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Thia- and Seleno-Michael Reactions for the Synthesis of
Carbonic Anhydrases Inhibitors

Andrea Angeli,” Alessio Occhini,” Gioele Renzi,” Antonella Capperucci,” Marta Ferraroni,

Damiano Tanini,*® and Claudiu T. Supuran®

Novel chalcogen-containing amides and esters bearing the
benzenesulfonamide moiety have been synthesised upon
nucleophilic conjugate addition of thiols and selenols to
suitable electron-deficient alkenes. The activity of the synthes-

Introduction

Carbonic anhydrases (CAs, E.C. 4.2.1.1) are metalloenzymes
present in all life kingdom, catalysing the reversible hydration
reaction of carbon dioxide to bicarbonate and protons.I" This
reaction plays a pivotal role in a wide array of physiological and
pathological processes associated with pH regulation, ion
transport and fluid secretion. Furthermore, CAs are also
involved in a number of biosynthetic pathways.!"?

Although seven CA enzymatic families are known to date,
only a-CAs have been reported in vertebrates. In humans, 12 of
the 15 discovered a-CA isoforms have been reported to be
catalytically active. The remaining three isoforms (CA VIII, X, and
X1) lack in catalytic activity but still play important functions in
pathological processes."? In this context, CA inhibition repre-
sents an attractive strategy to develop therapeutic tools. CA
inhibitors (CAls) belonging to the sulfonamide or sulfamate
classes are clinically used since 1954 as diuretics,” antiglaucoma
agents,", antiepileptics™ in different pathologies. More recently,
inhibition of the tumor-associated isoforms CA IX/XIl has also
been validated as a novel therapeutic approach for cancer
treatment.” Additionally, CAl-based strategies for the treatment
of idiopathic intracranial hypertension” and for the manage-
ment of cerebral ischemia,”® arthritis®® and neuropathic pain''®'
have been studied.

The important role of chalcogens (i.e., sulfur and selenium)
in biological systems has been well demonstrated. Indeed,
while selenium and sulfur occur in the active site of a variety of
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[b]

ised compounds as Carbonic Anhydrases inhibitors has been
investigated in vitro and the inhibition mechanism has been
elucidated by X-rays studies.

proteins,">" chalcogen-containing organic derivatives can be

employed as antioxidants,™"'” antimicrobials,"*% and antitu-
mor agents.”’ " The activity of a number of organochalcoge-
nides as modulators of enzymes, including nitric oxide synthase
(NOS),”™ inosine monophosphate dehydrogenase (IMPDH),*®
lipoxygenases (LOX)*” and carbonic anhydrases®*>" has been
unveiled. Very recently, selenium-containing SARS-CoV-2 cys-
teine proteases inhibitors have been described.?*>® Selenium-
based fluorescent probes and particles have also been
reported.?

Particularly, selenium is an essential microelement for the
human physiology. At least 25 human selenoproteins -
containing the seleno-amino acid selenocysteine - have been
discovered and demonstrated to be crucially involved in a wide
variety of essential biological functions, ranging from the
regulation of reactive oxygen species (ROS) concentration to
the biosynthesis of hormones. These processes also play an
important role in the onset and progress of several diseases,
including cancer, diabetes, Alzheimer's disease, mental disor-
ders, cardiovascular disorders, fertility impairments, inflamma-
tion, and infections (including SARS-CoV-2). Notably, selenium
has been reported to possess both antioxidant and pro-oxidant
properties which, potentially, could be exploited to develop
different selenium-based therapeutic strategies. In this scenario,
confusing effects of selenium have been documented in cancer
biology and virus-associated diseases.*** Similarly, selenium
has been demonstrated to possess both protective and toxic
effects on the nervous system and on the heart.

Although research on selenium-containing drugs is still in
its early phase, significant evidences about the impact of
selenium on the pharmacological activity, toxicity and biotrans-
formation pathways of organoselenium compounds have been
provided. In some cases, the introduction of selenium into small
organic molecules has emerged as a rewarding strategy to
modulate and increase their biological activity.“>*¥ For exam-
ple, the isosteric replacement of an oxygen or sulfur atom with
selenium is widely employed in medicinal chemistry and may
represent an attractive tool to explore new directions in drug
discovery.”*** A variety of structurally diverse organoselenium
compounds with chemopreventive and antioxidant activity
have been synthesised and studied over the last few decades.

