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Abstract. The genetic disorder glucose transporter type 1 deficiency syndrome (GLUT1-DS) 

heavily affects the main intake of energy in tissues and determines the most relevant outcomes at 

the central nervous system (CNS) district, which is highly dependent of glucose. Herein we 

designed and developed a set of compounds able to either enhance the GLUT1 glucose intake and 

to inhibit the Carbonic Anhydrase (CA; EC 4.2.1.1) enzymes with the aim to reduce the occurrence 
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of uncontrolled seizures on in vivo induced maximal electroshock seizures (MES) model. Our 

findings are in sustainment of an unprecedently reported pharmacological approach for the 

management of GLUT1-DS associated diseases.
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Introduction.

Since glucose is the main source of energy and carbon for eukaryotic cells, a fine tunable 

transportation machinery based on glucose transporter (GLUT) proteins regulates the intake of 

such a compound according to its concentration gradient across membranes, also in response to 

specific metabolic needs of each tissutal district [1-9]. To date, humans do express 14 isoforms of 

GLUTs which differ each other for their tissutal and/or subcellular distribution as well as for 

substrate affinity, are all encoded by the SLC2A genes [10-12] and grouped into 3 classes by means 

of primary sequence alignments [13]. Each GLUT isoform is constituted by 12 transmembrane 

helices with amino acid sequence homologies comprised between 28 and 65% when compared 

GLUT1 [9, 12, 13]. Biologically relevant isoforms account for GLUT1 which is widely and 

abundantly expressed among all tissues and it is responsible for basal glucose uptake in many cell 

types [10-12]. GLUT1 is typically present in tissues that have a high demand of glucose, such as 

the central nervous system (CNS), red blood cells (RBCs) and placenta [11, 12]. GLUT2 is 

involved in glucose sensing and its uptake within liver, pancreas and small intestine cells. GLUT3 

is essentially expressed in neurons and is implicated in translocation of glucose across the blood-

brain barrier (BBB). Other GLUT isoforms have more limited expression patterns. For example, 
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GLUT4 is present in muscle and adipose tissues and it is regulated by insulin, while GLUT5 is 

primarily expressed in the small intestine cells and it is responsible for fructose intake [8-13]. 

Among all isoforms, GLUT1 is the most investigated [14] since its implications at physiological 

level are particularly relevant [15-19]. For the purposes of this study, we focused on the glucose 

transporter type 1 deficiency syndrome (GLUT1-DS), which is properly classified as a mutational 

based genetic disorder at the SLC2A1 genes resulting in aberrant expression of the transporter, 

and thus affecting its ability to intake glucose [20]. Since the first report on GLUT1-DS in 1991 

[21], the number of diagnosed clinical cases steadily grown up to the 2020 [20]. GLUT1-DS 

usually is diagnosed in childhood, but it is seldom identified in adulthood as well [20]. Overall, 

such a disease leads to shortage of energy of the tissues and the brain is the most affected one. 

Large arrays of symptoms are associated to GLUT1-DS such as fatigue, weakness, headaches, 

movement disorders (i.e. ataxia, dystonia, spasticity), cognitive impairments and drug resistant 

seizures [20]. The treatment typically involves a ketogenic diet, with the intent to provide 

alternative energy source other than glucose and the association of drugs for the management of 

associated symptoms. The use of antiseizure medications (ASMs) such as valproate or even better 

the inhibitors of the Carbonic Anhydrase (CA; EC 4.2.1.1) enzymes topiramate and acetazolamide 

are particularly effective in controlling seizures [22-24]. However, the response to ASMs may vary 

widely among individuals, thus requiring ad-hoc pharmacological treatments which require 

constant medical supervision. 

In this context, we considered worth investigating compounds of low molecular weight able to 

interact either with GLUT transporters as well as the humans expressed CAs with the aim to study 

any effect in vitro on the targets which could possibly be considered for biomedical purposes. 
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RESULTS AND DISCUSSION

Design and Synthesis of Compounds.

We envisage to explore whether compounds bearing the prototypic CA inhibiting moiety (i.e. 

sulfonamide) and a GLUT1 substrate such as the D-glucose and D-galactose [25] may be beneficial 

to modulate uncontrolled seizures associated to GLUT1-DS affected patients. The carbohydrate 

bearing sulfonamide derivatives 4a-d, 5a-c, 6a-c, 7a, b, 8a, b, 9, 10a, b, 11, 15a, b, 16a, b, 18a-c 

and 19a-c reported in this study were all derived from the commercially available monosaccharides 

α-D-glucose 1a and α-D-galactose 1b according to the synthetic routes in Schemes 1 and 2. 
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Scheme 1. Synthesis of glycosyl compounds 4a-11.

The freshly obtained intermediates 2a, b and 3 [26] were reduced with NaBH4 to the 

corresponding selenolate or thiolate respectively, which in turn were trapped in situ by means of 

the bromo monosaccharides 1a and b to afford 4a-d and 7a, b in good yields (Scheme 1).
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As expected, the synthetic process towards 4a-d and 7a, b proved highly enantioselective, 

as the β-isomers were obtained exclusively. The stereochemistry at the anomeric centers in 4a-d 

and 7a, b were readily assessed by means of the coupling constant of the affected protons. In 

Figure 1 is reported the 1H-NMR spectra superposition of bromo-α-D-glucose 1a with 4a as 

representative example. Significant changes in coupling constant magnitudes were in agreement 

to reported data in the literature on similar compounds [27].

