 3). The
best hCA VII activators were 12, 27, 28, 30, and 32 (Kas in the range of 17.1-48.5 uM). For
this isoform, the SAR of the couple 28/29 is completely different compared to what is
mentioned above for the activation of hCA 1. In this case, the deacetylatyed derivative 28
was 4.9 times a better hCA VII activator compared to the acetylated one 29. Thus, small
changes in the scaffold lead to a very different activation profile in this series of piperazines

and their derivatives.

7.4 Five- and Six-Membered Nitrogen-Containing Compounds as Selective Carbonic

Anhydrase Activators

Up to date, CA activators are chemically represented by natural endogenous compounds
(histamine, catecholamines, amino acids/peptides, carnosine)®**3° and some synthetic
derivatives (oligopeptides, pyridinium-azoles, selective serotonin reuptake inhibitors,
histidine and histamine derivatives, imidazole/ triazole/

g)31-33

indazole/pyrazole/oxazole/thiadiazole derivative presenting common features such as:

e Steric factors leading to a proper orientation for facilitating the proton shuttle from

the entrance to the active site;
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e Electronic factors like pK, values in the range 6.5-8.0 for protonatable moieties
suitable to establish a network of H-bonds with water molecules or amino acid
residues;

e Structural characteristics like nitrogen-containing rings or chains to provide the

protonatable moiety.

On the basis of the enzyme-activator adducts and keeping in mind the central nervous system
(CNS) distribution of hCA [, II, IV and VII isozymes, in collaboration with Mollica’ group,
we proposed novel chemotypes incorporating all the above mentioned characteristics in five-
or six-membered nitrogen containing structures to elicit this peculiar biological activity and

to explore the chemical space around these positions.

We selected important derivatives such as L-(+)-ergothioneine (36), an anti-oxidant and
chelating naturally-occurring compound containing a sulfur atom in the imidazole ring of
histidine, melatonin (37), which is a first-line defense hormone against oxidative stress in
the CNS, 4-imidazole-acrylic acid (38) and indazole-3-carboxylic acid (39), both
incorporating acid and Dbasic functions, TIC HCI ((S)-1,2,3,4-tetrahydro-3-
isoquinolinecarboxylic acid) (40) and spinacine ((S5)-4,5,6,7-tetrahydro-1H-imidazo[4,5-
c]pyridine-6-carboxylic acid) (41) in order to evaluate the impact of the presence/absence of
an imidazole ring. Lastly we study the diketopiperazine derivatives (42—44) synthesized by
Mollica’ group* (Figure 3).
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N
N NH
~0 /

36 37 38
0]
OH
N
H
39 40 41
0 H 0 H 0 H
HN \[N/> HN \lN/> <\N \[N/>
\\\-KH/NH N \S/\ K”/NH N \\\-KH/NH N
o O o
44

Figure 3 Chemical structures of commercial products 36-41, and Mollica’ compounds 42-

44

All compounds, except 37 (melatonin) have the possibility for accepting a proton, and can
function as proton shuttles. From the data in Table 4, the following relationships between
structure and activation profile can be concluded for this small library of nitrogen containing

cyclic compounds and the first demonstrated standard activator histamine 1 (Figure 1):
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Tabled. Activation constants of hCA I, hCA II, hCA IV and hCA VII with compounds 1, 36-44, by
a stopped-flow CO; hydrase assay'?

K, (1M

No compound hCAl hCA I hCA 1V hCA VII
1 histamine 2.10 125 36.9 25.3
36 L-(+)-ergothioneine >100 >100 >100 0.82
37 melatonin >100 >100 534 0.12
38 4-imidazole-acrylic acid 213 >100 64.7 3.46
39 indazole-3-carboxylic acid 324 >100 78.4 523
40 TIC HCI 23.1 >100 735 3.61
41 spinacine 7.21 >100 69.7 157
42 c(HisPhe) 16.3 >100 80.5 15.1
43 c(HisMet) 839 >100 77.0 21.6
44 c(HisPro) 7.92 >100 70.1 34.7

iii)

*Mean from three determinations by a stopped-flow, COz hydrase method. Standard errors were in
the range of 5-10% of the reported values.

The abundant and cytosolic hCA I isozyme was moderately activated by compounds

3844 similarly to histamine (micromolar range), whereas compounds 36 and 37 did

not affect its enzymatic activity up to 100 pM.

As histamine 1, all compounds reported in this work were totally inactive against

hCA 1I isozyme, usually abundant in the choroid plexus, oligodendrocytes,

astrocytes, myelinated tracts, and myelin sheets.

of cerebral capillaries and within the cortex, the hippocampus and thalamus,

compounds 37-44 were poor activators (Kas 53.4-80.5 uM) such as histamine 1.

Conversely, compound 36 was totally inactive (Ka > 100 uM).

activation and selectivity. Derivatives 3844 activated this isozyme in the
micromolar range, but compounds 36 and 37 were demonstrated to be rather
efficient activators with Ka values of 820 and 120 nM, respectively (best-in-class

activators, more selective up to two orders of magnitude). Compound 1 showed a

very selective activation of only this isoform.

With regards to the membrane-bound hCA IV isoform located on the luminal surface

The last cytosolic hCA VII isoform displayed the most promising results in terms of
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7.5 Conclusions

We have investigated different series such as piperazine and cyclic derivatives as human
CAAs. Moreover, psychotropic amines based on the phenethylamine scaffold, such as
amphetamine, methamphetamine, phentermine, mephentermine, and the structurally diverse
chlorphenteramine are investigated for their activating effects on 11 hCA isoforms. Some of
these enzymes (hCA VII, VA, VB, XII) are abundant in the brain, raising the possibility that
some of the cognitive effects of such psychoactive substances might be related to the
activation of these enzymes. Futhermore, the activation of the brain-associated hCA VII
isoform is of particular interest since is expressed at high levels in the cortex, thalamus and
hippocampus. This isoform is also proved to be connected to serious central nervous system
(CNS) affecting diseases such as Alzheimer or more in general neuronal degeneratios as
well as epilepsy. Our experimental design let us to discover innovative lead compounds
endowed with the appropriate physical-chemical characteristics such as balanced

hydro/liposolubility and water solubility.

7.6 Experimental data
Carbonic Anhydrase enzyme activation assay

An Sx.18Mv-R Applied Photophysics (Oxford, UK) stopped-flow instrument has been used
to assay the catalytic activity of various CA isozymes for CO, hydration reaction.'? Phenol
red (at a concentration of 0.2 mM) was used as indicator, working at the absorbance
maximum of 557 nm, with 10 mM Hepes (pH 7.5) or TRIS (pH 8.3) as buffers, 0.1 M
Na,SO4 (for maintaining constant ionic strength), following the CA-catalyzed CO, hydration
reaction for a period of 10 s at 25 °C. Activity of the a-CA was measured at pH 7.5 whereas
that of the B-, y-, 0-, -, {- class enzymes at pH 8.3 as it has been reported that for enzymes
of this class it optimal at this pH value [1-3]. The CO, concentrations ranged from 1.7 to 17
mM for the determination of the kinetic parameters and activation constants. For each
activator at least six traces of the initial 5-10% of the reaction have been used for
determining the initial velocity. The uncatalyzed rates were determined in the same manner
and subtracted from the total observed rates. Stock solutions of activators (10 mM) were

prepared in distilled-deionized water and dilutions up to 1 nM were done thereafter with the
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assay buffer. Activator and enzyme solutions were pre-incubated together for 15 min
(standard assay at room temperature) prior to assay, in order to allow for the formation of
the E-A complex. The activation constant (Ka), defined similarly with the inhibition
constant Kj, can be obtained by considering the classical Michaelis—Menten equation (Eq.

