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Abstract. A series of disubstituted selenazole derivatwes synthetized and evaluated as carbonic
anhydrase (CA, EC 4.2.1.1) inhibitors against tbe&n (h) isoforms hCA |, II, IV, VA, VB and IX,
involved in a variety of diseases including glauegmetinitis pigmentosa, epilepsy, arthritis anchous.

The investigated compounds showed potent inhibaigainst the tumor-associated transmembrane hCA
IX, with K;s in the subnanomolar — low nanomolar range, ane wealuated for their effects on cell
viability against the human prostate (PC3) and dird&MDA-MB-231) cancer cell lines, showing
effective anti-tumor activity. These selenazolee areresting leads for the development of new,

isoform-selective CA IX inhibitors.
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1.Introduction

Selenium has a long history of association with danrealth and disease.[1,It8]toxicity is an old and
debated issue that for a long time hampered tretitt Se-containing compounds may have a potential
as therapeutic agents.[3] Today, the biochemisid/@harmacology of organoselenium compounds are
topics of intense research in medicinal chemistegause it has been demonstrated that such congpound
may be used as antioxidants, antitumor, antivaatimicrobial, or antihypertensive agents as wsll a
enzyme modulators targeting nitric oxide synthd$©$%),[4] carbonic anhydrase (CA, EC 4.2.2.1)[5]
and lipoxygenase (LOX) among others [6]. Some e$¢henzymes are involved in serious diseases, thus
leading to possible applications as therapeutimisgef such derivatives.[7-8elenium compounds
have proved to be very potent anticarcinogenic &gam different models, such as spontaneous,
chemically induced, or transplanted tumours, ad aglex vivo cultures.[10-12]The unique redox
properties of selenium alter the proliferative poi of epithelial cancers by inducing apoptodi8]|

but selenium may also be considered as a doubledesigord in terms of possessing antioxidant as well
as pro-oxidant properties that may be beneficiahanmful, depending upon the form and dose being
used in a normal or cancerous tissue. Thus, theepdrof the U-shape was introduced to reflect the
“good” and the “bad” effects of selenium as a fumttof dose.[14] Despite very promising researoh, t
date, no synthetic organoselenium compounds acknical use as anti-cancer agents. The appliagbili

of selenoheterocyclic compounds in tumor contr@l bh@en demonstrated in compounds incorporating a

five-membered ring system.[15,16]

Many tumour types are characterized by an upregtilglucose metabolism, low levels of oxygen
(hypoxia) and a dysregulated acid base balancé, thv extracellular pH more acidic than the normal
values.[17-19] In this particular contest, the ietnzyme human (h) carbonic anhydrase (CA, EC
4.2.1.1) hCA IX is overexpressed in a wide rangehgboxic tumours as downstream target of the
transcription factor hypoxia-inducible factos-{HIF-10) activation.[20,21] hCA IX participates in the
survival, proliferation, and metastasis proces$esioh hypoxic tumors. Indeed, hCA IX targeting has
received a lot of interest, and several efforts l@@mg done towards developing nowehibitors.[22]
Among the huge number of sulfonamide, sulfamatéasude and coumarin hCA IX inhibitors reported
to date,[23-25] few compounds were investigatedietail in animal tumour models, and only SLC-
0111, an ureido-substituted benzenesulfonamideatere, successfully ended Phase | clinical triads,
2016, for the treatment of patients with advancgpokic tumors overexpressing the hCA IX and the

compound is currently scheduled to enter Phas@ls this year.[26]



2. Results and discussion

2.1. Chemistry

Given our interest in the study of chalcogen-contej compounds, we have designed and synthetized a
series of selenazole derivatives with the aim tenidy novel hCA IX selective inhibitors.[1,3]
Selenazoles are an important class of heterocydlkbssignificant biological effects and considerbl
pharmacological relevance.[15,16] Moreover, thase membered selenium heterocycles are easily
synthetized from primary selenoamide as startintgerreds. Thus, our attention focused on the symshes
of primary selenoamide containing sulfonamide mpiets shown inScheme 1. First step was the
synthesis of 4-cyanobenzenesulfonamiglebfy reaction of the corresponding sulfonyl chleri@) with

an aqueous solution of ammonium hydroxide. Suceelysi 4-sulfamoylbenzoselenoamid8) (was

prepared by the reaction of nitrile compouhdith NaSe as selenating reagent in reflux ethanol, for 6h.
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Scheme 1. Synthesis of primary selenoamide incorporatingswdfonamide moiety3 and the
corresponding functionalized selenazalas and5a-c. NaSe was generated in situ from elemental Se

(0.5 eq.) and NaBIH(1.0 eq.).

Finally, the reaction of primary selenobenzami® ith different a-haloketones incorporating
aromatic4a-f or aliphatic5a-c moieties, in refluxing ethanol, gave various 2disdbstituted 1, 3-
selenazoles6a-f and 7a-c. In addition, herein, we report the synthesis ofvaiety of double-
functionalized and ionic 1, 3-selenazoles, by nyahalic displacement reactions of 4-halomethyl--1,3

selenazolegc as shown irscheme 2.
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Scheme 2: Synthesis of substituted 2,5-selenazdle43.
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Treatment of7c with thiophenol and BN in acetonitrile afforded in excellent yields tba@rresponding
functionalized 1,3-selenazold®. A number of 1,3-selenazoles containing aromat@aogenide side
chains were also preparetilg-c and12a-c). The reaction started with the reduction of tperapriate
dichalcogenide and NaBHo afford the corresponding chalcogen&a ¢ and9a-c), which was treated
in situ with 4-halomethyl- 1,3-selenazole& leading to the corresponding functionalized 1,3-
selenazoleslla-c and 12a-c in good yield Scheme 2). Finally, 1, 3-selenazole containing the

pharmacologically relevant isothiouronium moiet$)(was prepared fromc and thiourea.