© 2024 The Authors. ChemMedChem published by Wiley-VCH GmbH
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The incorporation of selenium into small molecules is often
associated with additional benefits, closely related to the
modulation of the oxidative stress status of cells.****

Owing to the possibility to conjugate the properties of
organochalcogenides with those of sulfonamides, the develop-
ment of new sulfur- and selenium-containing benzenesolfona-
mide-based CAls represents an attractive research area, which
may enable to enlarge the available structural diversity and to
explore new chemical space in drug discovery.

During our studies towards the development of novel
chalcogen-containing carbonic anhydrase inhibitors, we re-
ported the synthesis and the investigation of the CA inhibition
properties of variously functionalised sulfur- and selenium-
containing benzenesulfonamide-based inhibitors. The general
structures of these compounds, achieved via nucleophilic ring
opening- and/or nucleophilic substitution-based methodolo-
gies, are reported in the Figure 1.2°3"

In order to further enlarge the molecular diversity of the
available inhibitors, and especially to investigate the activity of
superior homologous of previously prepared o-chalcogeno-
substituted amides (Figure 1, first structure on the left),*” we
focused our attention on compounds with the general structure
reported in the Figure 2 (left).

Reasonably undergoing thia-Michael and seleno-Michael
addition reactions, we envisaged ao,-unsaturated amide 1 and
ester 2 (Figure 2, right) as possible precursors of the chalcogen-
containing derivatives object of this study. The results of our
investigations on the synthesis and the evaluation of the
activity and of the inhibition mechanism of novel benzenesulfo-
namide-based sulfur- and selenium-containing CAls are re-
ported herein.

o SO,NH, /©/302NH2 ©/502NH2
Akiax. L /[ j R
N X AlK/ARX Sé

OH

X=8, Se X=8, Se X=8, Se

Y = OH, NHTs, H

Figure 1. General structures of previously synthesised sulfur- and selenium-
containing benzenesulfonamide-based CA inhibitors.

o /©/502NH2 o /©/SOZNH2
Al Arx/\)ku — \)J\H

X =S, Se 1
o /©/302NH2 o /©/302NH2
Alk/ArXAAO \)J\o
X=8,Se 2

Figure 2. Sulfur- and selenium-containing CA inhibitors studied in this work
(left) and their precursors (right).
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Results and Discussion
Synthesis of CA Inhibitors

We commenced our studies by establishing the optimal
conditions required to synthesise the B-phenylthio-substituted
amide 3a through the conjugate addition of benzenethiol to
the o,B-unsaturated amide 1. On the basis of literature®™ and of
our previously reported studies,”” we considered the possibility
of using both bases and Lewis acids to promote the desired
conjugate addition. The results of this investigation are
summarised in Scheme 1.

As previously observed for the reaction of alkyl selenols
with electron-poor alkenes,*” both aluminium oxide and
triethylamine were effective in promoting the conjugate
addition of benzenethiol to the a,B-unsaturated amide 1
(Scheme 1, entries 1 and 3). In both cases, higher yields were
achieved upon performing the reaction at ambient temper-
ature. Indeed, raising the temperature (Scheme 1, entries 2 and
4) proved to be detrimental to the reaction and led to the
target B-phenylthio-substituted amide 3a in lower Yyield.
Inorganic bases such as KOH and Cs,CO; were also evaluated
and proved to be scarcely effective. Particularly, only very low
yield or moderate yield of the thia-Michael addition product 3a
were achieved upon using the strong base KOH (Scheme 1,
entry 5) or the Cs,CO;/TBAI system (Scheme 1, entry 6), respec-
tively.

Having established the adequate conditions for the syn-
thesis of 3a, we next applied this simple protocol towards
differently substituted systems by varying the nature of the
nucleophilic partner (Scheme 2). The amide 3 b, bearing the (2-
hydroxypropyl)thio group on the B-carbon, was thus obtained
upon selective functionalization of the SH group of 1-mercapto-
2-propanol. Remarkably, the reaction was also extended to
selenol partners, enabling the synthesis of amides 3 c-f, bearing
arylseleno or alkylseleno moieties at the B-position. Both
aromatic and aliphatic selenols efficiently reacted with 1 under
the standard reaction conditions to provide the corresponding
seleno-Michael addition products 3 c-f in good yield.