(4)), which has been fitted by non-linear least squares by using

PRISM 3:

Vmax
V= )
[ 14K/ 8101 +[A]/ Ky

Where [A]r is the free concentration of activator. Working at substrate concentrations

considerably lower than Ky ([S] << Kuw), and considering that [ A]; can be represented in the

form of the total concentration of the enzyme ([E]) and activator ([A];), the obtained

competitive steady-state equation for determining the activation constant is given by Eq. (5):
VoKa

V= ®)
[ K+ (1AL - 05](TAY, + [E] + Ky) - ([A] + [E], + Ko)? - 4[A], [E]D'? }}

Where V represents the initial velocity of the enzyme-catalyzed reaction in the absence of

activator. The enzymes were recombinant ones, prepared in-house as reported earlier.>%-
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Chapter 8
Kinetic activation study from no human CAs
8.1 Introduction

In Chapter 6 we discussed the use of CAls as promising tools for targeting the pathogenic
bacterial and protozoal expressed CAs in order to develop new and effective anti-infective
agents.' In this section we report a radical new approach in the field consisting in the
activation and evaluation in vitro of the protozoal as well as of the bacterial CAs with the
primary intent to have a better understanding of the catalytic mechanisms associated to such
isoforms. Additionally, all the results obtained will be usefuls for the future technological
applications in the area of CO; capture. Our investigations began with known CAAs on the
human enzymatic isoforms such as amines, natural and non-natural amino acids of the type

1-24 reported in Figure 1.
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Figure 1. Amino acids and amines 1-24 investigated as CA activators (CAAsS).

It must be stressed that a CAA has no influence on the Ky values, as the Michaelis—Menten
constants are identical with or without activator, instead a very strong influence is observed
on kea. The latest parameter is generally greatly enhanced in the presence of activators,

proving that it is just the rate-determining step, that is the proton transfer between the active

site and the reaction medium, to be favoured as reported in Table A.

ZT
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Table A. Activation of human hCA I, hCA TII, and the other classes of CAs studied here with L-Tyr,

Kinetic activation study from no human CAs

at 25 °C, for the CO5 hydration reaction.'

Isozyme Keat (5% Km (mM)* (Kea)L-Tip (71)** Ka (uM) L-Trp***
hCAI 20x10° 4.0 34x10° 44
hCA 1L 1.4x 10° 93 49x10° 27
TcCAa 1.2x 106 8.1 7.8x 10° 2.54

LdcCAp 9.35x 10° 15.8 28.6x 10° 4.02

mtCA 3 43 x 10° 10.7 13.8x 10° 8.98

VchCAa 8.23x 10° 17 21.9x10° 8.21

VchCAp 3.34x10° 8.1 162x 10° 6.15

VchCAy 7.39x 10° 11.5 254x10° 0.12
PfaCA 38x 10° 52 112x10° 1.02

TweCAS 1.3x 10° 39 10.6x 10° 0.93

ZnTweCA{  14x10° 8.7 6.9 x 10° 0.98
CdTweCA{ 1.5x10° 10.7 1.5x 10° >50

* Observed catalytic rate without activator. Ky values in the presence and the absence of activators

were the same for the various CAs

** Observed catalytic rate in the presence of 10 pM activator.

*** The activation constant (Ka) for each enzyme was obtained by fitting the observed catalytic
enhancements as a function of the activator concentration. Mean from three determinations by a

stopped-flow, COz hydrase method.

These data clearly showed that clear differences of activating efficacies by two amino acid
antipodes against various classes of CAs are present. Such a concept paves the way to

properly engineer proton transfer processes, specific for each enzymatic isoform, between

the active site of the enzyme and the reaction medium.
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8.2 Activation study of a-Carbonic Anhydrase from the pathogenic protozoan

Trypanosoma cruzi

T. cruzi encodes for an a-class* CA (TcCA), which has recently been cloned, characterized
and investigated for its inhibition, being shown to be a promising new target in the fight
against Chagas disease, provoked after infection with this protozoan species.>* In previous
works, this enzyme was reported to be effectively inhibited in vitro,and in some cases also
to interfere with the growth of some forms of the parasite in vivo. Such results may lead to
the discovery of potential drugs devoid of the drug resistance problems currently
encountered by the few clinically used compounds available the treatment of Chagas
disease.>* On the other hand, only few activators have been identified for protozoan CAs so
far. For this reason, we investigated the activation mechanism with compounds 1-24 in order
to better understand the role that this enzyme has in the life cycle of 7. cruzi, particularly
considering the fact that many of the activators identified are autacoids present in rather high
concentrations in different tissues of the host mammals that are infected by these parasites.
The structure-activity relationship (SAR) for the activation of TcCA with compounds 1-24
(Figure 1), can be delineated considering the data shown in Table 1 with the activation data

of the human isoforms hCA I and II presented for comparison.
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amines 1-24, by a stopped-flow CO> hydrase assay'>

Ka (uM)?

No Compound hCAT* hCA T TeCA
1 L-His 0.03 109 11.3
2 D-His 0.09 43 7.54
3 L-Phe 0.07 0.0013 12.1
4 D-Phe 86 0.035 6.39
5 L-DOPA 3.1 11.4 0.83
6 D-DOPA 49 7.8 0.38
7 L-Trp 44 27 2.54
8 D-Tip 41 12 1.79
9 L-Tyr 0.02 0.011 4.92
10 D-Tyr 0.04 0.013 2.80
11 4-H2N-L-Phe 0.24 0.15 0.75
12 Histamine 2.1 125 2493
13 Dopamine 13.5 9.20 >100
14 Serotonin 45 50 1.98
15 2-Pyridyl-methylamine 26 34 >100
16 2-(2-Aminoethyl)pyridine 13 15 >100
17 1-(2-Aminoethyl)-piperazine 7.4 2.30 >100
18  4-(2-Aminoethyl)-morpholine 0.14 0.19 6.95
19 L-Adrenaline 0.09 96 >100
20 L-Asn 11.3 >50 >100
21 L-Asp 5.20 >50 18.7
22 L-Glu 6.43 >50 >100
23 D-Glu 10.6 >50 >100
24 L-Gln >50 >50 2.85

? Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

" Human recombinant isozymes, stopped flow CO; hydrase assay method."

The following should be noted on the data presented in Table 1:

i)

The most effective TcCA activators were L-/D-DOPA and 4-amino-L-
phenylalanine with activation constants in the range of 0.38-0.83 uM. The D-

enantiomer of DOPA was more than 2 times effective as TcCA activator compared

269



iii)

Chapter 8

to its L-enantiomer. In fact, among all pairs of enantiomeric amino acids investigated
here, the D-enantiomer was a more effective TcCA activator compared to the
corresponding L-enantiomer. This situation is very different from that observed for
hCA I and II, for which many times the L-amino acids were better activators
compared to their D-enatiomers (Table 1).

