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ABSTRACT

Platinum-based chemotherapy is widely used for the treatment of different tumors but is associated
with serious side effects, among which neuropathic pain. Carbonic anhydrase (CA, EC 4.2.1.1)
inhibitors have recently been validated as therapeutic agents in neuropathic pain and as antitumor
agents. We report the synthesis of new organochalcogenides bearing the benzensulfonamide
moiety acting as potent inhibitors of several human CA isoforms and, in particular, against hCA
IT and VII endowed with potent neuropathic pain attenuating effects. Moreover, in combination
with cisplatin or doxorubicin, some of the new CA inhibitors enhanced the effects of the anticancer
drugs capability in counteracting breast cancer MCF7 cell viability. The concomitant anti-
neuropathic pain effects and antiproliferative of the new chalcogenide-based CA inhibitors
represent an innovative approach for the counteraction and management of side effects associated
with clinically platinum drugs as antitumor agents.

1. INTRODUCTION

Cancer is one of the most important causes of death, second only to heart diseases, remaining one
of the major concerns worldwide [1]. In the last decades, new antitumor drugs improved survival
from cancer and in particular metal-based drugs are increasingly used [2-4]. Platinum-based
chemotherapeutic agents are the principal drugs for the treatment of different type of tumors, such
as gastrointestinal and gynecologic cancers and their use has been increasing during the last two
decades [5]. Since 1970s, when the antiproliferative properties of cisplatin were discovered, many
efforts were made in order to find new derivatives to improve the oncologists’ armamentarium.
[6] One of the most clinically used agents nowadays is the third-generation derivative oxaliplatin,
which shows a better efficacy and lower toxicity compared to cisplatin and carboplatin. Because

of its wide application, the side effects of oxaliplatin have been attentively evaluated and the most



common one is peripheral neuropathy with no existing effective treatments against it, which
provokes serious difficulties to the patients for completing a full treatment schedule [7]. The
neuropathic pain affects many aspects of daily life and is associated with poor general health,
reduction in quality of life where the currently available analgesics such as anti-inflammatory
drugs (NSAIDs) and opioids can only alleviate the symptom because of the lack of efficacy and
unacceptable side effects [8]. In this context, a new therapeutic target against neuropathic pain has
emerged due to the connection between the modulation of Carbonic Anhydrase (CA; EC 4.2.1.1)
enzymes and GABA-ergic networks in peripheral/central neurons [9-12]. Initially, the activation
of GABAA receptor leads to hyperpolarization by C1™ influx, on the other hand, prolonged receptor
activation leads to a strong bicarbonate (HCO;3") efflux dependent depolarization [10]. This
condition is aggravated when potassium-chloride (K(")-CI(")) cotransporter (KCC2) expression is
decreased, thus compromising Cl™ gradients in GABA-responsive neurons [9-11].

In humans 12 of 15 CAs expressed are catalytically active producing HCO3™ and H' by the
hydration of CO», an essential molecule in many physiologic processes making CAs crucial
enzymes in all kingdoms life [13-16]. For this reason, Carbonic Anhydrase Inhibitors (CAls) can
be used to modulate the HCO3™ concentration mitigating the deleterious effects on neurons [12].
In this particular contest, our interest has focused on the development of novel organochalcogen
CAIs with high affinity to the CA isoforms involved in this pathology such as the physiologically
dominant isoform hCA Il and hCA VII, the latter being highly expressed in central nervous system
(CNS) [17], and the well know antioxidant propriety of organo-chalcogen scaffolds in order to
prevent the oxidative stress identified to be one of the responsible for the neuronal damage in

different models of neuropathies [18,19]. In addition, we report further their co-administration



with cisplatin on a cancer cell line (MCF7) aimed to investigate their effects, showing great
potential for the efficacy and treatment of side effects by platinum-drugs.

2. RESULTS AND DISCUSSION

2.1 DESIGN AND SYNTHESIS

During our studies on the chemistry of chalcogen-containing organic molecules, we developed a
series of versatile ring-opening-based procedures for the synthesis of functionalised selenium-,
sulfur-, and tellurium-containing small molecules [20-22]. Nucleophilic-ring-opening reactions
(NROR) of strained heterocycles with chalcogen-centered nucleophiles represent a rewarding
strategy to form new heteroatom-carbon bond and to access densely functionalised systems [23].
In this context, NROR of epoxides and aziridines with sulfur-, selenium-, and tellurium-containing
nucleophiles have been successfully applied to the synthesis of a wide array of antioxidants
[24,25], carbonic anhydrase inhibitors [26-29] and activators [30]. Considering the biological
properties of chalcogen-containing small molecules, we set out to synthesise novel
polyfunctionalised sulfur-, selenium-, and tellurium-containing alcohols and to investigate their
activity as human CAs inhibitors. Our attention was focused on the synthesis of systems with the

general structure reported in Figure 1.

H,NO,S
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Figure 1. General structure of chalcogen-containing alcohols studied in this work.

As we previously reported, NROR of epoxides with a suitable selenolate [29] or thiolate [27]

bearing the benzenesulfonamide moiety provided rapid access to the corresponding B-hydroxy-



selenides and sulfides. This reaction was also applied to epibromohydrin, leading to selenide 3 and
sulfide 4 bearing a brominated chain, which represents an attractive handle for further elaborations

(Scheme 1).
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Scheme 1. Synthesis of selenide 3 and sulfide 4 from epibromohydrin.

We sought to employ 3 and 4 as precursors of the target compounds reported in Figure 1. In order
to establish the optimal reaction conditions, compound 3 was treated with benzenethiolate, easily
generated upon reduction of diphenyl disulfide with NaBH4. Under these conditions the
functionalized alcohol 5a, bearing both a sulfur- and a selenium-containing moiety, was smoothly
achieved in 78% yield through a clean Sn2 path occurring at the brominated chain. A slightly
higher yield (84%) was obtained generating the thiolate from benzenethiol with the Cs2CO3/TBAI

system in DMF (Scheme 2).
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Scheme 2. Synthesis of compound 5a from 3 and diphenyl disulfide (reaction a) or benzenethiol

(reaction b).



With these conditions in hands, we evaluated whether they could be applied to the synthesis of a
series of chalcogen-containing systems with broad structural diversity (Scheme 3). The reaction
was efficiently extended to 4-bromothiophenol and 2-mercaptopyrimidine, enabling the synthesis
of compounds 5b, ¢, bearing the benzenesulfonamide moiety and the selenium atom. The S-, and
Se-containing diol 5d was also successfully achieved upon reaction of 3 with 1-mercapto-2-
propanol under the standard conditions. In order to investigate the effect of the nature of the
chalcogen atom on the CA inhibitor activity, we enlarged the scope of the reaction to include
selenols. Exploiting the good nucleophilic character of selenols [31,32], both aromatic [33] and
aliphatic [21] selenols were efficiently employed and led to bis-selenides Se-h in good yield
(Scheme 3). Notably, polyfunctionalised systems such as the allyl glycidyl ether-derived diol Sh
could also be prepared by using this approach. Furthermore, the y-telluro-f-hydroxy selenide 5i
was synthesised by treating p-tolyltellurolate with 3 (Scheme 3). Taking into account the poor
stability of tellurols, the tellurolate was generated in situ upon reduction of the corresponding

ditelluride with NaBHa.
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Scheme 3. Synthesis of compounds Sa-i from 3. Isolated yields are reported. “Selenolate obtained

upon reduction of the corresponding diselenide. “Tellurolate obtained upon reduction of the

corresponding ditelluride. See experimental section for details.