2.2. Carbonic anhydrase inhibition

All compounds3, 6a-f, 7a-c, 10, 11a-c, 12a-b and13 were tested in vitro for their inhibitory activity
against the physiologically relevant hCA isoformdl| IV, VA, VB and IX by means of the stopped-
flow carbon dioxide hydration assay[2&hd their activities were compared to the standasd

acetazolamideAAZ) (Table 1).

Table 1. Inhibition data of human CA isoforms I, Il, IV,A/ VB and IX with compound8, 6a-f, 7a-c,

10, 11a-c, 12a-c, 13 andAAZ by a stopped flow Conydrase assay.[27]

K (nM)
Cmp hCA | hCA 1l hCA IV hCA VA hCA VB hCA IX
3 44.2 84.8 941.1 63.4 552.7 7.6
6a 33.5 29.6 652.3 9.7 703.1 6.5
6b 637.9 85.8 6353.0 75.3 724.2 7.5



6c 206.0 88.6 3098.0 86.6 620.4 0.87

6d 414.1 67.9 873.1 82.2 730.0 8.4
6e 539.7 245.1 9386.0 85.7 757.3 8.2
6f 42.2 70.9 359.5 82.5 808.7 56.3
7a 15.8 47.3 384.7 82.3 600.0 6.9
7b 41.6 77.0 392.4 42.5 460.0 9.0
ic 7.3 73.2 326.2 58.4 90.9 2.8
10 935.0 74.6 6860.0 55.8 550.0 5.4
1la 135.2 79.7 5155.0 56.3 81.0 7.2
11b 8.2 186.7 2695.0 56.8 809.5 2.6
11c ar.7 9.5 853.9 40.0 85.0 0.89
12a 289.1 9.8 751.0 68.3 517.0 9.1
12b 30.3 9.6 203.9 75.6 54.1 7.1
12c 7.1 7.7 120.8 47.1 319.1 0.55
13 14.6 80.4 216.5 57.3 700.0 7.0
AAZ 250.0 12.1 74 63.0 54.0 25.8

* Mean from 3 different assays, by a stopped fleahhique (errors were in the rangetd-10 % of the

reported values).

We have investigated a range of various kinds &-@isubstituted 1, 3-selenazole derivatives fairth
interaction with the six hCAs here considered,radt@eriod of 15 min of incubation of the enzyme an
inhibitor solutions.[28—-31] The following structuaetivity relationship (SAR) may be noted regarding

the inhibition data ofable 1:



The cytosolic hCA | was inhibited by primary selanade3 in the medium nanomolar range
(Ki 44.2 nM). On the other hand, the inhibition pmfibf selenazole derivatives varied
according to the substituent in position 5. Thezese moiety&a) led to a slight increase in
the activity (K 33.5 nM) and substitutions in positions 3 or 4 teda decrease of the
potency. An interesting inhibition profile was obssd for compound$b-d incorporating
halogens. The dimension of this substituent praeede crucial for the inhibition potency.
Indeed, replacement of fluorinék) by bromine ¢c) caused an increase of activity for hCA |
(Ki 637.9 nM vs. K206.0 nM). Moreover, substitution in position &)(led to a better
activity than the corresponding compounds watra groups 6b-e). Aliphatic moieties in
position 5 of selenazole3d-c) increased the efficacy compared to aromatic camgs @a-

f). 7c showed an inhibition constant in the low nanomoatamge (K 7.3 nM). Another
interesting point was the further substitution bk tside chain in compoundc with
chalcogen aromatic moiety. Going down along thelodgen group of the periodic table
(from sulphurlO to tellurium11a) the activity increased (K©35.0 nM to K135.2 nM) as the
chalcogen group element increased from Sulpd®) o tellurium (@1a). The second
dominant cytosolic isoform, hCA II, was inhibiteg kll these compounds in the medium
nanomolar range except for compountie and 12a-c which showed low nanomolar
inhibition (K; 7.7 to 9.8 nM). The different moieties in positibrof the selenazole scaffold
did not influence significantly the inhibition cdast. On the other hand, the further
functionalization of 4-halomethyl-1,3-selenazolés with different selenitesl2a-c and
tellurate 11c moieties led to an increase of potency near téss foompared to the other
compounds here considered.

Almost all compounds investigated here, possessednhibitory activity for the membrane-

bound isoform hCA IV with ranges spanning betwdenhigh nanomolar to the micromolar



(Ki120.8 to 9386 nM). Aliphatic substituents in pasiti5 proved to be better than aromatic
ones, with an inhibition constants spanning from3R6.2 to 392.4 nM. Indeed, as for the
previously discussed isoform hCA Il mentioned ahowke functionalization of 4-
halomethyl-1,3-selenazolek with selenolate J2a-c) and telluratellc moieties increased
the efficacy.

iii) An interesting inhibition pattern was observed ttoe mitochondrial hCA VA and hCA VB
isoforms. All compounds here considered, exddat, exhibited a preference of inhibition
for the isoform hCA VA over hCA VB and, selenazéke showed this preference with an
activity 70 folds more potent for hCA VA (K.7 nM) compared to hCA VB (K03.1 nM).
On the other hand, the different moieties in poritb of the selenazole scaffold did not
influence significantly the inhibition potency.

iv) The membrane-bound, tumor-associated, hCA 1X, fiscg¥ely inhibited by selenazoles in
low nanomolar to sub-nanomolar range (k55 nM to 9 nM) except for compoured (K;
56.3 nM). An interesting case was constituted kg idosteric substitution of the halogen
atom in the aromatic moiety dic-d and 6f. The transition from fluorine aton6f) to
bromine 6b) led to a significant increase of the inhibitogtency (K 56.3 to 0.87 nM). The
activity was influenced also for the other chalaogeoieties {1a-c and 12a-c), especially

for methoxy substituent, which led to a subnanomiolaibition (K; 0.89 and 0.55 nM).