Effective, low micromolar activators were also L-/D-Trp, L-/D-Tyr, L-Gln,
histamine and serotonin, which showed Kas in the range of 1.79-4.92 uM. It seems
that the two phenolic OH moieties from site, since DOPA was a better activator
compared to Tyr (one phenolic OH moiety) which in turn was more effective than
Phe, which although possessing the same scaffold as Tyr and DOPA, is lacking of
OH phenolic moieties. It is also interesting to note that L-Gln is a rather effective
TcCA activator whereas the structurally very similar L- (or D-Glu) are not activating
at all this enzyme up to 100 pM concentration of activator in the assay system. Very
small differences in the scaffold of the activator lead to very diverse effects on the
enzyme, probably due to the fact that the formation of the enzyme-activator complex
is very much influenced even by small perturbation in the scaffold of the compound
which cannot effectively bind, probably due to steric impairment and clashes with
residues crucial for the catalysis.

Other compounds, among which L-/D-His, L-/D-Phe and L-Asp were less effective
activators compared to the derivatives mentioned earlier, with Kas in the range of
6.39-18.7 uM (Table 1). Many amines, such as dopamine 13, pyridyl-alkylamines
15 and 16, aminoethyl-piperazine 17, L-adrenaline 19 were devoid of activating

effects on TcCA. The same behaviour was observed for L-Asn, L- and D-Glu.

8.3 Activation study of p-carbonic anhydrase from the pathogenic protozoan

Leishmania donovani chagasi

Leishmaniasis is a rather diffuse sub-tropical disease provoked by protozoan belonging to

Leishmania spp.>* To date, there are limited available drugs to treat this condition, and many

strains of the parasite are increasingly resistant to drug treatments. However, no Leishmania

protozoan CA enzymes have been investigated for their activation. In this manner, we report
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chagasi, one of the causative agents of visceral leishmaniasis.

The structure-activity-relationship (SAR) for the activation of LdcCA with compounds 1-

19 (Figure 1), can be delineated considering the data shown in Table 2, where the activation

data of the human isoforms hCA I and II are also presented for comparison.

Table 2. Activation constants of hCA I, hCA II and the protozoan f-LdcCA with amino acids and

amines 1-19, by a stopped-flow CO> hydrase assay'>

Ka (uM)*

No compound hCA TP hCAIIP LdcCA
1 L-His 0.03 10.9 8.21
2 D-His 0.09 43 413
3 L-Phe 0.07 0.0013 9.16
4 D-Phe 86 0.035 3.95
5 L-DOPA 3.1 114 1.64
6 D-DOPA 4.9 7.8 5.47
7 L-Trp 44 27 4.02
8 D-Trp 41 12 6.18
9 L-Tyr 0.02 0.011 8.05
10 D-Tyr 0.04 0.013 1.27
11 4-H2N-L-Phe 0.24 0.15 15.9
12 Histamine 2:1 125 0.74
13 Dopamine 13.5 9.20 0.81
14 Serotonin 45 50 0.62
15 2-Pyridyl-methylamine 26 34 0.23
16 2-(2-Aminoethyl)pyridine 13 15 0.012
17  1-(2-Aminoethyl)-piperazine 7.4 2.30 0.009
18  4-(2-Aminoethyl)-morpholine 0.14 0.19 0.94
19 L-Adrenaline 0.09 96 4.89

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

" Human recombinant isozymes, stopped flow COz hydrase assay method."

All amino acids and amines investigated act as efficient LdcCA activators, with activation
constants that range from the low nanomolar (9 nM for 17) to the micromolar (15.9 uM for

11). Amines are generally more effective activators compared to the amino acids, except for
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L-adrenaline 19 (the only secondary amine investigated here) which has the same potency
as most of the amino acids (Ka of 4.89 pM). The most effective LdcA activators were
aminopyridine 16 and piperazine 17 (Kas of 9-12 nM), which incorporate a heterocyclic
ring and the aminoethyl moiety (both of which can participate in proton transfer reactions

between the zinc coordinated water and the external milieu).

Amines 12-15 and 18, structurally related to the most effective activators discussed above,
also show an interesting and efficient activating profile, with Kas ranging between 0.23 and
0.94 uM. Thus, the SAR here is rather well defined, with all these compounds possessing
the aminoethyl- or aminomethyl tails appended to an aromatic or heterocyclic moiety. X-ray
crystallography for adducts of some of these derivatives with hCA I or II showed that both
these fragments of the activator are participating to the stabilization of the enzyme-activator
complex, by forming hydrogen bonds and hydrophobic interaction with amino acid residues

at the entrance of the active site cavity.%’

The amino acids 1-10 were slightly less effective as LdcCA activators compared to the
amines discussed above, with Kas ranging between 1.27 and 15.9 uM. In several cases (D-
His, D-Phe, D-Tyr), the D-enantiomer was more efficient as LdcCA activator compared to
the corresponding L-enantiomer, whereas for the DOPA and Trp, the L-enantiomers were

the more effective activators compared to the corresponding D-amino acids (Table 2).

Small changes in the scaffold of the activator lead to important differences of activity:
replacement of the phenolic OH from L-Tyr (9) by an amine moiety (as in 11) lead to an
almost 2-fold loss of activating properties. The activation of the protozoan enzyme was
rather different from that of the a-class enzymes hCA I and II. For example, L-/D-Tyr were
highly effective, nanomolar hCA I and II activators, whereas their effects on LdcCA are seen
only at micromolar concentrations. On the contrary, amine 16 may be considered as a
LdcCA-selective activator, with a K4 of 12 nM for the protozoan enzyme and of 13—-15 uM
for the human CAs.
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8.4 Activation study of p-Carbonic Anhydrase encoded by the Rv3273 gene from the

pathogenic bacterium Mycobacterium tuberculosis

Among the bacterial infections which create huge medical problems worldwide, the
Mycobacterium tuberculosis one is among the most threatening due to a number of causes.
Among these, the most important is a large number of M. tuberculosis strains became drug
resistant or extensively drug resistant to most of almost all clinically used antiycobacterials
due to no launch new drugs for the last 30 years.®® In M. tuberculosis, three CAs belonging
to the B-CA class have been discovered, encoded by the genes Rv128 (mtCA 1), Rv3588c
(mtCA 2) and Rv3273 (mtCA 3)'®!! and involved in crucial steps of the pathogen life
cycle.!>!* Considering the fact that few CA activation studies of bacterial enzymes are
available, none of them for the mycobacterial enzymes and their effects were poorly studied
up until now,'%!! we evaluated the activation of mtCA 3 (encoded by the gene Rv3273) with
amines and amino acid derivatives 1-19 (Figure 1). These compounds showed significant
activating effects against mtCA 3, as observed from data of Table 3, in which the activation
constants (Kas) against three CAs are presented (hCA I and II data are included for
comparison). The following structure-activity relationship (SAR) can be evidenced from the

data of Table 3:
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Table 3. Activation constants of hCA I, hCA II and the bacterial mtCA 3 with amino acids and amines