On the basis of these results, the protocol was applied to the brominated hydroxysulfide 4, bearing
the benzenesulfonamide moiety. Both S-aryl- and S-alkyl glycerol-derived bis-sulfides 6a-¢ were
smoothly obtained from the corresponding thiols. Compound 6c¢, bearing a tosyl-protected amino
group, was synthesized using the L-alanine-derived enentioenriched thiol [34]. Similarly, the
reaction was amenable to a series of differently substituted selenols, easily converted into the
corresponding y-seleno-B-hydroxy sulfides 6d-g, bearing the benzenesulfonamide moiety. The
allyl glycidyl ether-derived diol 6g, which represents the sulfur-containing isoster of the bis-

selenide 5h, was also achieved.
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Scheme 4. Synthesis of compounds 6a-h from 4. Isolated yields are reported. “Selenolate obtained

upon reduction of the corresponding diselenide. “Tellurolate obtained upon reduction of the

corresponding ditelluride. See experimental section for details.

2.2 CARBONIC ANHYDRASE INHIBITION

All compounds 5a-i and 6a-h were tested in vitro for their inhibitory activity against the human
CA isoforms I, IT IV, VII and IX by means of the stopped-flow carbon dioxide hydration assay
[35]. Their activities were compared to the clinically CA inhibitor acetazolamide (AAZ) and

provided in Table 1.

Table 1. Inhibition data of human CA isoforms I, II, IV, VII and IX with compounds Sa-i, 6a-h

and AAZ by a stopped flow CO; hydrase assay [35].

Ki (nM)*




Cmp hCA I hCA 11 hCA IV hCA VII hCA IX

5a 7.7 3.1 7.2 8.5 288.3
5b 65.4 6.5 94.0 56.7 171.6
5C 7.3 3.3 71.1 8.7 31.0
5d 46.1 8.8 517.0 23.9 275.5
oe 98.1 5.0 7.5 9.5 84.5
5f 7.2 4.0 90.4 9.3 294
59 5.7 4.8 6.3 28.8 207.5
5h 9.7 5.0 158.4 8.5 156.6
5i 63.5 7.9 43.3 9.3 152.4
6a 218.8 6.8 751.4 29.1 174.6
6b 96.3 8.1 334.9 9.3 134.7
6c 218.0 6.6 1365 35.6 192.9
6d 46.1 6.2 53.8 9.4 29.2
6e 12.4 4.5 54.8 45.8 155.6
6f 6.1 4.2 13.7 9.5 163.7
69 52.7 7.1 390.4 58.5 241.2
6h 675.2 81.9 3931 37.6 187.2
AAZ 250.0 12.8 74.0 2.5 25.7

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

The inhibition profile against hCA 11, for all compounds here tested, showed high potency in the
low nanomolar range with a K; spanning among 3.1 and 8.8 nM except for compound 6h with a
Kiof 81.9. Their potency appears to depend mostly on the linker as for the presence of the different
chalcogen atom on the B-hydroxy moiety. In particular, compound 5a showed a K; of 3.1 nM and
its analog 6d, where the two chalcogen atoms have been inverted showed halved activity with a
Kiof 6.2 nM. When selenium is replaced with a bigger atom as tellurium (5i), the potency decreases
(Ki 7.9 nM). In addition, the atom on B-hydroxy moiety was observed as a key point to modulate
the potency against this isoform and the substituents on the aromatic ring also participate in the
modulation of potency showing, in general, less activity compared to compounds without them
such as 5a and Sc. Taken together these points could explain the less potency of compound 6h

where are present tellurium atom and three methoxy groups as ring substituents (K; 81.9 nM).



Common observations could be made for the second ubiquitous isoform hCA 1. Indeed, compound
5a showed better inhibition potency than 6d, as previously reported, and the replacement of sulfur
atom with a second selenium (Se) resulted detrimental for the activity. Also in this case the bulky
trimethoxy substitution of compound 6h drastically decreased the potency in the high nanomolar
range (K; 675.2 nM). As regards the membrane bound isoform hCA IV, on the other hand, the
inhibition potency did not show to be affected by the nature of chalcogen atom on B-hydroxy
moiety observing for compounds 5a and Se the same activity (K; 7.2 and 7.5 nM, respectively).

Ring substitutions on derivative 5a lead to decrease the potency as observed for hCA I and II. An
interest point was observed for compounds Sd and Sh where the presence of second B-hydroxy
moiety proved to be detrimental for the activity reaching the high nanomolar range (K;517.0 and
158.4 nM, respectively). On the other hand, after removing this moiety as for 5g, the activity
increased to 6.3 nM proving to be a crucial point in the scaffold to modulate the activity for this
isoform. From the general point of view, the replacement of selenium atom bearing
benzensulfonamide with sulfur limited the potency as for compounds 5e and 6d, where this
substitution leads to decrease the activity seven times (K; 7.5 to 53.8 nM, respectively). The last
cytosolic isoform here reported, hCA VII, is effectively inhibited by all compounds spanning a K
among 8.5 to 56.7 nM. Unlike the other isoforms, the replacement of chalcogenide atom such as
for compounds Sa, Se and 6d did not show significant difference in potency inhibition observing
a constant of inhibition around 8.5-9.5 nM. The tumor associated isoform hCA IX is inhibited in
the medium nanomolar range (Ki 29.2-288.3 nM) by the majority of compounds. The interesting
point for this isoform is shown by compounds Sa and 6d. Indeed, inverting the two chalcogen

atoms in the B-hydroxy scaffold this time the potency increased around ten times (K; 288.3 to 29.2

10



nM). However, these compounds showed a favourable selectivity ratio for hCA Il and VII in terms
of potency of inhibition proving to be good candidates to explore their efficacy on pain relief.

2.3 X-RAY STUDIES

To further explore the interactions of these series with hCA II, one of the isoforms most inhibited
by them and involved on pain relief, we provided an X-ray crystallographic study. The results are
summarized in ESI. The compounds chosen were 5g, 6d, and 6h in order to understand primarily
if the different type of chalcogenide atom on the B-hydroxy moiety can modulate the interactions
with this isoform. The three crystal structures were solved at 1.43 A of resolution and we observed
two inhibitor molecules in the complexes. Inside the active site, after the initial rounds of
refinement, the Fo-Fc map showed a clear density for the compounds (Figure S1), in particular
for the sulfonamide moiety which interacts, as expected, directly with the zinc ion in the active
sites. In the complex CAIl/6d we observed two molecules bound to the protein, one inside the
active site and responsible for the activity, the second bound in a task (N-terminal) and not involved

in the mechanism of inhibition as outlined in Figure 2.
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Figure 2: X-ray crystal structures of hCA II bound with compound 6d (PDB: 70KS). Residues
involved in the binding of inhibitors are also shown and the grey sphere represents the zinc atom

in the active site of the proteins.

For the first molecule we observed the traditional interactions between the benzenesulfonamide
moiety and the side chains of protein in the active site such as the hydrogen bond between Thr199
and an oxygen of sulfonamide group and, in addition, hydrophobic interaction with Vall21 and
Leul98 [36]. The tail of compound 6d is oriented in a hydrophobic pocket by interactions with
Phel31 and Val135. The second molecule is anchored at the protein by several hydrogen bonds
with the sulfonamide group. In more detail, the nitrogen of sulfonamide forms an H-bond with
Asnll, one of its oxygens established two hydrogen bonds with Aspl9 and the second one is
involved in a water bridge with Trp5. Hydrophobic interactions were observed between the

aromatic ring of benzensulfonamide moiety and the side chains of His3 and Hisl5. The

12



benzenesulfonamide group of 5g and 6h interacts, in similar manner, with the side chains of

residues Vall21, Leul98 and Thr199 in the active site (Figure 3).