2.3 X-ray Crystallographic Results

X-ray crystallography (statistics summarized in Efas used to analyse the mode of binding of
compoundrc in complex with hCA IlI. Structural analysis of thetial F.—F electron density map of the

active site showed well defined electron densitytyfcompatible with the presence of inhibitée but,

electron density for chlorine atom was not pre¢Ergure 1A). The sulfonamide moiety coordinates the



catalytic zinc ion of hCA Il with a tetrahedral geetry, by means of one nitrogen atom of the
sulfonamide group and displacing the zinc boundewanolecule/hydroxide ion similarly to other

sulfonamide and sulfamide derivatives investigaadier.[32,33]
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Figure 1. Active site region of hCA IFc adduct (PDB 6H3Q). Inhibitor showing tlb&-weighted |-

Fc map (at 2.55) (A). Hydrogen bonds, van der Waals interactions ardeYWBridges are shown and

labelled in green, blue and red respectivély (

The deprotonated nitrogen atom of the sulfonamidesty forms a hydrogen bond with the NH moiety
of Thr199. Furthermore, a hydrogen bond is involvath a water molecule showing a well defined
solvent network that contributes to stabilize thieilbitor within the active siteH{gure 1B). The phenyl

ring of inhibitor 7c is located in the active site channel, where ihi®lved in a number of hydrophobic
interaction with the side chains of residues Val®tl Leul98. The medium potency of inhibition
against hCA Il (K 73 nM) could be explained with the rigid structwenferred by two consecutive
aromatic rings; this scaffold prevented the inlmbirom locating its tail in a small hydrophobicgket

delimited by residues Phel31 and which stronglyetates with the inhibition potency against this



isoform. On the other hand, nitrogen of selenanoteety is involved in a water bridge with residue

GIn92 Figure 1B).

2.4 Biological assays

We focused our attention on tke& vivoactivity of compound$e, 11c and12c, which were evaluated
for their effects on cell viability against the hamprostate (PC3) and breast (MDA-MB-231) cancer
cell lines. All compounds were low/sub nanomolarAh€X inhibitors, and were used at different
concentrations, being incubated for 48 h in botihmuoxic and hypoxic conditions, when overexpression
of high amounts of CA IX occurs.[17] In PC3 celtelenazole derivativée, with a 4-NQ phenyl
moiety, reduced the cell viability to 60% at 1uN& éfficacy increased significantly at 10 uM redhggi
the viability to 10% Figure 2). In the hypoxic conditions, compourtg showed significantly more
effects on cytotoxicity which reached 32% at 1uMt Wigher concentration the compound was
comparable to its effects in normoxic conditionaltiegenide atom in the side chain of compoutids
and 12c proved to play a crucial role for cytotoxicity. @poundllc, whit tellurium atom in the side
chain, showed a strong activity against this camedrline in normoxic condition with a viabilityfo
23% at 1uM. On the other hand, in hypoxic condition compourdd showed an efficacy two times
lower than in the normoxia. Finally, compoud#c, with selenium in the side chain, proved to be
inactive at lower doses against PC3 cell line,tbatefficacy increased at 30 and 100 showing a cell
viability in normoxic condition of 59% and 11% respively. In hypoxic condition compountlc
exhibited more cytotoxic effects at low concentmat{77% at 1QuM) whereas at higher doses exhibited

an efficacy comparable to that in normoxic conditio
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Figure 2. Effects of newly synthetized compoungks 12c and11c on viability of the human prostatic
cancer cell line PC3 following 48h treatment inmoxic and hypoxic (1% £ conditions***p<0.001

versuscontrol.

In the MDA-MB231 cell line, derivativeése at the lower concentration showed a weak actiwiin
viability of 73%. On the other hand, at 1M the potency against this cancer cell line incedas
drastically killing over 90% of the cells. Also ffdDA-MB231 cell line the different chalcogenide in
the side chain of compouridc and12c played an important role on the viabilitiyigure 3). Indeed,
tellurium atom in derivativd1c exhibited a strong cytotoxicity in normoxic condits, already at lower
concentration (16% atdM). Also this time, the potency decreased over tiwe in hypoxic condition.
Compoundl2c did not show any activity in thiex vivonormoxia assay at 1 and &M concentration.
A reduced cell viability was observed for this caupd only at high concentration (3 and 100
uM). In the hypoxic conditions the selenium derivati2c did not show any significant activity, only at

higher concentration of 1Q@M the cell viability arrived at 46%.
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Figure 3. Effects of the newly synthetized compourtis 12c and 11c on viability of the human
adenocarcinoma breast cell line MDA-MB231 followidgh treatment in normoxic and hypoxic (1%

0O,) conditions *p<0.05, ** p<0.01, ***p<0.001versuscontrol.

3. Conclusions

We report here a novel series of selenazole deresats inhibitors on six-carbonic anhydrases (CAs,
EC 4.2.1.1) of pharmacologic relevanae, hCA 1, 1l, IV, VA, VB and IX. Most of the new derivatives
were medium potency inhibitors of the ubiquitousosplic hCA | and hCA Il isoforms, but they
showed significant inhibition potency against tlheenbr-associated transmembrane hCA [X isoform,
with inhibition constants spanning from the suberaplar to the low nanomolar range. These
compounds exhibited potent effects on cell viapgigainst the human prostate (PC3) and breast (MDA-
MB-231) cancer cells lines, possessing thus effectinti-tumor activity. Moreover, we studied the
complex of one such selenazole with hCA Il by X-@&ystallography, for better understanding the
mechanism of binding and the inhibition potencyudthis study clearly opens new perspectivesen th
field of CA-dependent diseases and, the interesteagls detected here may be useful for the

development of more potent and hCA IX isoform-siecinhibitors.