1-19, by a stopped-tflow CO; hydrase assay'>

Ka (uM)*

No compound hCA TP hCAIIP mtCA3
1 L-His 0.03 10.9 18.2
2 D-His 0.09 43 32.5
3 L-Phe 0.07 0.0013 30.6
4 D-Phe 86 0.035 441
5 L-DOPA 3.1 114 30.0
6 D-DOPA 4.9 7.8 9.74
7 L-Trp 44 27 8.98
8 D-Trp 41 12 43.7
9 L-Tyr 0.02 0.011 289
10 D-Tyr 0.04 0.013 17.6
11 4-H2N-L-Phe 0.24 0.15 40.5
12 Histamine 2:1 125 342
13 Dopamine 13.5 9.20 12.1
14 Serotonin 45 50 10.3
15 2-Pyridyl-methylamine 26 34 433
16 2-(2-Aminoethyl)pyridine 13 15 459
17  1-(2-Aminoethyl)-piperazine 7.4 2.30 503
18  4-(2-Aminoethyl)-morpholine 0.14 0.19 52.0
19 L-Adrenaline 0.09 96 522

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

" Human recombinant isozymes, stopped flow COz hydrase assay method."

iii)

The most effective mtCA 3 activators were D-DOPA, L-Trp, dopamine and
serotonin, with Kas ranging between 8.98 and 12.1 uM. Thus, both amino acid and
amine types of activators show efficient activating effects on mtCA 3.

L-His and D-Tyr showed medium potency activating effects, with Kss in the range
of 17.6-18.2 uM.

The remaining derivatives showed a weaker mtCA 3 activation potency, with Kas
in the range of 28.9-52.2 uM. The SAR is thus rather well defined. For example,

with few exceptions the L-amino acids were more effective mtCA 3 activators
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compared with the corresponding D-enantiomer. The exceptions are D-DOPA and
D-Tyr which were more effective mtCA 3 activators compared with the
corresponding L-enantiomer. Amines (with the exception of dopamine and
serotonin) were generally less effective mtCA 3 activators compared with
structurally related amino acids (compare histamine and L-/D-His; L-adrenaline and
L-/D-DOPA, etc.), but the differences were not very important. In fact, no

submicromolar mtCA 3 activators were detected in this study.

8.5 Activation study of a- and B-Carbonic Anhydrase from the pathogenic bacterium

Vibrio cholerae

Bacteria encode for CAs belonging to three different genetic families a-, B- and y-CAs.
Recently, our groups described the biochemical properties of a-, -, and y-CAs from the
pathogenic bacterium Vibrio cholerae, responsible of cholera.!>!7 These enzymes, called
VchCAo/B/y showed a significant catalytic activity for the physiologic CO, hydration
reaction to bicarbonate and protons.!*'” Moreover, the study of the inhibition profiles with
the classical CA inhibitors (sulfonamides and anions) revealed interesting structure—activity
relationship for the interaction of these enzymes with inhibitors,'>"!” but no activation studies
were reported so far. Here, we present the first activation study of two such enzymes,
VchCAo/B with amino acids and amines 1-19 (Figure 1). The following structure-activity

relationship (SAR) can be evidenced from the data of Table 4:
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Tabled. Activation constants of hCA I, hCA II and the bacterial CAs VhCAa and VhCAP with amino

acids and amines 1-19, by a stopped-flow CO; hydrase assay'?

Ka (uM)*
No compound hCA I hCA TP VhCAa VhCAB
1 L-His 0.03 10.9 432 20.3
2 D-His 0.09 43 227 18.0
3 L-Phe 0.07 0.0013 53.6 15.4
4 D-Phe 86 0.035 345 5.12
5 L-DOPA 3.1 11.4 23.1 8.36
6 D-DOPA 4.9 7.8 194 6.27
7 L-Trp 44 27 409 4.18
8 D-Trp 41 12 38.0 5.89
9 L-Tyr 0.02 0.011 8.21 6.15
10 D-Tyr 0.04 0.013 37.8 0.94
11 4-H2N-L-Phe 0.24 0.15 41.6 7:21
12 Histamine 2:1 125 9.12 9.50
13 Dopamine 13.5 9.20 35,2 1.24
14 Serotonin 45 50 11.7 1.37
15 2-Pyridyl-methylamine 26 34 68.3 0.18
16 2-(2-Aminoethyl)pyridine 13 15 71.9 1.00
17 1-(2-Aminoethyl)-piperazine 7.4 2.30 573 0.24
18 4-(2-Aminoethyl)-morpholine 0.14 0.19 12.0 12.8
19 L-Adrenaline 0.09 96 18.2 8.73

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

" Human recombinant isozymes, stopped flow COz hydrase assay method."

The a-class bacterial enzyme was activated by amino acids and amines 1-19 in the
micromolar range (Kas of 8.21-71.9 uM), and is thus much less sensitive to
activation when compared to the human CA isoforms belonging to the same class,
hCA T and II. However, a distinct SAR could be observed for these CAAs even if
their potency is not very high. The most effective VchCAa activators were L-Tyr 9,
histamine 12, serotonin 14, and 4-aminoethylmorpholine 18, which had Kas in the
range of 8.21-12.0 uM. The remaining amines and amino acids were less effective

CAAs, with Kas in the range of 19.4-71.9 uM. The stereochemistry of the amino
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acid derivatives influenced the activation potency, with the D-enantiomers being
generally more effective than the L-ones (for His, Phe, DOPA, and Trp), whereas
the reverse situation is true for Tyr, case in which the L-enantiomer was 4.6 times
more effective at activation than the D-enantiomer (Table 4). In some cases, the
amines were more effective activators compared to the amino acids structurally
related to them, e.g. histamine was more effective compared to L/D-His, whereas
dopamine was less effective compared to L/D-DOPA. The least effective activators
were the pyridyl-amine derivatives 15 and 16. All these data demonstrate that
relatively small differences in the scaffold of the activator induce important
differences in the activation efficacy, obviously due to the fact that the structural
diversity of these compounds induces diverse interactions with amino acid residues
from the active site in the enzyme-activator (E-A) complex.

VchCAP was more sensitive to activation with the amines and amino acids
investigated here, which showed Kas in the range of 0.18-20.3 uM (Table 4). The
most effective activators were D-Tyr 10, dopamine 13, serotonin 14, 2-pyridyl-
methylamine 15, 2-aminoethylpyridine 16, and 2-aminoethylpiperazine 17, which
showed activation constants in the submicromolar — low micromolar range, of 0.18—
1.37 uM. Apart D-Tyr, all of these most effective activators are amines. Another
subset of derivatives, such as 4-9, 11, 12, 18, and 19 were slightly less effective
CAAs with Kas in the range of 4.18-12.8 uM. They include both amino acid and
amine derivatives. The least effective activators were L/D-His and L-Phe, with Kas
in the range of 15.4-20.3 pM. Again, generally D-enantiomers of the amino acids
were generally more effective activators compared to the L-enantiomers (for His,
Phe, DOPA, and Tyr), whereas in the case of Trp, the L-enantiomer was a better

activator compared to the D-one.

There are important differences in activation efficacy of these amino acids and amines

against the two bacterial enzymes, with the B-class one being much more sensitive to

activation compared to the a-class. There are also important differences of the activation

profiles of these compounds for the bacterial and human CAs, which is a rather important

observation as this may lead to isoform-selective activators. However, for this small panel

of activators (1-19), the human CAs were generally much better activated compared to the
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bacterial enzymes, with few exceptions, such as the activity of 13—17 for VchCAB which
was much more susceptible to be activated compared to hCA I, II, and VchCAa. This

observation demonstrates that the design of bacterial CA—selective activators is feasible.