L198

Figure 3: X-ray crystal structures of hCA II bound with compounds 5g (A, PDB: 70RQ) and 6h
(B, PDB: 70RP). Residues involved in the binding of inhibitors are also shown and the grey sphere

represents the zinc atom in the active site of the proteins.

The short and aliphatic tail of compound 5g did not show significant interactions in the active site,
on the other hand, the longest tail of compound 6h is located in the same position of derivative 6d
making the same hydrophobic interactions with Phel31 and Vall35. From the general point of
view, we did not observe significant differences in the location of inhibitors inside the active site
when the chalcogenide atom is replaced as in all three complexes the inhibitors are placed in the

same hydrophobic pocket interacting with Phel31, a key residue of hCA II (Figure S2).
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2.4 INVIVO NEUROPATHIC PAIN STUDY

The series, here reported, showed potent and selective inhibition against two of the most involved
isoforms in neuropathic pain response hCA Il and VII. In addition, organoselenides have
interesting antioxidant effects that enhanced the pain relievers in a mouse model of neuropathic
pain induced by oxaliplatin [37,38]. In this context, the novel compounds were an interesting
candidate for the treatment of neuropathic pain and we selected compounds 5b, 5e, and 6d in order
to investigate their pain relief propriety. These compounds are investigated in comparison to

acetazolamide (AAZ) and the results are summarized below in Figure 5.

—m— vehicle + vehicle —v— oxaliplatin + 5b 10 mg kg p.o. —m— vehicle + vehicle —¥— oxaliplatin + 5e 10 mg kg™ p.o.
—=®— oxaliplatin + vehicle —&— oxaliplatin + 5b 30 mg kg po. —e— oxaliplatin + vehicle —&— oxaliplatin + Se 30 mg ke p.o.
201 oxaliplatin + AAZ 100 mg kg™ p.o. —4— oxaliplatin +5b 100 mg ke p.o 201 oxaliplatin + AAZ 100 mg kg™ p.o. —«— oxaliplatin + 5e 100 mg ke'! p.o.
18 1 18
= 16 z 16
z &
= =1
2 2
< 14 4 S 14
=I¥] &n
5 £
- -
0 124 2124
— —
10 4 10
8 T T T T T T 8 T T T T T T
0 15 30 45 60 75 0 15 30 45 60 75
Time (min) Time (min)
—8— vehicle + vehicle —w— oxaliplatin + 6d 10 mg ke p.o.
—&— oxaliplatin + vehicle —— oxaliplatin + 6d 30 mg kg™ p.o.
207 oxaliplatin+ AAZ 100 mg kg’ p.o. —4— oxaliplatin+ 6d 100 mg kg™ p.o
18 1
5
‘g 16 1
o
2
5 14 1
=11}
E
-
.2 124
—
10 1
8 T T T T T T
0 15 30 45 60 75
Time (min)

14



Figure 5. Effect of acute administration of 5b, 5e, 6d, and AAZ on oxaliplatin-induced
neuropathic pain in the mouse. Pain-related behavior (i.e. 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

8 mice performed in 2 different experimental sets.

All three compounds showed a dose dependent pain-relieving effect reaching, at dose of 100
mg-kg?, the highest anti-hypersensitivity properties with a peak 30 min after treatments and the
mouse pain threshold lasted up to 45 min. On the other hand, AAZ showed a more rapid effect
reaching the high peak at 15 min and rapidly reversed in 30 min. This data turn be interesting
because our compounds (5b, 5e, and 6d) showed a longer duration of action compared to the
standard drug making them an excellent starting point for developing new derivatives with better
pain relief profile. More in detail, compound 5b showed anti-hypersensitivity properties at 10
mg-kg?, exhibited similar biological effects to AAZ already at 30 mg-kg™ and at 100 mg-kg™
completely restore the pain threshold. The addition of second selenium atom in the scaffold (5e)
enhanced the pain relief effect. Indeed, this compound at 30 mg-kg™* surpassed the value of AAZ
and, at dose of 100 mg-kg™?, a value over the threshold limit reported for the untreated mice used
as control. On the other hand, compound 6d with selenium atom bearing the last B-hydroxy moiety
is observed to be the less active among the three compounds tested proving the importance of
selenium atom location in the scaffold. This time, 6d exhibited similar biological effects to AAZ
only at 100 mg-kg* and showed a longer duration of action than the two previously compound
mentioned above. To summarize, the novel series, compared to AAZ, showed a better pain relief

profile characterized by a longer duration of action with a peak of efficacy at 30 min.
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2.5 INVITRO TOXICITY

In view of the results of these compounds on pain relief and the appreciable hCA X inhibition in
the medium nanomolar range, we have additionally studied their capability in counteracting cell
viability against the MCF7 breast adenocarcinoma cells. In previous experiments CA inhibitors
have shown their anticancer effects inhibiting the overexpression of tumor-associated hCA IX [39-
42]. In addition, CA IX is commonly recognized to promote tumor resistance mechanisms to
different chemotherapeutic treatments, knowing that this isozyme expression can be considered as
a clinically relevant prognostic feature in patients with invasive breast cancer [43].

For this reason, compounds 5a, 6h, and 6f were administered to the breast adenocarcinoma cell
line MCF7 in order to establish their capability to affect cell viability alone and in association with
more commonly used in clinic anticancer drugs such as cisplatin and doxorubicin. Firstly, cisplatin
and the newly synthetized compounds were administered to MCF7 cells in order to calculate the
ICso for each molecule. Before compounds administration, a pre-treatment of 48 h with CoCl 100
uM was applied to cell culture to induce hypoxic conditions. MCF7 were then treated for 72 h
with cisplatin, doxorubicin and compounds 5a, 6h, and 6f choosing doses ranging from 0.048 uM
to 10000 pM. Under hypoxic conditions, the ICso of cisplatin was approximatively detectable
between 150 and 200 uM (Figure S3). This result is in line with what evidenced by Garcia-Venzor
et al. who demonstrated cisplatin resistance in MCF7 and MDA-MB-231 cell lines following
induction of hypoxia. Hypoxic environment can induce a complex interplay of changes in the
cellular gene expression including long non-coding RNAs (IncRNAs) such as IncMat2B. IncRNAs
are associated with antioxidant effects against ROS production and an increased repair of

platinum-based adducts in DNA [44].
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On the other hand, it was not possible to establish an ICso for compounds Sa and 6f because, even
at the highest concentration, the MCF7 viability was higher than control sample. Conversely, after
72 h of treatment, for compound 6h the ICso was detected at 125 uM (Figure S4). Secondly,
combinations of cisplatin and the newly synthetized molecules were administered to MCF7 cells
under hypoxic conditions. Considering that cisplatin ICso was identified between 150 and 200 uM,
it was administered alone and in combination with the three novel compounds choosing a subtoxic
dose (100 uM). The same dose was also chosen for 5a, 6h, and 6f. Moreover, we decided to
evaluate the MCF7 viability also combining doxorubicin, a drug of choice for treatment of breast
cancer characterized by a different mechanism of action respect to cisplatin, with the newly
synthetized molecules. For doxorubicin, the administered dose was also a subtoxic dose (2.5 uM),
as already calculated and tested in our previous paper [42]. From the cell-based in vitro
experiments, a significant reduction in cell viability percentage is detected in cisplatint+6h,
doxorubicin, doxorubicin+5a, doxorubicin+6f, and doxorubicin+6h compared to control sample.
Furthermore, MCF7 percentage viability after administration of both cisplatin+6f and cisplatin+6h
is significantly decreased respect to that recorded in presence of cisplatin alone, whereas there is
not a significant viability reduction in cells treated with cisplatin+Sa respect to cisplatin alone.
When doxorubicint+6h is administered, a statistically significant decrease in MCF7 percent
viability is disclosed respect to MCF7 treated with doxorubicin alone, while there is not an
appreciable viability reduction in MCF7 treated with doxorubicin+5a and doxoribicint+6f respect