o /©/SOQNH2 o /©/SOZNH2
Promoter
\)J\N + PhSH Phs/\)LN

Solvent

1 (1.3 equiv.)  conditions 3a M
(1.0 equiv.)
Entry Promoter (eq.) Solvent  Temperature, time  Yield (%)?
1 Al,O; (3.0 eq.)P PhMe rt, 12h 72
2 Al,O; (3.0 eq.)P PhMe 90°C,3h 53
3 EtsN (1.1 eq.) CH,Cl, rt, 2h 68
4 EtsN (1.1 eq.) CH,Cl, 40°C,2h 46
5 KOH (1.1 eq.) DMF 0°Ctort,3h 19
6 Cs,CO4/TBAI (1.1 eq.) DMF 0°Ctort, 3h 34

Scheme 1. Optimisation of the reaction conditions for the synthesis of the -
phenylthio-substituted amide 3a bearing the benzenesulfonamide moiety.
%solated yield is given. "Neutral Al,O; was used.
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\)ku + R/ArXH PhMe R/ArX/\)J\

(1.3equiv.) ¢ 12h 3af

(1.0 equiv.)
o /©/SOZNH2 o /©/802NH2
/\)J\ S/\)J\N
- H \/\ N
3a, 68% 3b, 62%
o /©/SOZNH2 \@\ o /©/SOZNH2
PhSe/\)J\N Se/\)J\N
H H
3¢, 71% 3d, 56%
SO,NH, /©/502NH2
\©\ /\)]\ D/ NN /\)J\
3e, 53% 3f, 47%

Scheme 2. Synthesis of B-chalcogenyl amides 3 bearing the benzenesulfona-
mide moiety.

Having synthesised a series of B-substituted amides 3, we
next turned our attention to evaluating the reactivity of the o,p-
unsaturated ester 2 as a Michael acceptor in conjugate
additions with thiols and selenols (Scheme 3). An initial set of
comparative experiments with thiols led us to find that using
Et;N in dichloromethane led to higher yields with respect to
those achieved conducting the reaction under the Al,O,/
toluene conditions. Additionally, while the amide bond of 1 and
3 proved to be - as expected - stable under the conditions
described in Scheme 1, a partial decomposition of the ester
moiety of 2 and 4 was observed. The presence of the electron-
withdrawing sulfonamide moiety at the para position of the
aromatic ring significantly enhances the leaving group ability of

SO,NH SO,NH
\)CL /©/ 22 Et3N (1.1 eq.) /@/ 2NF2
N + RIAIXH

0 CH,Cly R/ArX/\)J\

(1.3 equiv.) rt,2h 4ag

(1.0 equiv.)

QU Tsanle Ul o

N A

4a, 64% 4b, 71%

. S/\)LH o

4c, 60% 4d, 74%
\@\ o /©/SOZNH2 KlN o /©/SOZNH2

S/\)J\O \N)\S/\/U\O

4f, 58%
4e, 76%
o /©/SOZNH2
PhSe/\)J\O

49, 73%

the substituted phenoxide; thus, a nucleophilic acyl substitution
competing with the conjugate addition, and leading to by-
products, also occurred. Particularly, the use of Al,O; (conditions
of entry 1, Scheme 1) led to the formation of the desired
functionalised esters in lower yield with respect to the same
reactions performed in the presence of triethylamine (condi-
tions of entry 3, Scheme 1). On the basis of these results,
conjugated additions of thiols and selenols to the ester 2 were
performed using Et;N (Scheme 3).

The reaction worked well with a series of aromatic thiols
such as benzenethiol, 2-bromobenzenethiol, 3-bromobenzene-
thiol, 4-bromobenzenethiol, and 4-methylbenzenethiol, provid-
ing access to the corresponding B-functionalised esters 4a-e. 2-
Mercaptopyrimidine also reacted efficiently with 2 to afford the
corresponding B-heteroarylthio-substituted derivative 4f in
good yield. To demonstrate the possibility to extend this
methodology to the synthesis of selenium containing esters,
the derivative 4g was prepared upon treatment of 2 with
benzeneselenol in the presence of Et;N.