8.6 Activation study of y-Carbonic Anhydrase from the pathogenic bacterium Vibrio

cholerae

The y-class carbonic anhydrases were discovered more than two decades ago by Ferry’s
group'® and were less investigated compared to other members of this superfamily of

metalloenzymes that are known to date.!-!

v-CAs were originally discovered in Archaea,
and subsequently identified to be widely distributed in bacteria and the mitochondria of
plants.'2! However for y -CAs no X-ray crystal structures of enzyme activator complexes
have been reported and very few X-ray crystal structures of such enzymes are available.??
However, site directed mutagenesis and kinetic experiments suggest that at least two
glutamate residues, Glu84 and Glu62 (from Methanosarcina thermophile y-CA (Cam)
numbering system?®) can act as proton shuttle residues for these enzymes. Moreover, the
activation of CAs from pathogenic bacteria may be relevant for understanding the factors
governing virulence and colonization of the host, because pH in the tissues surrounding the
pathogens likely plays a key role in such processes and many compounds that are CAAs
(amines, amino acids) are abundant in such tissues. For this reason, we continued to
investigate the last class of CA from pathogenic bacterium Vibrio cholerae (Vhcay) with
amines and amino acids 1-19 (Figure 1) that possess functional groups that can participate
in proton transfer processes. These compounds potently activate VchCAy with an activation
contants in the nanomolar range. For comparison Ka values for hCA I and II were also

reported in Table 5.
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Table 5. Activation constants of hCA I, hCA 1II and the bacterial enzyme VhCA y with amino acids
and amines 1-19, by a stopped-flow CO; hydrase assay'?

Ka (uM)*

No compound hCA T hCA I VhCA ¥
1 L-His 0.03 10.9 1.01
2 D-His 0.09 43 14.2
3 L-Phe 0.07 0.0013 0.73
4 D-Phe 86 0.035 0.24
5 L-DOPA 3.1 11.4 0.19
6 D-DOPA 4.9 7.8 0.13
7 L-Trp 44 27 0.008
8 D-Trp 41 12 0.40
9 L-Tyr 0.02 0.011 0.12
10 D-Tyr 0.04 0.013 0.10
11 4-H2N-L-Phe 0.24 0.15 0.69
12 Histamine 2:1 125 0.31
13 Dopamine 13.5 9.20 0.45
14 Serotonin 45 50 0.17
15 2-Pyridyl-methylamine 26 34 0.14
16 2-(2-Aminoethyl)pyridine 13 15 0.26
17  1-(2-Aminoethyl)-piperazine 7.4 2.30 0.071
18  4-(2-Aminoethyl)-morpholine 0.14 0.19 0.054
19 L-Adrenaline 0.09 96 0.11

* Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in
the range of 5-10% of the reported values.

" Human recombinant isozymes, stopped flow COz hydrase assay method."
The following structure—activity relationship (SAR) was obtained from the data of Table 5:

The most effective VchCAYy activators were L-Trp 7, 1-(2-minoethyl)-piperazine 17 and 4-
(2-aminoethyl)-morpholine 18 that have activation constants in the range of 8—71 nM. It can
be observed that both amino acid and amine type compounds were highly effective VchCAy
activators. In fact serotonin, which is structurally related to Trp has an activity intermediate

between the L- and D-Trp.

Most of the amines and amino acids 1-19 were effective, submicromolar VchCAy activators,

with Kas ranging between 0.10 and 0.73 uM. They include L-/D-Phe, L-/D-DOPA, D-Trp,
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L-/D-Tyr, 4-amino-L-Phe, histamine, dopamine, serotonin, the pyridyl-alkylamines 15 and
16, as well as L-adrenaline 19 (Table 5).

Except for L-Trp and D-Trp, in which the L-enantiomer was the most effective antipode, the
D-enantiomer was generally potent in activating VchCAy. X-ray crystallography on adducts
of such enantiomers with hCA I and II 7 are in agreement with such data as L- and D-

enantiomers bind differently within the active site.

Important differences in the activation profile of VchCAy compared to the human isoforms
hCA T and II were observed for amines and amino acids 1-19 (Table 5). For example, L-
Trp is a low nanomolar VchCAy activator, but a high micromolar activator for hCA I and
IL; i.e., L-Trp is highly selective for y-CA. In contrast, L- and D-Tyr effectively activate both

human and bacterial CAs, and are thus less appropriate for in vivo activation studies.

8.7 Activation study of n-Carbonic Anhydrase: PfaCA from from the malaria parasite

Plasmodium falciparum

Malaria represents one of the most widespread infections worldwide, leading to serious
morbidity and mortality.”*** We have reported several years ago that Plasmodium
falciparum, the malaria parasite producing the worst type of malaria, encodes for a
genetically distinct class of the metalloenzyme CA, more specifically the n-CA family (the
enzyme was denominated PfaCA).?® Unlike the remaining 6 genetic families of these
enzymes (o-, B-, v-, 0-, {- and 0-CAs), the zinc coordination pattern of PfaCA is unique, with
the catalytically crucial zinc ion being coordinated by two His and one Gln residues.?’ In the
past years, several study were performed on PfaCA with the aim to obtain new tools for the
pharmacological treatment of the disease.?®?* However, neither PfaCA nor any other n-CAs
were yet investigated for their interaction with CAAs. Natural and non-natural amino acids
and amines of the type 1-24 represent the most investigated simple types of CAAs, and they
were evaluated for their interaction with the n-class enzyme PfaCA. The structure—activity
relationship (SAR) for the activation of PfaCA with compounds 1-24, can be delineated
considering the data shown in Table 6, where the activation data of the human isoforms hCA

I and II are also presented for comparison.
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1-24, by a stopped-tflow COx hydrase assay'>

Ka (uM)?

No compound hCAT* hCA T PfaCA
1 1-His 0.03 109 1.06
2 p-His 0.09 43 2.19
3 L-Phe 0.07 0.0013 043
4 p-Phe 86 0.035 0.75
5 L-DOPA 3.1 11.4 0.12
6 p-DOPA 49 7.8 0.39
7 L-Trp 44 27 5.21
8 n-Trp 41 12 8.47
9 L-Tyr 0.02 0.011 1.02
10 n-Tyr 0.04 0.013 8.55
11 4-H;N- -Phe 0.24 0.15 1.00
12 Histamine 2.1 125 9.86
13 Dopamine 13.5 9.20 9.97
14 Serotonin 45 50 7.18
15 2-Pyridyl-methylamine 26 34 3.69
16 2-(2-Aminoethyl)pyridine 13 15 6.75
17 1-(2-Aminoethyl)-piperazine 7.4 2.30 0.71
18  4-(2-Aminoethyl)-morpholine 0.14 0.19 5.33
19 r-Adrenaline 0.09 96 2.40
20 L-Asn 11.3 >50 4.76
21 1-Asp 5.20 >50 0.30
22 1-Glu 6.43 >50 12.9
23 p-Glu 10.6 >50 0.082
24 -Gln >50 >50 2.51

? Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

" Human recombinant isozymes, stopped flow CO; hydrase assay method."