to MCF7 treated with doxorubicin (Figure 4).
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Figure 4. MTT cell viability assay on MCF7 cell line. Histogram represents the viability
percentage of MCF7 cells exposed to combinations of cisplatin (Cis) 100 uM and doxorubicin
(Dox) 2.5 uM with compounds 5a, 6h, and 6f, all administered at 100 pM for 72 h and under
hypoxic conditions. Proliferation was assessed using MTT assay and normalized to control cells
treated with DMSO (0.1% as final concentration) + CoCl> 100 uM. The most representative of
three separate experiments is shown. Data are presented as the mean + standard deviation. ****

p<0.0001; **0.001<p<0.01

As a result of all this, compounds 5a, 6h, and 6f could be used in association with two distinct
chemotherapeutic agents limiting the doses (and possibly most of the side-effects such as
neuropathic pain) of the current therapy. Their versatile synergistic effects were demonstrated
disregarding the mechanism of action of the clinically used drug in combination and this aspect is
of paramount importance when tumor progression and poor response are driven and sustained by

hypoxia. Furthermore, in the case of cisplatin, we also demonstrated that selenium-containing
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compounds are not able to chemically quench platinum-based drugs and interfere with their
mechanism of action, conversely, showed synergistic effects [45, 46].

3. CONCLUSION

In summary, we reported the synthesis of novel series of organochalcogenides bearing the
benzensulfonamide moiety and possessing excellent inhibitory activity against hCA II and VII,
which are the enzymatic isoforms deeply involved in neuropathic pain associated symptoms. In
order to determine the binding mode of these novel organochalcogenides, we solved the crystal
structures of 5g, 6d, and 6h in adduct with hCA II. More importantly, a selection of our compounds
in combination with cisplatin or doxorubicin enhanced their cytotoxic effects on MCF7 breast
cancer cell line which resulted increased when compared to single administration of both drugs.
The combined antiproliferative and lowering neuropathic pain properties of our
organochalcogenides give new perspectives to metal-based antitumoral drugs for safer and more
effective employment in clinics.

4 EXPERIMENTAL SECTION

41  General

All commercial materials were purchased and used as received, without further purification.
Solvents were dried using a solvent purification system (Pure-Solv™). Flash column
chromatography purifications were performed with Silica gel 60 (230-400 mesh). 'H and '*C NMR
spectra were recorded in CDCl; or CD30D using Varian Mercury 400, Bruker 400 Ultrashield
spectrometers operating at 400 MHz or Varian Gemini 200 MHz for 'H and 100 MHz or 50 MHz
for 13C. NMR signals were referenced to nondeuterated residual solvent signals (CDCls: 7.26 ppm
for 'H, 77.0 ppm for 1*C; CD3;0D: 3.31 ppm for 'H, 49.0 ppm for '3C). 77Se NMR and '>*Te NMR

spectra were recorded using a Bruker 400 Ultrashield spectrometer, operating at 76 MHz and 126
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MHz, respectively. Diphenyl diselenide (PhSe). was used as an external reference for 7’Se NMR
(6 = 461 ppm). Diphenyl ditelluride (PhTe), was used as an external reference for '>Te NMR (6
=420 ppm). Chemical shifts (0) are given in parts per million (ppm), and coupling constants (J)
are given in Hertz (Hz), rounded to the nearest 0.1 Hz. '"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) or line separation (Is), and assignment. Where reported, NMR assignments are made
according to spin systems, using, where appropriate, 2D NMR experiments (COSY, HSQC,
HMBC) to assist the assignment. HRMS (ESI) were determined with a GCT Premier Waters
instrument. Compounds 3 and 4 were synthesised according to previously reported procedures. 3-
Hydroxy-selenols [21] and B-hydroxy [47] or B-amino-thiols [34] were synthesised from the
corresponding epoxides and aziridines following a reported procedure. Aryl-selenols [33] were
prepared through a reported procedure from the corresponding diselenides [48].

4.2 General Procedure for the synthesis of compounds S and 6 from thiols or selenols

A solution of thiol or selenol (0.14 mmol, 1.0 eq.) in dry DMF (2 mL) was cooled under inert
atmosphere at 0 °C, and treated with Cs>CO3 (0.14 mmol, 1.0 eq.), TBAI (0.14 mmol, 1.0 eq.) and
then with the electrophile (0.13 mmol, 0.9 eq.). The reaction was allowed to warm to room
temperature and stirred for 3 h. Then, the mixture was diluted with diethyl ether (10 mL), washed
with water (3 x 5 mL), brine (5 mL) and dried over Na>xSO4. The solvent was evaporated under
vacuum and the crude product was purified by flash column chromatography.

Synthesis of 4-((2-hydroxy-3-(phenylthio)propyl)selanyl)benzenesulfonamide (5a)
Following the General Procedure, bromide 3 (50 mg, 0.13 mmol) and benzenethiol (16 mg, 0.14

mmol) gave, after purification by flash column chromatography (petroleum ether/EtOAc 2:3), 5a
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as a pale yellowish solid (44 mg, 84%). 'TH NMR (CDCls, 200 MHz) 6 (ppm): 2.45 (1H, bs, OH),
2.99-3.28 (4H, m), 3.82-3.94 (1H, m), 5.26 (2H, bs, NH2), 7.19-7.36 (5H, m), 7.49 2H, ap d, J =
8.5 Hz), 7.69 (2H, ap d, J = 8.5 Hz). 3C NMR (CDCls, 50 MHz) 6 (ppm): 33.4, 40.7, 68.7, 126.8,
127.0, 129.2, 130.0, 131.3, 137.3, 140.0. HRMS (ESI) calc. C1sHi1sNO3S>Se [M+H]" 403.9893,
found 403.9902.

Synthesis of 4-((3-((4-bromophenyl)thio)-2-hydroxypropyl)selanyl)benzenesulfonamide (5b)
Following the General Procedure, bromide 3 (50 mg, 0.13 mmol) and 4-bromobenzenethiol (27
mg, 0.14 mmol) gave, after purification by flash column chromatography (petroleum ether/EtOAc
1:1), 5b as a white solid (56 mg, 89%). 'TH NMR (CDCls, 400 MHz) 6 (ppm): 2.68 (1H, bs, OH),
3.06 (1H, dd, J= 7.3, 13.7 Hz). 3.13 (1H, dd, J= 7.1, 12.9 Hz), 3.17 (1H, dd, J = 4.8, 13.7 Hz),
3.25(1H, dd, J=4.7, 12.9 Hz), 3.84-3.90 (1H, m, CHOH), 4.82 (1H, bs, NH>), 7.22 (2H, ap d, J
=8.4Hz), 7.40 2H, ap d, J= 8.4 Hz), 7.56 (2H, ap d, J= 8.6 Hz), 7.76 (2H, ap d, J= 8.6 Hz). 13C
NMR (CDClIz, 100 MHz) ¢ (ppm): 33.5, 40.7, 68.6, 120.8, 127.0, 131.5, 132.2, 134.0, 137.0,
140.2. 7Se NMR (CDCls, 76 MHz) 6 (ppm): 264.5. HRMS (ESI) calc. CisHisBrNNaOsS,Se
[M+Na]" 503.8818, found 503.8822.