4. Experimental Part

4.1. General

Anhydrous solvents and all reagents were purch&sed Sigma-Aldrich, Alfa Aesar and TCI. All
reactions involving air- or moisture-sensitive caapds were performed under a nitrogen atmosphere
using dried glassware and syringes techniquesatwsfier solutions. Nuclear magnetic resonariee (
NMR, *C-NMR, **F-NMR, ""Se-NMR,***Te-NMR) spectra were recorded using a Bruker Adedtic
400 MHz spectrometer in DMS@y: (PhSe) and (PhTe)vere used as an external references %6e
NMR (8 = 461 ppm) and®*Te NMR ¢ = 420 ppm). Chemical shifts are reported in ppets million
(ppm) and the coupling constanty are expressed in Hertz (Hz). Splitting patterre @designated as
follows: s, singlet; d, doublet; t, triplet; g, giraplet; m, multiplet; brs, broad singlet; dd, dulbf
doublets. The assignment of exchangeable protoHsaft@ NH) was confirmed by the addition o£D.
Analytical thin-layer chromatography (TLC) was @adr out on Merck silica gel F-254 plates. Flash
chromatography purifications were performed on Me%dlica gel 60 (230-400 mesh ASTM) as the
stationary phase and ethyl acetafeéxane were used as eluents. Melting points (ngogwneasured in
open capillary tubes with a Gallenkamp MPD350.BM&gparatus and are uncorrected. The solvents
used in MS measures were acetone, acetonitrileo(@msolv grade), purchased from Sigma-Aldrich
(Milan - Italy), and mQ water 18 B, obtained from Millipore's Simplicity system (Mildtaly). The
mass spectra were obtained using a Varian 120@letquadrupole system (Palo Alto, CA, USA)
equipped by Electrospray Source (ESI) operatinigoih positive and negative ions. Stock solutions of
analytes were prepared in acetone at 1.0 mg anid stored at 4°C. Working solutions of each aealy
were freshly prepared by diluting stock solutionsa mixture of mQ BO/ACN 1/1 ¢/V) up to a
concentration of 1.ig mL™ The mass spectra of each analyte were acquiréttiogucing, via syringe
pump at 10uL min™®, of the its working solution. Raw-data were cdiéet and processed by Varian

Workstation Vers. 6.8 software.



4.1.1 Procedurefor the synthesis of 4-cyanobenzenesulfonamide (2).

4-cyanobenzenesulfonyl chloride(10 mmol) was added to a solution of anhydrous T#HFmL). An
agueous solution of ammonium hydroxide (30%) (3mvhs added to the mixture at 0°C and stirred at
room temperature for 1 h. The mixture was extragtgd ethyl acetate, dried with anhydrous,S@,

and triturated with diethyl ethdt.6 g, 88%)H NMR (400 MHz, DMSO- dg) 8(ppm): 8.11 (2H, d,
J=8.58 Hz), 8.02 (2H, dJ=8.62 Hz), 7.692H, bs, NH,, exchange with BD). °C NMR (100 MHz,

DMSO-de) 8(ppm): 148.9, 134.2, 127.4, 118.8, 115.3.

4.1.2 Procedurefor the synthesis of 4-sulfamoylbenzoselenoamide (3).

NaBH, (626 mg, 16.47 mmol, 3.0 eq.) was portion wiseealdtb a solution of elemental selenium
(650mg, 8.24 mmol, 1.5 eq.) in EtOH (20 mL) at Qicder inert atmosphere {N After 30 min, 4-
cyanobenzenesulfonami@g1 g, 5.49 mmol, 1.0 eq.) was added and the @aatixture was stirred at
reflux for 6h. When the starting 4-cyanobenzenesiaimide2 had completely reacted (monitored by
TLC), cooling to room temperature and hydrochlaaid (6N, 2 ml) was added and the solution was
stirred for about an hour. The organic phase waseted with EtOAc, washed with brine (1 x 5 mL),
dried over Na@SQ,, filtered and concentrated under vacuum. The cradeerial was purified by flash
chromatography (1:1 hexane/ethyl acetate) to yetdilfamoylbenzoselenoamid8) (as orange solid
(1.1 g, 76%)*H NMR (400 MHz,DMSO- dg) 5(ppm): 11.05 (1H, bs\H, exchange with BD), 10.42 (1H,
bs, NH, exchange with BD), 7.99 (2H, d,J=8.65 Hz), 7.85 (2H, dJ=8.65 Hz), 7.51 qH, bs, NH,,
exchange with BD). *C NMR (100 MHz, DMSO- ds) 8(ppm): 203.7, 146.6, 146.3, 128.5, 126 Be

NMR (76 MHz, DMSO€g) 6 (ppm): 627.5. MS (ESI negativa)/z(%): 263.0 [M-H].

4.1.3 General procedurefor the synthesisof 2, 5 substitutes 1, 3-selenazoles (6a-f and 7a-c).



An EtOH solution (20 mL) of 4-sulfamoylbenzoselemide @) (100 mg, 0.38 mmol) and appropriate
o-halo derivativegta-f or 5a-c (0.38 mmol, 1 Eq.) was stirred at reflux for 20nmAfter cooling, the
mixture was poured into 4 (20 mL), which resulted in the formation of aq@pétate. This was filtered

off and recrystallized (EtOH) to give the corresged 2,5 subtitutes 1, 3-selenazoksf(and7a-c).

4.1.4 4-(5-phenyl-1,3-selenazol-2-yl)benzenesulfonamide (6a)

Following the general procedure, 4-sulfamoylbenrszgmmide 8) (100 mg, 0.38 mmol) and 2-
Bromoacetophenonda (76 mg, 0.38 mmol) gavéa as white solid (115 mg, 83%)H NMR (400
MHz, DMSO- ds) 5 (ppm): 8.83 (1H, s), 8.25 (2H, d,= 8.62 Hz), 8.11 (2H, dd] = 8.31, 1.21 Hz),
7.99 (2H, dJ = 8.63 Hz), 7.54-7.50 (4H, m), 7.42 (1HJt 7.33 Hz)*C NMR (100 MHz, DMSO¢)

o (ppm): 172.6, 156.9, 146.2, 139.2, 135.6, 12928.@, 128.1, 127.6, 127.3, 1233Se NMR (76

MHz, DMSO-dg) 6 (ppm): 738.9MS (ESI negativen/z 363.1 [M-H]J.