Several derivatives, among which L-/D-Phe, L-/D-DOPA, 1-(2-aminoethyl)-piperazine 17,
L-Asp and D-Glu showed very effective PfaCA activating properties, with activation
constants ranging between 82 nM (D-Glu) and 0.75 uM (D-Phe). All these effective,

submicromolar activators belong to the amino acid class, except 17 which is the only amine.
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Notable differences were observed between the enantiomers of the same amino acid, with
the D-one being more effective as PfaCA activator in the case of Glu (the D-enantiomer was
157 times a more effective activator compared to the L-enantiomer), whereas for all other
amino acids the L-enantiomer was a better activator compared to the corresponding D-one

(Table 6).

Slightly less effective activators of PfaCA were L-/D-His, L-Tyr, 4-amino-L-Phe
(compound 11), 2-pyridyl-methylamine, L-adrenaline, L-Asn and L-GIn, which showed Kxs
in the range of 1.00-4.76 uM. It is obvious that not only the stereochemistry around the chiral
center, but also other small structural changes lead to a drastic effect on the CA activating
properties. For example L-Gln is 2.5 times more effective PfaCA activator compared to L-
Glu; L-Asp is 15.8 times more effective activator than L-Asn; the increase of the linker
between the pyridyl ring and the amino moiety from 1 to 2 CH, units led to a decrease of the

PfaCA activating power of 1.8 times (compare the K4 of 15 and 16, Table 6).

The least effective PfaCA activators were L-/D-Trp, D-Tyr, histamine, dopamine, serotonin,
amine 16 discussed above, 4-(2-aminoethyl)-morpholine 18 and L-Glu. These compounds
showed activation constants ranging between 5.21 and 12.9 pM. Thus, generally the amines
were slightly less effective as PfaCA activators compared to structurally related amino acids.
An obvious exception was L-Glu, the least effective activator detected here, which has

anyhow a micromolar affinity for the enzyme.

8.8 Activation study of 6-Carbonic Anhydrase: TweCAd from the diatom Thalassiosira

weissflogii

The 6-class Carbonic Anhydrases are poorly investigated and present in several marine
diatom. The diatom carbonic anhydrase shows no significant sequence similarity with other
carbonic anhydrases and may represent an example of convergent evolution at the molecular
level. In 2000, Morel’s group discovered 3-CAs in the diatom Thalassiosira weissflogii*
and they are responsible in part for CO, fixation by marine organisms.’! Also if their roles
are far from being well understood with the exception of their important role in CO, fixation

and photosynthesis, as they provide bicarbonate or CO, to ribulose-1,5-bisphosphate

282



Kinetic activation study from no human CAs

carboxylase/oxygenase (RUBISCO).2*32 TweCA is an excellent catalyst for the hydration
of CO; to bicarbonate and hydronium ions, and that its activity may be inhibited by anions
and sulfonamides, as reported previously in literature.'®2%>>3 However, no activation
studies of this enzyme have been reported to date, although the CAAs are an important class
of modulators for the activity of CA enzymes.®’ The activation profile for compounds 1-19
against TweCAJ are presented in Table 7 and also compared with physiologically relevant

isoforms hCA I and II (belonging to the a-CA family).

Table 7. Activation constants of hCA I, hCA 1I and the diatom TweCAS with amino acids and amines

1-19, by a stopped-tflow CO; hydrase assay'>

Ka (uM)*

No Compound hCAT° hCA I TweCAS
1 L-His 0.03 10.9 0.75
2 D-His 0.09 43 4.90
3 L-Phe 0.07 0.0013 215
4 D-Phe 86 0.035 1.96
5 L-DOPA 3.1 11.4 211
6 D-DOPA 49 7.8 6.24
7 L-Trp 44 27 0.93
8 D-Trp 41 12 0.69
9 L-Tyr 0.02 0.011 1.52
10 D-Tyr 0.04 0.013 0.051
11 4-H2N-L-Phe 0.24 0.15 18.9
12 Histamine 2:1 125 1.34
13 Dopamine 13.5 9.20 0.51
14 Serotonin 45 50 0.90
15 2-Pyridyl-methylamine 26 34 508
16 2-(2-Aminoethyl)pyridine 13 15 816
17 1-(2-Aminoethyl)-piperazine 7.4 2.30 4.37
18  4-(2-Aminoethyl)-morpholine 0.14 0.19 739
19 L-Adrenaline 0.09 96 243

*Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in
the range of 5-10% of the reported values.

® Human recombinant isozymes, stopped flow CO;z hydrase assay method.'?

283



Chapter 8

The following structure-activity relationship can be inferred for TweCAJS activation with

these compounds:

i)

iii)

The most effective TweCASJ activator was D-Tyr, with an activation constant of 51
nM, whereas several other amino acids and amines, such as L-His, L-Trp, D-Trp,
dopamine and serotonin were submicromolar activators, with Kas ranging between
0.51 and 0.93 mM.

The most ineffective activator of TweCAd was 4-amino-L-Phe, with an activation
constant of 18.9 uM.

The remaining derivatives investigated were effective to moderately potent
activators, with Kas ranging between 1.34 and 8.16 uM. Thus, the SAR for these
compounds is rather “flat” because most were rather effective activators of this
enzyme. However, the stereochemistry of the chiral centre for the amino acid
derivatives seems to not be very important, since both L- (i.e. L-His, L-Trp) and D-
amino acid derivatives (i.e. D-Trp, D-Tyr) showed effective TweCAJd activation
(Table 7). Small changes in the scaffold of an activator led to important differences
of activity. For example, introduction of an amino moiety at the 4 position of the
phenyl ring in L-Phe (a rather effective activator) let to a massive loss of efficacy in
compound 11, which was 8.8 times less efficient activator when compared to 3. The
loss of the carboxyl moiety from L- or D-DOPA led to enhanced activating
properties in dopamine 13, compared with 5 and 6. Another example is the nature
of the moiety in 17 and 18, with the morpholine 18 being 1.7 times a weaker

activator compared to the piperazine 17.

The activation profile of the 6-class enzyme investigated here is very different from that of

the a-CAs hCA I and II. Since no crystal structure (or even modelling) of any 6-CA is

available so far, it is challenging to rationalize in detail these data. In addition, the proton

transfer residue(s) responsible for shuttling protons to and from the active site in this class

of CAs is unknown. In conclusion, this is the first study of activation of a 6-class CA. The

most effective TweCAS activator was D-Tyr, with an activation constant of 51 nM, whereas

several other amino acids and amines, such as L-His, L-Trp, D-Trp, dopamine and serotonin

were submicromolar activators, with Kas ranging between 0.51 and 0.93 puM. The most
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ineffective TweCAJ activator was 4-amino-L-Phe, with an activation constant of 18.9 uM.
Moreover, this may lead to a more complete understanding of the role of nature amines and

amino acids in the modulation of CO; fixation in phytoplankton.