Synthesis of 4-((2-hydroxy-3-(pyrimidin-2-ylthio)propyl)selanyl)benzenesulfonamide (Sc)
Following the General Procedure, bromide 3 (40 mg, 0.11 mmol) and pyrimidine-2-thiol (14 mg,
0.12 mmol) gave, after purification by flash column chromatography (petroleum ether/EtOAc 2:3),
5c¢ as a colourless solid (30 mg, 66%). 'H NMR (CDs0D, 400 MHz) J (ppm): 3.17 (1H, dd, J =
7.0, 12.8 Hz), 3.29-3.35 (2H, m), 3.48 (1H, dd, /= 5.2, 13.9 Hz), 4.05-4.14 (1H, m, CHOH), 7.11
(1H,t,J=5.0 Hz), 7.63 (2H, ap d, /= 8.3 Hz), 7.72 (2H, ap d, /= 8.3 Hz), 8.51 (2H, d, J=5.0

Hz). BC NMR (CD;0D, 100 MHz) ¢ (ppm): 32.8, 36.5, 69.4, 116.8, 126.1, 130.8, 137.0, 141.4,
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157.3, 171.4. 33.5, 40.7, 68.6, 120.8, 127.0, 131.5, 132.2, 134.0, 137.0, 140.2. MS (ESI) calc.
C13H15sN3NaO3S:Se [M+Na]™ 428.0, found 427.9.

Synthesis of 4-((2-hydroxy-3-((2-hydroxypropyl)thio)propyl)selanyl)benzenesulfonamide
(3d)

Following the General Procedure, bromide 3 (75 mg, 0.2 mmol) and 1-mercaptopropan-2-ol (20
mg, 0.22 mmol) gave, after purification by flash column chromatography (petroleum ether/EtOAc
2:3), 5d (equimolar mixture of diastereoisomers) as a pale yellowish solid (59 mg, 66%). "H NMR
(CDs0D, 400 MHz) ¢ (ppm): 1.20 (6H, d, J = 6.2 Hz), 2.58-2.60 (4H, m), 2.73 (2H, dd, /= 6.5,
13.6 Hz), 2.82 (2H, dd, J = 5.5, 13.7 Hz), 3.13-3.19 (2H, m), 3.28-3.32 (2H, m), 3.80-3.88 (2H,
m, CHOH), 3.90-3.95 (2H, m, CHOH), 7.64-7.76 (4H, m), 7.75-7.77 (4H, m). ¥*C NMR (CDsOD,
100 MHz) ¢ (ppm): 21.1, 32.66, 32.68, 38.66, 38.73, 40.96, 41.02, 66.8, 66.9, 70.15, 70.22, 126.2,
130.71, 130.73, 137.1, 141.4. 77Se NMR (CDs0D, 76 MHz) J (ppm): 267.9, 268.3. HRMS (ESI)
calc. C12Hi19NNaQ4S,Se [M+Na]* 407.9818, found 407.9831.

Synthesis of 4-((2-hydroxy-3-(phenylselanyl)propyl)selanyl)benzenesulfonamide (5e)
Following the General Procedure, bromide 3 (50 mg, 0.13 mmol) and benzeneselenol (22 mg, 0.14
mmol) gave, after purification by flash column chromatography (petroleum ether/EtOAc 1:2), Se
as a pale yellowish solid (47 mg, 81%). 'H NMR (CDsOD, 400 MHz) ¢ (ppm): 3.06-3.19 (3H,
m), 3.27-3.34 (1H, m), 3.89, 3.95 (1H, m, CHOH), 7.22-7.24 (3H, m), 7.46-7.49 (2H, m), 7.54-
7.56 (2H, m), 7.71-7.73 (2H, m). 3C NMR (CD30D, 100 MHz) J (ppm): 33.1, 33.7, 69.9, 126.2,
126.7, 128.8, 129.8, 130.8, 132.3, 136.9, 141.4. 77Se NMR (CD3;0D, 76 MHz) ¢ (ppm): 267.7.
MS (ESI) calc. Ci1sHi17NNaO3SSe; [M+Na]" 473.9, found 473.6.

Synthesis of 4-((2-hydroxy-3-(o-tolylselanyl)propyl)selanyl)benzenesulfonamide (5f)
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Following the General Procedure, bromide 3 (50 mg, 0.13 mmol) and 2-methylbenzeneselenol (22
mg, 0.14 mmol) gave, after purification by flash column chromatography (petroleum ether/EtOAc
2:3), 5f as a pale yellowish solid (45 mg, 75%). "TH NMR (CDCls, 400 MHz) J (ppm): 2.41 (3H,
s), 2.86 (1H, bs, OH), 3.03 (1H, dd, J = 7.5, 12.7 Hz), 3.11-3.16 (2H, m), 3.24 (1H, dd, J = 4.7,
12.7 Hz), 3.86-3.94 (1H, m, CHOH), 5.10 (2H, bs, NH>), 7.07 (1H, t, J= 7.3 Hz), 7.14-7.20 (2H,
m), 7.42 (1H, d, J = 7.6 Hz), 7.52 2H, ap d, J = 8.4 Hz), 7.71 (2H, ap d, J = 8.4 Hz). 3C NMR
(CDCl3, 100 MHz) 0 (ppm): 23.1, 34.5,34.6,69.7,127.3,127.4, 128.1, 130.4, 130.9, 132.0, 132.9,
137.9, 140.3, 140.6. HRMS (ESI) calc. C16H19NNaO3SSe [M+Na]" 487.9314, found 487.9306.
Synthesis of 4-((3-(butylselanyl)-2-hydroxypropyl)selanyl)benzenesulfonamide (5g)

A suspension of dibutyl diselenide (40 mg, 0.15 mmol) in EtOH (1 mL) was treated with NaBH4
(17 mg, 0.44 mmol) and maintained under stirring for 30 minutes. The resulting colourless solution
(butyl selenolate) was treated with the bromide 3 (100 mg, 0.27 mmol) and the mixture was stirred
at room temperature for additional 3 h. Afterwards, the reaction was quenched with saturated aq.
NH4Cl (2 mL) and then EtOAc (5 mL) was added. The organic phase was collected and the
aqueous phase was extracted with EtOAc (2 x 5 mL). The combined organic phases were dried
over NaxSO4 and concentrated under reduced pressure. The crude material was purified by flash
column chromatography (petroleum ether/EtOAc 3:2) to yield 5g as a pale yellowish solid (97 mg,
84%). "TH NMR (CDCls, 400 MHz) ¢ (ppm): 0.89 (3H, t, J = 7.3 Hz), 1.33-1.42 (2H, m), 1.58-
1.65 (2H, m), 2.57 (2H, t, J = 7.5 Hz, CH.CH:2Se), 2.70 (1H, dd, /= 7.6, 12.8 Hz, 1H, CHaHsSe),
2.84 (1H, dd, J = 4.6, 12.8 Hz, CH.H»Se), 3.14 (1H, dd, J = 7.2, 12.7 Hz, CHaHySe), 3.24 (1H,
dd, J=4.8, 12.7 Hz, CH.HbSe), 3.87-3.93 (1H, CHOH), 5.32 (2H, bs, NH>), 7.55-7.57 (2H, m),

774 (2H, ap d, J = 7.4 Hz). ¥C NMR (CDCls, 100 MHz) & (ppm): 13.6, 22.9, 24.8, 31.3
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(CH2CH2Se), 32.6 (CH2Se"Bu), 33.8 (ArSeCHz), 69.3 (CHOH), 126.8, 131.2, 137.6, 139.9. 7’Se
NMR (CDCl3, 76 MHz) 6 (ppm): 109.9 ("BuSe), 268.6 (ArSe).