4.1.5 4-(5-(4-fluor ophenyl)-1,3-selenazol-2-yl)benzenesulfonamide (6b)

Following the general procedure, 4-sulfamoylbentarsgEmide §) (100 mg, 0.38 mmol) and 2-Bromo-
4'-fluoroacetophenongb (83 mg, 0.38 mmol) gavéb as pink solid (93 mg, 64%)H NMR (400 MHz,
DMSO- d) & (ppm): 8.81 (1H, s), 8.25 (2H, d= 8.42 Hz), 8.15 (2H, dd,= 8.79, 5.54 Hz), 7.99 (2H,
d, J = 8.41 Hz), 7.542H, bs, NH,, exchange with BD), 7.35 (2H, tJ = 8.86 Hz).*C NMR (100 MHz,
DMSO-ds) § (ppm): 172.7, 162.8 (d, = 245.19 Hz), 155.8, 146.3, 139.2, 132.2, 129,4 (18.25 Hz),
128.1, 127.6, 123.0, 116.6 (@ = 21.55 Hz)}*F-NMR (376 MHz, DMSOe€s) & (ppm): -113.897'Se

NMR (76 MHz, DMSO€g) 6 (ppm): 741.0M S (ESI negativejn/z 381.1 [M-H]J.

4.1.6 4-(5-(4-bromophenyl)-1,3-selenazol-2-yl)benzenesulfonamide (6¢)



Following the general procedure, 4-sulfamoylbentarsgmide §) (100 mg, 0.38 mmol) and 2-Bromo-
4'-bromoacetophenorte (106 mg, 0.38 mmol) gavéc as white solid(101 mg, 60%)H NMR (400
MHz, DMSO-ds)  (ppm): 8.90 (1H, s), 8.25 (2H, d= 8.21 Hz), 8.07 (2H, d = 8.38 Hz), 7.98 (2H,
d,J = 8.23 Hz), 7.71 (2H, dl = 8.35 Hz), 7.553H, bs, NH,, exchange with BD). *C NMR (100 MHz,
DMSO-dg) 6 (ppm): 172.9, 155.6, 146.3, 139.1, 134.8, 1322R.3, 128.1, 127.6, 124.2, 1221Se

NMR (76 MHz, DMSO€g) 6 (ppm): 744.8M S (ESI negativen/z 441.1 [M-H]J.

4.1.7 4-(5-(4-chlor ophenyl)-1,3-selenazol-2-yl)benzenesulfonamide (6d)

Following the general procedure, 4-sulfamoylbentarsgmide §) (100 mg, 0.38 mmol) and 2-Bromo-
4'-chloroacetophenonéd (89 mg, 0.38 mmol) gavéd as white solid(92 mg, 61%JH NMR (400
MHz, DMSO-ds)  (ppm): 8.89 (1H, s), 8.25 (2H, d= 8.40 Hz), 8.14 (2H, dl = 8.55 Hz), 7.99 (2H,
d, J = 8.40 Hz), 7.59-7.54 (4H, m$C NMR (100 MHz, DMSO€s) & (ppm): 172.9, 155.6, 146.3,
139.1, 134.4, 133.5, 129.8, 129.1, 128.1, 127.8,113'Se NMR (76 MHz, DMSO#g) & (ppm): 744.2.

MS (ESI negativejn/z 397.1 [M-H]J.

4.1.8 4-(5-(4-nitrophenyl)-1,3-selenazol-2-yl)benzenesulfonamide (6€)

Following the general procedure, 4-sulfamoylbentarsgmide §) (100 mg, 0.38 mmol) and 2-Bromo-
4'-nitroacetophenonde (93 mg, 0.38 mmol) gavée as yellow solid(85 mg, 55%)H NMR (400 MHz,
DMSO- ds) § (ppm): 9.19 (1H, s), 8.38 (4H, aps), 8.28 (2HJ &, 8.48 Hz), 8.00 (2H, d] = 8.53 Hz),
7.56 @H, bs, M., exchange with BD). **C NMR (100 MHz, DMSOds) & (ppm): 173.6, 154.6, 147.6,
146.5, 141.5, 138.9, 128.3, 128.2, 127.9, 127.6,2t3'Se NMR (76 MHz, DMSO#g) & (ppm): 757.4.

MS (ESI negativejn/z 408.1 [M-H]J.

4.1.9 4-(5-(3-methoxyphenyl)-1,3-sel enazol-2-yl)benzenesulfonamide (6f)



Following the general procedure, 4-sulfamoylbentarsgmide §) (100 mg, 0.38 mmol) and 2-Bromo-
3'-methoxyacetophenor# (87 mg, 0.38 mmol) gavéf (120 mg, 80%)*H NMR (400 MHz, DMSO-
de) & (ppm): 8.86 (1H, s), 8.25 (2H, d,= 8.53 Hz), 7.99 (2H, d] = 8.53 Hz), 7.68-7.66 (2H, m), 7.55
(2H, bs, NH,, exchange with BD), 7.43 (1H, tJ = 7.94 Hz), 7.00 (1H, ddd,= 8.53 Hz), 3.88 (3H, s}°C
NMR (100 MHz, DMSOe€k) 6 (ppm): 172.4, 160.6, 156.7, 146.2, 139.2, 13630.8, 128.1, 127.6,
123.6, 119.8, 114.5,112.9, 568e NMR (76 MHz, DMSOdg) 5 (ppm): 757.4M S (ESI positive)m/z

395.0 [M+H]".

4.1.10 4-(5-methyl-1,3-selenazol-2-yl)benzenesulfonamide (7a)

Following the general procedure, 4-sulfamoylbentrszgmide §) (100 mg, 0.38 mmol) and
Chloroacetonesa (31 pl, 0.38 mmol) gavera as yellow solid (70 mg, 61%JH NMR (400 MHz,
DMSO-dg) & (ppm): 8.12 (2H, dJ = 8.61 Hz), 7.94 (3H, m), 7.5QH), bs, NH,, exchange with BD), 2.49
(3H, s).*C NMR (100 MHz, DMSOds) § (ppm): 172.1, 154.8, 145.9, 139.3, 127.8, 12723, 1, 18.9;

"SeNMR (76 MHz, DMSO#s) & (ppm): 711.9M S (ESI negativen/z 301.0 [M-H]J.