Carbonic Anhydrase Inhibition

Having in hands a series of sulfur- and selenium-containing
amides and esters bearing the benzenesulfonamide moiety, we
next studied their activity as hCA inhibitors. Compounds 3a-f,
4a-g were profiled in vitro against the physiologically most-
relevant hCA isoforms such as hCAs |, II, IX and XII by applying
the stopped-flow technique and results are reported in Table 1,
along with data for the standard sulfonamide inhibitor
acetazolamide (AAZ).

Scheme 3. Synthesis of B-chalcogenoaesters 4 bearing the benzenesulfona-
mide moiety.
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Table 1. Inhibition data of human CA isoforms I, I, IX and Xl with
compounds 3a-f, 4a-g and AAZ by a stopped-flow CO, hydrase assay.*®

K, (nM)®
Cmp hCA | hCAll hCA IX hCA XII
3a 54.9 20.7 27.1 23.1

3b 73.9 221 241.7 8.4

3c 36.5 338 26.7 6.5

3d 62.5 6.1 50.5 8.2

3e 407.9 48.5 90.5 5.5

3f 75.9 6.9 28.1 7.0

4a 688.5 7.0 147.6 7.1

4b 3194 1253 1912 7.0

4c 358.7 53.9 820.6 50.3
4d 215.1 25.2 292.4 9.5

4e 7.8 39 757.0 23.1

4f 68.2 6.2 307.1 9.0

49 723 53 87.3 83
AAZ 250.0 12.1 25.8 57

[a] Mean from 3 different assays, by a stopped flow technique (errors were
in the range of +5-10% of the reported values).

© 2024 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Based on the data presented in Table 1, the structure-
activity relationship (SAR) of the tested compounds can be
delineated as follows:

— The cytosolic isoform, hCA |, was effectively inhibited by
almost all reported compounds. The inhibition ranged from
the low nanomolar, with compound 4e (K,=7.8 nM) to the
micromolar range with 4d (K,=3286 nM). Among the amide
series (3a-f), the N-dimethyl substituent (3e) was identified
as the least favourable moiety, and this observation was
more pronounced in the ester series (4a-g). Notably, ester
4a was 10-fold less potent than its amide analogue 3a. The
introduction of a bromine atom at the ortho position of the
phenyl ring adversely affected potency, while its presence at
the meta or para position increased potency. The replace-
ment of bromine with a methyl group at the para position
resulted in the most potent inhibition against hCA |,
maintaining the inhibition in the low nanomolar range (K=
7.8 nM).

- Regarding the second cytosolic isoform, hCA II, isosteric
replacement of sulfur (3a) with selenium (3¢) led to a 5-fold
increase in inhibition potency for the amide series (K, of
20.7nM and 3.9 nM, respectively). However, in the ester
derivatives, there was no significant difference in inhibition
potency between 4a and 4g (K, of 7.0nM and 5.3 nM,
respectively). Similar to hCA |, the presence of a bromine
group at the ortho position was detrimental to activity, with
a K of 127.0 nM.

- The membrane-bound isoform, hCA IX, was effectively
inhibited by the amide series, except for compound 3b,
which exhibited a K, of 241.7 nM due to its aliphatic thio tail.
Additionally, substituents at the para position of selenium
derivatives were found to reduce potency, resulting in 2-
(3d) and 3-fold (3e) lower activity than 3¢ (K,=50.5 nM,
90.5 nM, and 28.1 nM, respectively). Similar to the cytosolic
isoforms, the ester series generally displayed weaker inhib-
ition than the amide series, and the position of the bromine
atom on the phenyl ring resulted in the same inhibition
pattern as mentioned above.

— The second membrane-bound isoform, hCA XIlI, exhibited a
distinct inhibition profile. Among the amide series, com-
pound 3a with a thiophenyl moiety displayed the least
activity with a K of 23.0 nM. The replacement of sulfur with
selenium (3 ¢) increased inhibition potency by 4.2 times (K=
6.6 nM). An interesting observation was made with the ester
series regarding the position of the bromine atom; while the
ortho location resulted in the most potent inhibition, the
meta location was less active.