Synthesis of 4-((3-((3-(allyloxy)-2-hydroxypropyl)selanyl)-2-
hydroxypropyl)selanyl)benzenesulfonamide (5h)

Following the General Procedure, bromide 3 (40 mg, 0.11 mmol) and 1-(allyloxy)-3-
hydroselenopropan-2-ol (23 mg, 0.12 mmol) gave, after purification by flash column
chromatography (petroleum ether/EtOAc 2:3), Sh (equimolar mixture of diastereoisomers) as a
yellowish solid (38 mg, 70%). 'H NMR (CD3OD, 400 MHz) J (ppm): 2.67-2.90 (8H, m), 3.17
(2H, dd, J = 6.8, 12.5 Hz), 3.32 (2H, dd, J = 5.1, 12.6, Hz), 3.40-3.53 (4H, m, CH»0), 3.81-3.95
(4H, m, CHOH), 3.96-4.02 (4H, m, CH2CH=CH>), 5.12-5.33 (4H, m, CH.CH=CH2), 5.81-6.01
(2H, m, CH.CH=CHy), 7.62-7.68 (2H, m), 7.73-7.78 (2H, m). 13C NMR (CD;0D, 100 MHz) ¢
(ppm): 27.9, 28.0, 30.8, 33.2, 70.2, 70.6, 71.8, 73.0, 115.9, 126.2, 130.7, 134.7, 137.1, 141.4. MS
(ESI) calc. C16H19NNaO4S,Se [M+Na]™ 456.0, found 456.2. MS (ESI) calc. CisH23NNaOsSSe;
[M+Na]* 512.0, found 511.8.

Synthesis of 4-((2-hydroxy-3-(p-tolyltellanyl)propyl)selanyl)benzenesulfonamide (5i)

A suspension of 1,2-di-p-tolylditellane (50 mg, 0.11 mmol) in EtOH (1 mL) was treated with
NaBHj4 (13 mg, 0.34 mmol) and maintained under stirring for 30 minutes. The resulting colourless
solution (p-tolyl tellurolate) was treated with the bromide 3 (74 mg, 0.20 mmol) and the mixture
was stirred at room temperature for additional 3 h. Afterwards, the reaction was quenched with
saturated aq. NH4Cl (2 mL) and then EtOAc (5 mL) was added. The organic phase was collected
and the aqueous phase was extracted with EtOAc (2 x 5 mL). The combined organic phases were
dried over Na>xSO4 and concentrated under reduced pressure. The crude material was purified by

flash column chromatography (petroleum ether/EtOAc 2:3), to yield 5i as a pale orange solid (89
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mg, 87%). "H NMR (CDCl3, 400 MHz) 6 (ppm): 2.33 (3H, s), 2.72 (1H, bs, OH), 3.06 (1H, dd, J
=17.2, 12.3 Hz), 3.10-3.15 (2H, m), 3.25 81H, dd, J = 4.4, 12.7 Hz), 3.88-3.97 (1H, m, CHOH),
5.02 (2H, bs, NH»), 7.02 (2H, ap d, J = 7.6 Hz), 7.53 (2H, ap d, J=8.2 Hz), 7.62 2H, ap d, J =
7.6 Hz), 7.73 (2H, ap d, J = 8.2 Hz). 1¥*C NMR (CDCl3, 100 MHz) 6 (ppm): 17.5, 21.2, 35.2, 70.2,
106.8, 126.9, 130.4, 131.4, 137.4, 138.3, 139.0, 140.0. HRMS (ESI) calc. CisHioNNaO3SSeTe
[M+H]" 537.9211, found 537.9192.

Synthesis of 4-((3-((2-bromophenyl)thio)-2-hydroxypropyl)thio)benzenesulfonamide (6a)
Following the General Procedure, bromide 4 (45 mg, 0.14 mmol) and 2-bromobenzenethiol (29
mg, 0.16 mmol) gave, after purification by flash column chromatography (petroleum ether/EtOAc
1:1), 6a as a white solid (45 mg, 74%). 'H NMR (CDCls, 200 MHz) 6 (ppm): 3.03-3.31 (5H, m,
CHa>S overlapped with bs, OH), 3.85-3.97 (1H, m, CHOH), 5.24 (2H, bs, NH>), 7.00-7.11 (1H,
m), 7.14-7.34 (2H, m), 7.39-7.58 (3H, m), 7.70 (2H, ap d, J= 8.4 Hz). 3*C NMR (CDCl3, 50 MHz)
o (ppm): 33.5, 40.0, 68.6, 126.1, 126.9, 128.0, 129.7, 131.4, 132.6, 133.3, 137.0, 138.4, 140.1.
HRMS (ESI) calc. C1sH1sBrNNaO3S; [M+Na]" 455.9373, found 455.9361.

Synthesis of 4-((3-((3-bromophenyl)thio)-2-hydroxypropyl)thio)benzenesulfonamide (6b)
Following the General Procedure, bromide 4 (45 mg, 0.14 mmol) and 3-bromobenzenethiol (29
mg, 0.16 mmol) gave, after purification by flash column chromatography (petroleum ether/EtOAc
2:3), 6b as a white solid (48 mg, 79%). '"H NMR (CDCls, 400 MHz) J (ppm): 2.81 (1H, bs, OH),
3.07 (1H, dd, J=7.3, 13.8 Hz, CHaH»S), 3.12 (1H, dd, /= 7.2, 13.0 Hz, CHmH\S), 3.21 (1H, dd,
J=4.9, 13.8 Hz, CH.H»S), 3.27 (1H, dd, /= 4.8, 13.0 Hz, CHnHxS), 3.79-3.95 (1H, m, CHOH),
4.97 (2H, bs, NH»), 7.13 (1H, ap t,J = 7.8 Hz), 7.23-7.36 (2H, m), 7.48 (1H, ap t, /= 1.8 Hz), 7.56

(2H, ap d, J= 8.7 Hz), 7.75 (2H, ap d, J = 8.7 Hz). '3C NMR (CDCl3, 100 MHz) 6 (ppm): 33.5,
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40.3, 68.6, 123.0, 127.0, 128.1, 129.8, 130.5, 131.5, 131.9, 137.0, 137.3, 140.2. HRMS (ESI) calc.
C15sHi1sBrNNaOsS3 [M+Na]" 455.9373, found 455.9386.

Synthesis of N-((25)-1-((2-hydroxy-3-((4-sulfamoylphenyl)thio)propyl)thio)propan-2-yl)-4-
methylbenzenesulfonamide (6¢)

Following the General Procedure, bromide 4 (50 mg, 0.15 mmol) and (S)-N-(1-mercaptopropan-
2-yl)-4-methylbenzenesulfonamide (41 mg, 0.17 mmol) gave, after purification by flash column
chromatography (CHCl3/MeOH 14:1), 6¢ (equimolar mixture of diastereoisomers) as a yellowish
solid (57 mg, 77%). 'TH NMR (CDCls, 400 MHz) ¢ (ppm): 1.06 (3H, d, J= 6.6 Hz), 1.07 (3H, d,
J=6.6 Hz), 2.42 (6H, s), 2.52-2.66 (6H, m), 2.72 (1H, dd, J=4.4, 7.3 Hz), 2.75 (1H, dd, /= 5.4,
8.3 Hz), 3.05 (2H, bs, OH), 3.04-3.10 (2H, m, partially overlapped with bs of OH signal), 3.17-
3.22 (2H, m), 3.36-3.48 (2H, m, CHNH), 3.79-3.91 (2H, m, CHOH), 4.96-5.35 (6H, m, NH> and
NHTSs), 7.28-7.30 (4H, m), 7.60-7.63 (4H, m), 7.72-7.74 (4H, m), 7.78-7.81 (4H, m). 13C NMR
(CDCl3, 100 MHz) 6 (ppm): 20.4, 21.5, 33.6, 39.6,40.0,40.2,49.3,49.4, 69.2, 69.4, 126.98, 127.0,
129.8, 131.70, 131.74, 136.8, 136.9, 137.4, 140.3, 143.6. HRMS (ESI) calc. C19H27N205S4
[M+H]" 491.0803, found 491.0795.