4.1.11 2-(4-sulfamoylphenyl)-1,3-selenazole-5-car boxylic acid (7b)

Following the general procedure, 4-sulfamoylbentrszgmide §) (100 mg, 0.38 mmol) and
Chloroacetic acidbb (64 mg, 0.38 mmol) gavéb as white solid (69 mg, 55%)H NMR (400 MHz,
DMSO- d) & (ppm): 13.07 (1H, bs, COE), 9.22 (1H, apd), 8.20 (2H, d= 8.48 Hz), 7.98 (2H, dl =
8.44 Hz), 7.549H, bs, M., exchange with BD). °C NMR (100 MHz, DMSO#g) 5 (ppm): 173.6, 173.2,
163.1, 149.1, 146.5, 138.8, 128.3, 1278 NMR (76 MHz, DMSO€s) & (ppm): 763.7MS (ESI

negative)m/z 331.0 [M-H]J.

4.1.12 4-(5-(chloromethyl)-1,3-selenazol-2-yl)benzenesulfonamide (7¢)



Following the general procedure, 4-sulfamoylbentevagmmide 8) (100 mg, 0.38 mmol) and 1,3
Chloroacetoneésc (48 mg, 0.38 mmol) gav@c as white solid (89 mg, 70%JH NMR (400 MHz,
DMSO- dg) & (ppm): 8.47 (1H, s), 8.16 (2H, d,= 8.62 Hz), 7.96 (2H, d] = 8.62 Hz), 7.532H, bs,
NH,, exchange with BD), 4.93 (2H, s)*C NMR (100 MHz, DMSOds) & (ppm): 173.8, 154.5, 146.3,
138.9, 128.3, 128.0, 127.6, 42/7Se NMR (76 MHz, DMSO#dq) & (ppm): 728.4MS (ESI negative)

m/z 335.0 [M-H].

4.1.13 Procedure for the synthesis of 4-(5-((phenylthio)methyl)-1,3-selenazol-2-yl)
benzenesulfonamide (10).

An acetonitrile solution (10 mL) of 2,5 substitute@ selenazoler€) (100 mg, 0.298 mmol), thiophenol
(36 uL, 1.2 Eq) and BN (79 uL, 2Eq) were stirred overnight at room temperatdiige mixture was
extracted with ethyl acetate, dried with anhydrbiasSO, and the crude material was purified by flash
chromatography (1:1 hexane/ethyl acetate) to yieldpoundlO as white solid (98 mg, 80%)H NMR
(400 MHz, DMSO-ds) & (ppm): 8.16 (1H, s), 8.10 (2H, d= 8.36 Hz), 7.94 (2H, d] = 8.34 Hz), 7.52
(2H, bs, NH,, exchange with BD), 7.45 (2H, dJ = 7.62 Hz), 7.36 (2H, ) = 7.66 Hz), 7.24 (1H, ) =
7.33 Hz), 4.43 (2H, s)*C NMR (100 MHz, DMSOds) & (ppm): 172.9, 154.8, 146.1, 139.1, 136.8,
129.9, 129.4, 127.9, 127.5, 126.8, 125.5, 34% NMR (76 MHz, DMSO6ég) 6 (ppm): 720.9MS

(ESI positive)m/z 411.0 [M+HT".

4.1.14 General procedurefor the synthesis of 2, 5 substitutes 1, 3-selenazoles 11a-c and 12a-c.

NaBH, (43 mg, 1.14 mmol, 3.0 eq.) was portionwise addeal solution of appropriate chalcogen@ie
cor9a-c (0.5 eq.) in EtOH (10 mL) at room temperature urndert atmosphere @) After 30 min, 2,5
substituted 1,3 selenazole (127 mg, 0.38 mmol, 1.0 eq.) was slowly added twedreaction mixture

was stirred at room temperature for 3 h, until clatg consumption of the starting material was



observed by TLC. The reaction was quenched by iadddf saturated ag. Ni&I (2 mL) and diluted
with EtOAc (5 mL). The layers were separated ardatjueous layer was extracted with EtOAc (2 x 5
mL), dried over NgSQ,, filtered and concentrated under vacuum. The cradterial was purified by

flash chromatography (hexane/EtOAc 1:1) to yiekl ¢brresponded chalcogenitiea-c or 12a-c.

4.1.15 4-(5-((phenyltellanyl)methyl)-1,3-sel enazol-2-yl)benzenesulfonamide (11a).

Following the general procedure, 4-(5-(chlorométiyB-selenazol-2-yl)benzenesulfonamide (127
mg, 0.38 mmol) and diphenyl ditellurid®a (78 mg, 0.19 mmol) gavEla as yellow solid (96 mg, 50%).
'H NMR (400 MHz, DMSO-ds) 5 (ppm): 8.05 (2H, d,J = 8.52 Hz), 7.93 (2H, d] = 8.54 Hz), 7.89
(1H, s), 7.75 (2H, dd) = 1.32, 8.06 Hz), 7.52 (2H, bsHY, exchange with BD), 7.33-7.25 (3H, m),
4.45 (2H, s)*C NMR (100 MHz, DMSOeg) & (ppm): 172.2, 157.5, 146.0, 139.2, 138.6, 13028,4,
127.8, 127.5, 122.5, 114.4, 8’/65e NMR (76 MHz, DMSO#dg) & (ppm): 717.6*°TeNMR (126 MHz,

DMSO-dgs) 6(ppm): 608.3M S (ESI negative)n/z 506.9 [M-H]J.