As mentioned above, the sulfur- and selenium-containing
amides 3 synthesised in this work are superior homologous of
previously prepared a-chalcogeno-substituted amides.®” Partic-
ularly, compounds 3a,c,d,e are structurally related to derivatives
5a-d depicted in the Figure 3. For comparison purposes, the
inhibition data of a-chalcogeno amides 5a-d against hCAs |, Il
IX and XII are reported in Table 2. Notably, the novel amides 3
displayed significantly higher activity against hCA | with respect
to the inferior homologues 5; the inhibition potency of phenyl-
thio- and phenylseleno-substituted derivatives 3a and 3c

ChemMedChem 2024, 19, 202400345 (4 of 6)
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Figure 3. Structures of a-chalcogeno amides 5a-d.

we

Table 2. Inhibition data of human CA isoforms |, II, IX and XIlI with
compounds 5a-d compared with those of homologous compounds 3a,c-
e. Inibition data have been determined by a stopped-flow CO, hydrase
assay.”” The ratio between K, values of homologous compounds (K5/K;3) is
also reported for comparison purposes.

K, (nM)#!

Cmp hCA | hCAll hCA IX hCA Xl

5a 6049 6.1 272.1 29.2

3a 54.9 20.7 271 23.1
K;5a/K;3a 110.18 0.29 10.04 1.26

5b 2724 29 35 1.8

3c 36.5 3.8 26.7 6.5
K,5b/K;3c 73.82 0.74 0.12 027

5c 181.3 34 329 8.2

3d 62.5 6.1 50.5 8.2
Ki5¢/K,3d 2.90 0.56 0.65 1.00

5d 6979 489 46.9 35.8

3e 407.9 48.5 90.5 55
K,5d/K.3e 17.11 1.01 0.52 6.51

[a] Mean from 3 different assays, by a stopped flow technique (errors were
in the range of 4 5-10% of the reported values).

against hCA | proved to be two order of magnitude higher than
related o-chalcogeno amides 5a and 5b. Additionally, when
compared to inferior homologues 5a and 5d, compounds 3a
and 3e exhibited improved activity against tumor-associated
hCA IX and XII, respectively.

X-Ray Crystallography

To unravel the molecular mechanisms underlying the inhibition
of CAs by the reported compounds, the X-ray structure of the
complex formed with hCA | and derivative 4e, which exhibited
the best constant of inhibition value against this isoform, was
studied. Following an initial round of refinement, a well-defined
electron density map emerged within the active site, entirely
consistent with the inhibitor 4e (Figure S1). Notably, the
benzenesulfonamide directly binds to the zinc ion with the
deprotonated sulfonamide group, a characteristic feature
typical of this compound class (Figure 4a).>”

Furthermore, in the complex with 4e, one of the oxygen
atoms of the sulfonamide group forms a hydrogen bond with

© 2024 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Figure 4. a) X-ray crystal structure of hCA | with 4e bound within the active
site (PDB: 9EP2). Residues involved in the binding of the inhibitor are also
shown; the grey sphere represents the zinc ion in the active site of the
proteins. Van der Waals interactions are shown in blue, hydrogen bonds and
water bridges are shown in red. b) Compound 4 e inside the active site of
hCA I. Hydrophobic (red) and hydrophilic (blue) residues are labelled.

the backbone amide of Thr199 (Figure 4a). In contrast, the
benzenesulfonamide does not participate in the usual van der
Waals interactions observed with the side chains of Ala121,
Val143, and Leu198. The sole hydrophobic interaction identified
was between the phenyl ring at the end of the tail of 4e and
Ala135, placing the inhibitor within a hydrophobic pocket
(Figure 4b).©”

Conclusions

A series of novel benzenesulfonamide-based chalcogen-con-
taining CA inhibitors have been developed through a simple
protocol relying on the reactivity of electron-poor functional-
ised alkenes with suitable thiol or selenol nucleophilic partners.
The activity of the synthesised compounds has been inves-
tigated in vitro against the physiologically most-relevant hCA
isoforms (hCAs |, Il, IX and XIll) and compared with previously
reported data for structurally related inferior homologues. The
inhibition mechanism of the synthesised compounds has been
elucidated by X-rays studies. Overall, this work provides a
valuable synthetic platform and additional structural informa-
tion (i.e.,, number of methylene groups inserted between the
chalcogen atom and the carbonyl group) for the design and
synthesis of chalcogen-containing benzenesulfonamide-based
CA inhibitors.

Supporting Information Summary
Experimental details, synthetic procedures, and spectroscopic
characterisation data are reported in the Supporting Informa-

tion. The authors have cited additional references within the
Supporting Information.'”7"
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