8.9 Activation study of {-Carbonic Anhydrase: TweCA( from the diatom Thalassiosira

weissflogii

Morel’s group discovered another genetic family of carbonic anhydrase in the diatom
Thalassiosira weissflogii, the { -CAs class.’* Together the other 3-class CA are responsible
for CO, fixation as mentioned above. Most classes of CA use Zn(Il) ion within the active
site with a zinc hydroxide species acting as nucleophile,'®!®2° but the (-CAs are quite
particular, as it has been shown that they are cambialistic enzyme, active with both Zn(II)
and Cd(II) ions within the active site. It seems that in the marine environment, due to a
shortage of zinc ions availability, these enzymes are cadmium proteins, showing thus that at
least for diatoms, cadmium is not a toxic metal ion.>*3¢ The (-CA class from T. weissflogii,
TweCA(, can exist both with Zn(II) and Cd(II) at the active site called ZnTweCA ( and
CdTweCA (, respectively.>*3¢ No { -CA activation studies are available in the literature so
far. In this way, we investigated this class and showed that the zinc-containing { -CA is
highly activated by compounds 1-24, whereas the cadmium-containing enzyme is not

affected by these modulators of activity.

Data of Table 8 shows the Zn/CdTweCA { activation with amino acids and amines 1-24.
The activation profile with the same compounds for the widespread, physiologically relevant
isoforms hCA 1 and II (belonging to the a-CA family) are also shown for comparison

reasons.
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amines 1-24, by a stopped-flow CO> hydrase assay'>

Ka (uM)?

No Compound hCAI° hCAI®  ZnTweCA{ CdTweCA(
1 L-His 0.03 10.9 0.81 >50
2 D-His 0.09 43 7.16 >50
3 L-Phe 0.07 0.0013 154 >50
4 D-Phe 86 0.035 9.63 >50
5 L-DOPA 3.1 11.4 3.19 >50
6 D-DOPA 4.9 7.8 2.87 >50
7 L-Trp 44 27 8.54 >50
8 D-Trp 41 12 1.79 >50
9 L-Tyr 0.02 0.011 0.98 >50
10 D-Tyr 0.04 0.013 0.62 >50
11 4-H2N-L-Phe 0.24 0.15 7.90 >50
12 Histamine 2.1 125 127 >50
13 Dopamine 13.5 9.20 10.1 >50
14 Serotonin 45 50 3.06 >50
15 2-Pyridyl-methylamine 26 34 0.88 >50
16 2-(2-Aminoethyl)pyridine 13 15 0.85 >50
17 1-(2-Aminoethyl)-piperazine 7.4 2.30 0.12 >50
18 4-(2-Aminoethyl)-morpholine 0.14 0.19 0.15 >50
19 L-Adrenaline 0.09 96 0.092 >50
20 L-Asn 11.3 >50 3.18 >50
21 L-Asp 5.20 >50 379 >50
22 L-Glu 6.43 >50 9.75 >50
23 D-Glu 10.6 >50 6.43 >50
24 L-Gln >50 >50 8.39 >50

# Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in

the range of 5-10% of the reported values.

" Human recombinant isozymes, stopped flow CO; hydrase assay method."

The following structure-activity relationship can be inferred for Zn/CdTweCA( activation

with these compounds:
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The cadmium-containing TweCA{ was not at all activated by amino acids and
amines 1-24, up to 50 pM activator concentration in the assay system (which is very
high concentration), unlike ZnTweCA(, for which the activation constants ranged
between 92nM and 37.9uM (Table 8). This is a very unexpected and surprising
finding, considering that, apart for the ionic radius, which is higher for Cd(Il)
compared to Zn(Il), there are no significant differences of behaviour between these
two®” metal ion in metalloproteins. Thus, our finding that the Cd-CA is not activated
remains unexplained for the moment. This is also the first time that a CA protein of
any genetic family shows a behaviour of this type. In fact, representatives all other
CA families were sensitive to activators the amine and amino acid type.?*°

The most effective ZnTweCAC( activators belonged to the amine chemotype are L-
adrenaline 19 and the heterocyclic amines 17 and 18 that showed Kas in the range
of 92—-150nM (Table 8). Thus, both compounds incorporating aminoethyl- (17 and
18) or methylamino-hydroxyethyl (adrenaline) show a potent activating effect, and
presumably these primary/secondary amine functionalities are involved in the
proton shuttling favouring catalysis.

Effective ZnTweCAC( activation was also observed with L-His, L- and D-Tyr and
the pyridyl-alkylamines 15 and 16, which had Kas in the range of 0.62—0.98 uM
(Table 8). L-/D-DOPA, D-Trp, histamine, serotonin and L-Asn were the next most
efficient activators, with Kas in the range of 1.27-3.19 uM. Thus, both amines and
amino acids may show this behaviour of medium potency activator against
ZnTweCACL.

Weaker activation against ZnTweCA( was observed for D-His, D-Phe, L-Trp, 4-
amino-L-Phe, dopamine, L-Glu, D-Glu and L-GIn, which showed Kas in the range
of 6.43-10.1 uM. Generally, the D-amino acids were more effective activators
compared to the L-enantiomers, except for His, for which L-His was 8.8 times more
effective CAA compared to the D-enantiomer (Table 8). For the two Trp
enantiomers, the D-one was 4.77 times a more effective activator compared to L-
Trp.

The least effective ZnTweCA( activators were L-Phe (Ka of 15.4 uM) and L-Asp
(Ka of 37.9 uM). It should be noted that the extra CH; present in L-Glu (compared

to L-Asp) led to an increase of the activation efficacy of 3.88 times. When
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comparing the L-Asp/L-Asn pair, the CONH, moiety of the latter derivative induced
an 11.9-times increase of the activation efficacy over the dicarboxylic amino acid
derivative. Thus, very small difference in the chemical structure of the activator lead
to dramatic changes in the activating efficacy, which in fact has been documented

for other enzyme classes with these activators. 4

8.10 Activation of B- and y-Carbonic Anhydrases from pathogenic bacteria with

tripeptides

To date, the CA activation mechanism was investigated with a well know library of different
simple amino acids and amines (1-24). In order to better understand the mechanism of
activation involved in the - and y-Carbonic Anhydrases, we evaluated the activity of
tripeptides incorporating acidic amino acid residues synthesized by Mollica’ group and

reported in Table 9.4

Table 9. New tripeptides.NH>-Xaal-Xaa2-Xaa3-NH; 1-6 (TFA salts).

Compounds

25 NH,-Tyr-Phe-Asp-NH»
26 NH,-His-Phe-Glu-NH,
27 NH,-Glu-Ile-Thr-NH>
28 NH»-GIn-Asp-Ser-NH,
29 NH»-Asn-Asp-Ser-NH»
30 NH,-Glu-Phe-Glu-NH,

These compounds are investigated against several Carbonic Anhydrases from different
pathogenic bacteria such as Vibrio cholerae (the enzymes included in the study were
VchCAP and VchCAY), Mycobacterium tuberculosis (mtCA3, one of the three B-CAs) and
Burkholderia pseudomallei (BpsCAY).

These three pathogens produce serious diseases in humans, and understanding factors
connected to their invasion, colonization and virulence, and how these factors are influenced

by modulators of CA activity, may be relevant to developing new therapeutic strategies
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devoid of the extensive drug resistance that has ultimately emerged for most clinically used

anti-infective drugs.*>*

In Tablel0, the activation constants of tripeptides 25-30, and some amino acids for four
bacterial enzymes and the ubiquitous isoforms hCA I and II are shown. The six amino acids

were included in this study for comparative reasons.