4.1.16 4-(5-((p-tolyltelanyl)methyl)-1,3-selenazol-2-yl)benzenesulfonamide (11b).

Following the general procedure, 4-(5-(chlorométiyB-selenazol-2-yl)benzenesulfonamide (127
mg, 0.38 mmol) ang-tolyl ditelluride 8b (83 mg, 0.19 mmol) gavilb as yellow solid (154 mg, 78%).
'H NMR (400 MHz, DMSO-ds) 5 (ppm): 8.05 (2H, d,J = 8.59 Hz), 7.93 (2H, d] = 8.60 Hz), 7.85
(1H, s), 7.63 (2H, dJ = 7.96 Hz), 7.51 (2H, bs, M, exchange with BD), 7.09 (2H, d,J = 7.61 Hz),
4.40 (2H, s), 2.32 (3H, s¥C NMR (100 MHz, DMSO#g) & (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% NMR (76 MHz, DMSO¢€) & (ppm): 717.0.

12Te NMR (126 MHz, DMSOdg) & (ppm): 600.6M S (ESI negative)n/z 520.9 [M-H]J.

4.1.17 4-(5-(((4-methoxyphenyltellanyl)methyl)-1,3-sel enazol - 2-yl ) benzenesulfonamide (11¢)



Following the general procedure, 4-(5-(chlorométiyB-selenazol-2-yl)benzenesulfonamide (127
mg, 0.38 mmol) and 4-methoxyphemjtelluride 8c (89 mg, 0.19 mmol) gavilc as yellow solid (153
mg, 75%)."H NMR (400 MHz, DMSO-ds) § (ppm): 8.05 (2H, dJJ = 8.59 Hz), 7.93 (2H, d] = 8.58
Hz), 7.85 (1H, s), 7.78 (1H, s), 7.64 (2HJds 8.75 Hz), 7.51 (2H, bs,H}, exchange with BD), 6.84
(2H, d,J = 8.77 Hz), 4.35 (2H, s), 3.76 (3H, $C NMR (100 MHz, DMSOds) § (ppm): 172.1, 160.3,
157.2, 146.0, 141.6, 139.2, 127.8, 127.5, 122.8,111103.0, 55.9, 8.3'SeNMR (76 MHz, DMSO#d)
8 (ppm): 716.1Te NMR (126 MHz, DMSOdg) & (ppm): 600.9M S (ESI negative)n/z 536.9 [M-

HI'.

4.1.18 4-(5-((phenylselanyl)methyl)-1,3-selenazol-2-yl)benzenesulfonamide (12a)

Following the general procedure, 4-(5-(chlorométiyB-selenazol-2-yl)benzenesulfonamide (127
mg, 0.38 mmol) and phengliselenideda (59 mg, 0.19 mmol) gavi2a as white solid (128 mg, 74%).
'H NMR (400 MHz, DMSO-ds) & (ppm): 8.09-8.06 (3H, m), 7.94 (2H, 3= 8.41 Hz), 7.57 (2H, dd

= 1.36, 8.01 Hz), 7.56 (2H, bsHY, exchange with BD), 7.36-7.30 (3H, m), 4.41 (2H, SfC NMR
(100 MHz, DMSOs€g) & (ppm): 172.7, 155.8, 146.1, 139.1, 132.9, 1313D.Q, 127.9, 127.8, 127.5,
124.8, 27.5/"Se NMR (76 MHz, DMSOds) § (ppm): 719.4, 347.3MS (ESI positive)m/z 459.0

[M+H] "

4.1.19 4-(5-((p-tolylselanyl)methyl)-1,3-selenazol -2-yl)benzenesulfonamide (12b).

Following the general procedure, 4-(5-(chlorométiyB-selenazol-2-yl)benzenesulfonamide (127
mg, 0.38 mmol) ang@-tolyl diselenidedb (65 mg, 0.19 mmol) gaviZb as white solid (143 mg, 80%).
'H NMR (400 MHz, DMSO-ds) § (ppm): 8.08 (2H, dJ = 8.63 Hz), 8.01 (1H, s), 7.94 (2H, 3= 8.63
Hz), 7.52 (2H, bs, N, exchange with D), 7.44 (2H, dJ = 8.05 Hz), 7.16 (2H, d] = 7.81 Hz), 4.35

(2H, s), 2.31 (3H, s)'*C NMR (100 MHz, DMSOsds) & (ppm): 172.6, 156.0, 146.1, 139.2, 137.4,



133.5, 130.7, 127.8, 127.5, 127.2, 124.7, 27.%:;71Se NMR (76 MHz, DMSOdg) & (ppm): 722.2
MS (ESI positivem/z 473.0 [M+H].

4.1.20 4-(5-(((4-methoxyphenyl)selanyl)methyl)-1,3-sel enazol-2-yl)benzenesulfonamide (12c).
Following the general procedure, 4-(5-(chlorométiyB-selenazol-2-yl)benzenesulfonamide (127
mg, 0.38 mmol) and 4-methoxyphermiselenide9c (71 mg, 0.19 mmol) gavé&2c as white solid (129
mg, 70%).*H NMR (400 MHz, DMSO-ts) 5 (ppm): 8.08 (2H, dJ = 8.54 Hz), 7.95-7.92 (3H, m), 7.51
(2H, bs, NH,, exchange with BD), 7.46 (2H, dJ = 8.80 Hz), 6.91 (2H, d] = 8.80 Hz), 4.28 (2H, s),
3.77 (3H, s)**C NMR (100 MHz, DMSOdg) 5 (ppm): 172.6, 159.9, 156.0, 146.0, 139.2, 13623,8,
127.5, 124.5, 120.5, 115.7, 56.0, 28’8 NMR (76 MHz, DMSO€g) 5 (ppm): 717.8, 341.4MS (ESI

negative)m/z 485.1 [M-H]J.