Synthesis of 4-((2-hydroxy-3-(phenylselanyl)propyl)thio)benzenesulfonamide (6d)
Following the General Procedure, bromide 4 (45 mg, 0.14 mmol) and benzeneselenol (25 mg, 0.16
mmol) gave, after purification by flash column chromatography (petroleum ether/EtOAc 2:3), 6d
as a pale yellowish solid (52 mg, 92%). '"H NMR (CDsOD, 400 MHz) ¢ (ppm): 3.06-3.19 (3H,
m), 3.32 (1H, dd, J=4.9, 13.6 Hz), 3.86-3.92 (1H, m, CHOH), 7.21-7.24 (3H, m), 7.37-7.39 (2H,
m), 7.48-7.50 (2H, m), 7.72-7.75 (2H, m). 3C NMR (CD;0D, 100 MHz) ¢ (ppm): 33.2, 38.0,
69.2,126.2,126.7,127.0, 128.8, 129.8, 132.3, 140.2, 142.8. 77Se NMR (CDCls, 76 MHz) 6 (ppm):

258.5. HRMS (ESI) calc. CisHi7NNaO3S2Se [M+Na]" 425.9713, found 425.9716.
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Synthesis of 4-((2-hydroxy-3-((4-methoxyphenyl)selanyl)propyl)thio)benzenesulfonamide
(6e)

Following the General Procedure, bromide 4 (50 mg, 0.15 mmol) and 4-methoxybenzeneselenol
(32 mg, 0.17 mmol) gave, after purification by flash column chromatography (petroleum
ether/EtOAc 1:1), 6e as a pale yellowish solid (55 mg, 85%). 'TH NMR (CDCls, 400 MHz) J (ppm):
2.67 (1H, bs, OH), 2.93 (1H, dd, /= 7.8, 12.8 Hz), 3.06 (1H, dd, J= 5.3, 7.6 Hz), 3.10 (1H, dd, J
=5.3,7.6 Hz), 3.20 (1H, dd, J=4.7, 12.8 Hz), 3.73-3.78 (1H, m, CHOH), 3.80 (3H, s), 5.08 (2H,
bs, NH»), 6.76-6.78 (2H, m), 7.42-7.44 (2H, m), 7.48-7.50 (2H, m), 7.69-7.71 (2H, m). 3C NMR
(CDCl3, 100 MHz) 6 (ppm): 33.6, 36.0, 55.4, 68.6, 115.0, 126.8, 131.4, 131.5, 135.9, 140.0, 159.5.
MS (ESI) calc. Ci6H19NNaO4S>Se [M+Na]" 456.0, found 456.2.

Synthesis of 4-((3-(butylselanyl)-2-hydroxypropyl)thio)benzenesulfonamide (6f)

A suspension of dibutyl diselenide (40 mg, 0.15 mmol) in EtOH (1 mL) was treated with NaBH4
(17 mg, 0.44 mmol) and maintained under stirring for 30 minutes. The resulting colourless solution
(butyl selenolate) was treated with the bromide 4 (88 mg, 0.27 mmol) and the mixture was stirred
at room temperature for additional 3 h. Afterwards, the reaction was quenched with saturated aq.
NH4Cl (2 mL) and then EtOAc (5 mL) was added. The organic phase was collected and the
aqueous phase was extracted with EtOAc (2 x 5 mL). The combined organic phases were dried
over NaxSO4 and concentrated under reduced pressure. The crude material was purified by flash
column chromatography (petroleum ether/EtOAc 1:1) to yield 6f as a yellowish solid (91 mg,
88%). 'TH NMR (CDCls, 400 MHz) ¢ (ppm): 0.89 (3H, t, J = 7.3 Hz), 1.33-1.42 (2H, m), 1.58-
1.66 (2H, m), 2.59 (2H, t, J = 7.5 Hz, CH2CH:2Se), 2.71 (1H, dd, /= 7.4, 12.8 Hz), 2.85 (1H, dd,
J=4.3,12.8 Hz), 3.14 (1H, dd, J= 7.0, 13.6 Hz, overlapped with 1H, bs of CHOH), 3.24 (1H, dd,

J=49,13.6 Hz), 3.87-3.91 (1H, m, CHOH), 5.24 (2H, bs, NHa), 7.38 (2H, ap d, J = 8.5 Hz), 7.76
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(2H, ap d, J = 8.5 Hz). *C NMR (CDCl3, 100 MHz) é (ppm): 13.6, 22.9, 24.9, 30.8, 32.6, 38.5,
68.9, 126.9, 127.4, 138.8, 143.3. HRMS (ESI) calc. C13H2NO3S:Se [M+H]" 384.0206, found
384.0225.

Synthesis of 4-((3-((3-(allyloxy)-2-hydroxypropyl)selanyl)-2-
hydroxypropyl)thio)benzenesulfonamide (6g)

Following the General Procedure, bromide 4 (50 mg, 0.15 mmol) and 1-(allyloxy)-3-
hydroselenopropan-2-ol (33 mg, 0.17 mmol) gave, after purification by flash column
chromatography (petroleum ether/EtOAc 2:3), 6g (equimolar mixture of diastereoisomers) as a
yellowish solid (48 mg, 72%). 'TH NMR (CDsOD, 400 MHz) ¢ (ppm): 2.66-2.73 (2H, m), 2.78-
2.84 (4H, m), 2.87-2.92 (2H, m), 3.13-3.19 (2H, m), 3.33-3.36 (2H, m), 3.45-3.52 (4H, m, CH20),
3.86-3.92 (2H, m, CHOH), 3.92-3.96 (2H, m, CHOH), 4.00-4.02 (4H, m, CH2CH=CH>), 5.15-
5.30 (4H, m, CH,CH=CH2), 5.86-5.96 (2H, m, CH.CH=CH>), 7.48-7.51 (4H, m), 7.78-7.81 (4H,
m). 13C NMR (CD;0D, 100 MHz) J (ppm): 28.0, 28.1, 30.2, 30.3, 38.1, 69.90, 69.92, 70.2, 70.3,
71.8, 73.0, 115.9, 126.2, 127.0, 134.7, 140.3, 143.0. HRMS (ESI) calc. C;sH23NNaOsS>Se
[M+Na]" 464.0081, found 464.0074.

Synthesis of 4-((2-hydroxy-3-((3.4,5-
trimethoxyphenyl)tellanyl)propyl)thio)benzenesulfonamide (6h)

A suspension of 1,2-bis(3,4,5-trimethoxyphenyl)ditellane (60 mg, 0.10 mmol) in EtOH (1 mL)
was treated with NaBH4 (12 mg, 0.31 mmol) and maintained under stirring for 30 minutes. The
resulting colourless solution (3,4,5-trimethoxyphenyl-tellurolate) was treated with the bromide 4
(59 mg, 0.18 mmol) and the mixture was stirred at room temperature for additional 3 h. Afterwards,
the reaction was quenched with saturated ag. NH4Cl (2 mL) and then EtOAc (5 mL) was added.