Table 10. Activation of hCA T, hCA I, VchCAB, mtCA 3, VchCAy and BpsCAy with tripeptides 25—
30 and simple amino acid derivatives, by a stopped-flow, CO; hydrase assay, at 25°C and pH 8.433.12

Ka (uM)*

Compound hCA TP hCAT®  VhCAP mtCA 3 VhCAy BpsCAy
25 >50 >50 3.5240.18 8.45+0.11 1474021 10.1+£0.09
26 >50 >50 1.16£0.05  6.29+0.14  5.84+0.15 1.63+0.12
27 >50 >50 1.15£0.10  4.3240.08 11.9£042 3.7540.15
28 >50 >50 0.21+0.07 15.8+0.76 12.9+£0.61 6.18+0.30
29 >50 >50 7.16+0.34 18.1+1.02 10.6+0.74  0.95+0.09
30 >50 >50 4.18+0.23 9.40+0.62 2.74+0.16  5.24+0.30

L-Asp 5.20 >50 9.87+041 10.1+£0.84 895+046 10.7+0.85
L-Asn 113 >50 >50 10.0+0.71 6.37+0.29 0.98+0.08
L-Glu 6.43 >50 0.69+0.05 >50 6.48+0.50 3.25+0.17
L-Gin >50 >50 18.1+0.94 21.6+1.1 9.21£0.82  6.15+0.30
L-His 0.03 109 203 18.2 1.01 247
L-Phe 0.07 0.013 154 30.6 0.73 1.73

#Mean from three determinations by a stopped-flow, CO2 hydrase method. Standard errors were in
the range of 5-10% of the reported values.

® Human recombinant isozymes, stopped flow COz hydrase assay method. '

The following structure—activity relationship (SAR) can be obtained from the data in Table
10.

VchCAP was effectively activated by tripeptides 25-30 with activation constants ranging
between 0.21 and 7.16 uM. The most effective activator was 28 (Gln-Asp-Ser), whereas the

least effective one was 29 (Asn-Asp-Ser). Thus, the extra methylene group in Gln compared
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to Asn resulted in tripeptide 28 more effectively activating this enzyme by 34 times
compared to 29 (Table 10). Other effective activators against this enzyme include tripeptides
26 and 27 that incorporate a Glu residue in the sequence. However, the tripeptide with two
Glu residues (30) was less effective as an activator compared to 26 and 27. It is interesting
that L-Glu is a very effective VCchCAP activator (Ka of 0.69 mM), whereas L-Gln, L-His
and L-Phe are much less effective activators (Table 10). L-Asp is moderately potent as an

activator (Ka of 9.87 uM) but L-Asn is not.

The other B-CA investigated here, mtCA3, was less sensitive to these activators compared
to that from V. cholerae enzyme; i.e. tripeptides 25—-30 had Kas in the range of 4.32 to 18.1
uM for this CA. The most effective activator was 27 (Glu-Ile-Thr), whereas the least
effective was 29 (Asn-Asp-Ser). Tripeptide 26 was the next most effective activator after
27. These latter two peptides both have one Glu residue, albeit in opposed positions (amino-
terminal vs carboxy-terminal). Considering the simple amino acid derivatives of Table 10,
L-Glu was in this case ineffective as an activator whereas the remaining amino acids were

moderately potent to weak activators (activation constants from 10.0 to 30.6 uM).

VchCAy was activated by tripeptides 25-30 with Kas ranging between 2.74 and 14.7 pM.
The most effective activator was 30, which incorporates two Glu residues in the sequence,
followed by 26, which has one such carboxy-terminal residue. The remaining tripeptides
were less effective activators, with Kas>10 uM (Table 10). For this isoform, the best
activators were the simple aromatic amino acids L-His and L-Phe (Kas of 0.73-1.01 uM)
whereas L-Asp, L-Asn, L-Glu and L-GIn showed activities in the range of 6.37-9.21 uM.
Thus, the SAR is rather challenging to delineate for this enzyme and with this series of

activators.

BpsCAy was efficiently activated by tripeptides 25-30 with Kas ranging between 0.95 and
10.1 pM. The best activators were 29 and 26 (Kas of 0.95 and 1.63 uM, respectively), which
do not share much in similarity except that in both sequences there is one acidic amino acid
residue, Asp in 29 and Glu in 26. The most ineffective activator was 25, which does not
incorporate such a residue. However, it is interesting to note that L-Asn with a Ka of 0.98

uM was the most effective activator among the simple amino acids considered in the study.
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Indeed, this latter activation constant was one order of magnitude lower than that for L-Asp,

whereas such an important difference is not seen for the L-Glu/L-GlIn pair (Table 10).

A very interesting observation is the fact that the human isoforms hCA I and II were not at
all activated by tripeptides 25-30 investigated here (Ka>50 uM), although they are highly
activated by some of the amino acids, such as L-His, and L-Phe. hCA II is in fact sensitive
only to these two amino acids, whereas hCA 1 is also activated by L-Asp, L-Asn, L-Glu (but
not L-GlIn) and of course, L-His and L-Phe.

8.11 Experimental data
Carbonic Anhydrase enzyme activation assay

An Sx.18Mv-R Applied Photophysics (Oxford, UK) stopped-flow instrument has been used
to assay the catalytic activity of various CA isozymes for CO, hydration reaction.'? Phenol
red (at a concentration of 0.2 mM) was used as indicator, working at the absorbance
maximum of 557 nm, with 10 mM Hepes (pH 7.5) or TRIS (pH 8.3) as buffers, 0.1 M
Na,SO4 (for maintaining constant ionic strength), following the CA-catalyzed CO; hydration
reaction for a period of 10 s at 25 °C. Activity of the a-CA was measured at pH 7.5 whereas
that of the -, y-, 8-, n-, - class enzymes at pH 8.3 as it has been reported that for enzymes
of this class it optimal at this pH value [1-3]. The CO» concentrations ranged from 1.7 to 17
mM for the determination of the kinetic parameters and activation constants. For each
activator at least six traces of the initial 5-10% of the reaction have been used for
determining the initial velocity. The uncatalyzed rates were determined in the same manner
and subtracted from the total observed rates. Stock solutions of activators (10 mM) were
prepared in distilled-deionized water and dilutions up to 1 nM were done thereafter with the
assay buffer. Activator and enzyme solutions were pre-incubated together for 15 min
(standard assay at room temperature) prior to assay, in order to allow for the formation of
the E-A complex. The activation constant (Ka), defined similarly with the inhibition
constant Kj, can be obtained by considering the classical Michaelis—Menten equation (Eq.

(4)), which has been fitted by non-linear least squares by using

PRISM 3:
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v

V=
[1+Kyu/[S101+[Al/ Ky

@

Where [A]r is the free concentration of activator. Working at substrate concentrations

considerably lower than Ky ([S] << Kuw), and considering that [ A]s can be represented in the

form of the total concentration of the enzyme ([E]) and activator ([A];), the obtained

competitive steady-state equation for determining the activation constant is given by Eq. (5):
VoKa

V= ®)
[ Ka + (1AL, - 0.5{(TAL + [E] + Kp) - (AL + [E], + Ko)2 - 4[A], [ET0'” |}

Where V represents the initial velocity of the enzyme-catalyzed reaction in the absence of

activator. The enzymes were recombinant ones, prepared in-house as reported earlier.>”->*-52
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