4.1.21 Procedure for the synthesis of 2-((2-(4-sulfamoylphenyl)-1,3-selenazol-5-yl)methyl)
isothiouronium chloride (13)

4-(5-(chloromethyl)-1,3-selenazol-2-yl)benzenesudimide 7c (127 mg, 0.38 mmol) and Thiourea
(29mg, 0.38 mmol) were dissolved in dry acetonee Thixture was stirred at reflux for 1h and after
cooling, the precipitate was filtered off and wasiveith cold acetone to yield compoud8 as grey
solid (78 mg, 50%)H NMR (400 MHz, DMSO-ds) & (ppm): 9.37 (2H, bs, N, exchange with BD),
8.37 (1H, s), 8.14 (2H, d = 8.41 Hz), 7.96 (2H, d] = 8.40 Hz), 7.56 (2H, bs, H, exchange with
D,0), 7.13 (2H, bs, N, exchange with BD), 4.71 (2H, s)**C NMR (100 MHz, DMSO#g) & (ppm):
174.2, 170.4, 152.3, 146.4, 138.7, 128.0, 127.8,1182.0;"Se NMR (76 MHz, DMSO¢l) 5 (ppm):

731.5.M S (ESI positive)n/z 377.0 [M+HT.

4.2. Carbonic anhydrase inhibition



An Applied Photophysics stopped-flow instrument bagn used for assaying the CA catalyzed, CO
hydration activity.[27] Phenol red (at a concentratof 0.2 mM) has been used as indicator, worldahg
the absorbance maximum of 557 nm, with 20 mMHepét 1.5) as buffer, and 20 mM b&0O, (for
maintaining constant the ionic strength), followitlg initial rates of the CA-catalyzed g@ydration
reaction for a period of 10-100 s. The L£€bncentrations ranged from 1.7 to 17 mM for the
determination of the kinetic parameters and inlghiconstants. For each inhibitor at least sixesagof

the initial 5-10% of the reaction have been usedd&iermining the initial velocity. The uncatalyzed
rates were determined in the same manner and stdairiiom the total observed rates. Stock solutions
of inhibitor (0.1 mM) were prepared in distilledideized water and dilutions up to 0.01 nM were done
thereafter with the assay buffer. Inhibitor andyene solutions were preincubated together for 15ahin
room temperature prior to assay, in order to allomthe formation of the E-I complex. The inhibiio
constants were obtained by non-linear least-squaettods using PRISM 3 and the Cheng-Prusoff
equation, as reported earlier,[28-31] and repregenmean from at least three different determomesti

All CA isofoms were recombinant ones obtained inideas reported earlier.[28-31]

4.3. Crystallization and X-ray data collection

Crystals of hCAIl were obtained using the hangimgpdvapor diffusion method using 24 well Linbro
plate. 2 pl of 20 mg/ml solution of hCA Il in Trid€l 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 weguilibrated against the same solution at 296 K.
Crystals of the protein grew in one week. AfterveaitCAll crystals were soaked in 5mM inhibitor
solution for 3 days. The crystals were flash-froa¢rlO0K using a solution obtained by adding 15%
(v/v) glycerol to the mother liquor solution as @pyotectant. Data on crystals of the complexes were

collected using synchrotron radiation at the ID2®€amline at ESRF (Grenoble, France) with a



wavelength of 0.8731 A and a PILATUS3 2M Dectrisedtor. Data were integrated and scaled using

the program XDS.[34] Data processing statisticsevgtrowed in supporting information.

4.4. Structur e deter mination

The crystal structure of hCA 1l (PDB accession codEIK) without solvent molecules and other
heteroatoms was used to obtain initial phases @fstructures using Refmac5.[35] 5% of the unique
reflections were selected randomly and excluded fitoenrefinement data set for the purpose of Rfree
calculations. The initial |Fo - Fc| difference @¢ten density maps unambiguously showed the inhibito
molecules. The inhibitor was introduced in the miadéh 1.0 occupancy. Atomic models for inhibitors
were calculated and energy minimized using the naragJLigand 1.0.40.[36] Refinements proceeded
using normal protocols of positional, isotropicrato displacement parameters alternating with manual
building of the models using COOT.[37] Solvent nwlles were introduced automatically using the
program ARP.[38] The quality of the final models eessessed with COOT and RAMPAGE.[39]
Crystal parameters and refinement data are sumrdanzglectronic Supplementary Information (ESI).
Atomic coordinates were deposited in the ProteitaBank (PDB accession code: 6H3Q). Graphical

representations were generated with Chimera.[40]

4.4. Biological Assays.

Human prostate cancer cell line PC3 and humarsbozancer cell line MDA-MB-231 were obtained
from American Type Culture Collection (Rockville,lj. PC3 and MDA-MB-231 were cultured in
DMEM high glucose with 20% FBS in 5% GQ@tmosphere at 37° C. Media contained 2 mM L-
glutamine, 1% essential aminoacid mix, 100 IUménicillin and 100ug mI* streptomycin (Sigma,
Milan, Italy). Cells were plated in 960 wells celilture (110%well) and, 24 h after, treated with the

tested compounds for 48 h. Low oxygen conditiowere acquired in a hypoxic workstation



(Concept 400 anaerobic incubator, Ruskinn Tedgywltd., Bridgend, UK). The atmosphere in the
chamber consisted of 1%, Chypoxia), 5% CQ and residual N In parallel, normoxic (21% £
dishes were incubated in air with 5% £@ell vitality was assessed via MTT assay. Viapiis
expressed as % in comparison to the control calisit(arily set 100 % of viable cells). Data are
presented as mean + SEM. One-way ANOVA with a Boofe post-hoc test was used to compare the
treated samples to the control. A p-value less &% was considered to indicate a significant

difference.
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Highlights

1. Synthesis of 2, 5-disubstituted 1,3-selenazolesekestive human carbonic anhydrase 1X
inhibitors are reported

2. Invitro studies reported potent and selective inhibitictivay against hCA IX isoform.

3. Determined X-ray structure of hCA Il in complex vibne compound in order to obtain
ligand—protein interaction

4. Exvivo studies showed potent anti-tumor activity.