The organic phase was collected and the aqueous phase was extracted with EtOAc (2 x 5 mL). The
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combined organic phases were dried over Na>SO4 and concentrated under reduced pressure. The
crude material was purified by flash column chromatography (petroleum ether/EtOAc 1:3), to
yield 6h as a pinkish solid (79 mg, 81%). 'TH NMR (CDCls, 400 MHz) J (ppm): 2.84 (1H, bs,
OH), 2.96 (1H, dd, J = 8.1, 12.6 Hz), 3.09 (1H, dd, J = 7.4, 12.6 Hz), 3.20 (1H, dd, J = 4.6, 7.5
Hz), 3.26 (dd, J = 5.0, 7.5 Hz), 3.69-3.79 (1H, m, CHOH), 3.78 (9H, s), 5.29 (2H, bs, NH>), 6.90
(2H, s), 7.41 (2H, ap d, J = 8.4 Hz), 7.67 (2H, ap d, J = 8.4 Hz). 13C NMR (CDCl3, 100 MHz) ¢
(ppm): 17.3, 34.5, 56.3, 61.0, 69.2, 103.5, 116.7, 126.7, 131.4, 136.0, 138.1, 140.5, 153.2. ""Se
NMR (CDCls, 76 MHz) 6 (ppm): 271.5. 12Te NMR (CDCls, 126 MHz) 6 (ppm): 457.9. MS (ESI)
calc. C1gH23NNaOgS,Te [M+Na]" 566.0, found 565.9.

4.3  Carbonic anhydrase inhibition

An Applied Photophysics stopped-flow instrument was used for assaying the CA catalyzed CO>
hydration activity [35]. Phenol red (at a concentration of 0.2 mM) was used as an indicator,
working at the absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.4) as a buffer, and 20
mM Na>SO4 (for maintaining constant 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 Kkinetic parameters and inhibition constants [49].
Enzymes concentrations in the assay system ranged between 5-12 nM. For each inhibitor, at least
six traces of the initial 5-10% of the reaction were used for determining the initial velocity. The
uncatalyzed rates were determined in the same manner and subtracted from the total observed
rates. Stock solutions of the inhibitor (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 the assay, to allow for the

formation of the E-I complex. The inhibition constants were obtained by non-linear least-squares
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methods using PRISM 3 and the Cheng-Prusoff equation as reported earlier and represent the mean
from at least three different determinations. All CA isoforms were recombinant proteins obtained
in house, as reported earlier [50-53].

4.4  Invitro assays

MCEF7 cell culture

MCF7 human breast adenocarcinoma cells (ATCC® HTB-22TM) were cultured in DMEM high
glucose medium supplemented with 10% of foetal bovine serum (FBS), 1% of
penicillin/streptomycin and 1% of I-glutamine (all purchased by EuroClone, Milan, Italy). Cell
culture was maintained within an incubator at 37 °C in humidified atmosphere with 5% CO..
Hypoxia induction and MCF7 treatment

MCF7 were seeded at cell density of 10000/well into a 96-well tissue culture plate and cultured
for 24 h. After on day of culture, medium was removed and replaced by fresh one containing CoCl;
100 uM to induce hypoxia, as elsewhere already reported [54]. CoCl. treatment was maintained
for 48 h. After that, cisplatin, 5a, 6f and 6h, previously solubilized in DMSO (DMSO final
concentration established at 0.1% in all tested samples), were administered to MCF7 with
concentrations ranging from 0.048 to 10000 uM, for 72 h maintaining CoCl; 100 uM within the
culture medium, in order to calculate their ICso. Then, combinations of 5a, 6f and 6h with cisplatin
100 puM and doxorubicin 2.5 uM were also administered in presence of CoCl, 100 uM for 72 h.
MTT assay

The metabolic activity of MCF7 was evaluated after 72 h of treatment by means of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma Aldrich, Milan, Italy) test. After
72 h of treatment, the medium was replaced by a fresh one containing 0.5 mg/mL of MTT and

incubated for 5 h at 37 °C. Then, the medium containing MTT was discarded, replaced by an equal
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volume of DMSO and incubated for 30 min at 37 °C to solubilize formazan salts and then read at
570 nm through a microplate reader (Multiskan GO, Thermo Scientific, MA, USA). Values
obtained in the absence of cells were considered as background. Viability was normalized to
control cells treated with DMSO 0.1% and CoCl; 100 uM.

45  Crystallization and X-ray data collection

Crystals of hCA Il/inhibitor were obtained using the hanging drop vapor diffusion method using
24 well Linbro plate. 2 pL of 10 mg/mL solution of hCA 11 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. The complexes were prepared soaking the hCA II native crystals in
the mother liquor solution containing the inhibitors at concentration of 10 mM for two days. The
crystals were flash-frozen at 100 K 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 XRD2 beamline at Elettra Synchrotron (Trieste, Italy) with a
wavelength of 1.000 A and a DECTRIS Pilatus 6M detector. Data were integrated and scaled using
the program XDS [55]. Data processing statistics were shown in supporting information.

4.6 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 [56]. 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.
Refinements proceeded using normal protocols of positional, isotropic atomic displacement

parameters alternating with manual building of the models using COOT [57]. The quality of the
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final models were assessed with COOT and RAMPAGE [58]. Crystal parameters and refinement
data are summarized in Electronic Supplementary Information (ESI). Atomic coordinates were
deposited in the Protein Data Bank (PDB accession code: 70K8; 70RP; 70RQ). Graphical
representations were generated with Chimera [59].

4.7  Invivo Assay

Animals. Male CD-1 albino mice (Envigo, Varese, Italy) weighing approximately 22-25 g at the
beginning of the experimental procedure, were used. Animals were housed in Ce.S.A.L (Centro
Stabulazione Animali da Laboratorio, University of Florence) and used at least 1 week after their
arrival. Ten mice were housed per cage (size 26 x 41 cm). Animals were fed a standard laboratory
diet and tap water ad libitum, and kept at 23 + 1 °C with a 12 h light/dark cycle, light at 7 a.m. All
animal manipulations were carried out according to the Directive 2010/63/EU of the European
parliament and of the European Union council (22 September 2010) on the protection of animals
used for scientific purposes. The ethical policy of the University of Florence complies with the
Guide for the Care and Use of Laboratory Animals of the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996; University of Florence assurance number: A5278-01).
Formal approval to conduct the experiments described was obtained from the Animal Subjects
Review Board of the University of Florence. Experiments involving animals have been reported
according to ARRIVE guideline [60]. All efforts were made to minimize animal suffering and to
reduce the number of animals used.

Oxaliplatin-induced neuropathic pain model and pharmacological treatments

Oxaliplatin (2.4 mg kg') was dissolved in 5% glucose solution and i.p. administered for 5
consecutive days every week for 14 days [61]. Starting from day 14, compounds were suspended

in 1% carboxymethylcellulose sodium salt (CMC) and per os (p.o.) acutely administered. Pain-
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related behavior (i.e. lifting and licking of the hind paw) was observed and the time (seconds) of
the first sign was recorded. Control animals were treated with an equivalent volume of vehicles.
Cold plate test. Thermal allodynia was assessed using the Cold-plate test. With minimal animal-
handler interaction, mice were taken from home-cages and placed onto the surface of the cold-
plate (Ugo Basile, Varese, Italy) maintained at a constant temperature of 4 + 1 °C. Ambulation
was restricted by a cylindrical plexiglas chamber (diameter: 10 cm, height: 15 cm), with open top.
A timer controlled by foot peddle began timing response latency from the moment the mouse was
placed onto the cold-plate. Pain-related behaviour (licking of the hind paw) was observed and the
time (seconds) of the first sign was recorded. The cut-off time of the latency of paw lifting or
licking was set at 30 s. Behavioural tests were carried out before and after (15, 30, 45, 60 and 75
min) compound’s injection [62].

Statistical analysis. Behavioural measurements were performed on 12 mice for each treatment
carried out in 2 different experimental sets. Results were expressed as mean + S.E.M. The analysis
of variance of behavioural data was performed by one-way ANOVA, a Bonferroni's significant
difference procedure was used as post-hoc comparison. p values of less than 0.05 or 0.01 were
considered significant. Investigators were blind to all experimental procedures. Data were analysed
using the “Origin 9” software (OriginLab, Northampton, USA).
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