Figure 1. Coupling constant of H3 (J1,2) for compound 1a and 4a.

Regioselective deacetylation of 4a, 4c and 4d to afford primary alcohols 6a-c respectively, 

was carried out by using the neutral organotin dimer bis(di-tert-butylchlorohydroxytin) at 10 mol 

% in a 1/1 MeOH/THF solution [28]. Unfortunately, this procedure was ineffective on 4b and any 
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attempt to force the reaction conditions (i.e. temperature and/or reaction times) resulted in complex 

mixtures difficult to purify.

Full deacetylation of 4a-c and 7a, b was accomplished by using standard reaction 

conditions such as sodium methoxide in methanol to afford 5a-c and 8a, b respectively in good 

yields (Scheme 1). In the case of 4d we encountered the same synthetic difficulties previously 

discussed for 4b, thus suggesting the incompatibility of the aniline moiety for such cleavage 

procedures at least in such specific substrates.

Oxidation of thioglycosides 7a and b to the corresponding sulfones 10a and b was 

successfully achieved by means of meta-chloroperbenzoic acid (m-CPBA) in acetonitrile/water 

5/1. Quite interestingly, full deacetylation on 10a and 10b was partially satisfactory only on the 

former which afforded 11 in 50% yield. As for the galactosyl containing moiety we did observe 

its complete decomposition although exposed to mildest reaction conditions (i.e. temperature 

and/or dilution variations). Noteworthy was the outcome of the primary alcohol deprotection 

reaction when applied to 7a and 7b as it was effective (i.e. 54 % yield) only on the galactosyl 

substrate (Scheme 1).
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We envisioned to obtain elongated derivatives by inserting a para-disubstituted aryl tether between 

the glycosyl tail and the primary sulfonamide warhead (Scheme 2). For such purpose, 13a and b 

were readily obtained by making use of the chemistry reported for the functionalization of the 

commercially available bromo-α-D-glycosyls 1a and 1b. Thus, the aniline moiety in 13a and 13b 

was trapped by the isothiocyanate 14 [29] to afford the flexible [30, 31] thioureido derivatives 15a 

and 15b which in turn were subjected to full deprotection of the glycosyl tails (i.e. 16a and 16b). 

As alternative we explored the conformationally restricted amides 18a-c and their fully deprotected 

derivatives 19a-c (Scheme 2). 
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Scheme 2. Synthesis of glycosyl compounds 15a, b, 16a, b, 18a-c and 19a-c.

All the final compounds here reported were purified by silica gel column chromatography 

using appropriate eluting mixtures followed by trituration or recrystallization as needed. In 

addition, they were fully characterized by means of 1H-NMR, 13C-NMR, 19F-NMR, 77Se-NMR, 

and elemental analyses and account for a purity grade ≥ 95%.

In vitro Carbonic Anhydrase inhibition.
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In vitro inhibition profiles of compounds 4a-d, 5a-c, 6a-c, 7a, b, 8a, b, 9, 10a, b, 11, 15a, b, 16a, 

b, 18a-c and 19a-c and the reference drug acetazolamide (AAZ) and topiramate (TPR) on the 

physiologically and catalytically active hCA isoforms (i.e. I-VII, IX, XII and murine (m) XIII) 

were determined through the stopped-flow CO2 hydrase assay [32] and are reported in Table 1.

Table 1. Inhibition data of 4a-d, 5a-c, 6a-c, 7a, b, 8a, b, 9, 10a, b, 11, 15a, b, 16a, b, 18a-c and 

19a-c and the reference drug acetazolamide (AAZ) and topiramate (TPR) on hCA isoforms I-VII, 

IX, XII and XIII # by the stopped flow CO2 hydrase assay [32].

KI (nM)*

Cmp hCA I hCA II hCA IV
hCA 

VA

hCA 

VB

hCA  

VI

hCA 

VII

hCA 

IX
hCA XII

mCA 

XIII

4a 80.3 41.4 4118 595.9 706.8 58.4 14.6 219.0 944.3 273.5

4b >10000 6292 >10000 2541 >10000 4946 >10000 >10000 >10000 6694

4c 95.8 4.1 344.3 87.2 6.6 8.3 0.5 205.5 803.6 70.4

4d 9596 6317 >10000 6571 406.0 >10000 >10000 >10000 >10000 >10000

5a 540.9 13.8 647.0 325.0 87.3 8.3 26.3 54.4 589.0 568.4

5b 7682 4014 >10000 2301 >10000 2477 >10000 >10000 2562 7040

5c 647.0 53.7 580.2 426.7 8.7 7.3 30.3 180.2 82.4 74.6

6a 78.4 3.7 67.1 735.8 5.5 350.0 4.1 29.9 5.9 9.6

6b 86.2 17.2 146.3 96.8 2.6 6.1 0.8 219.6 42.3 634.6
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6c 6816 6664 7276 235.7 172.3 >10000 >10000 >10000 >10000 >10000

7a 69.6 6.6 1949 91.1 503.1 93.2 19.2 96.5 895.7 25.2

7b 50.8 4.9 1684 70.4 84.8 629.6 0.2 103.1 89.5 8.7

8a 622.2 7.5 564.8 72.6 503.8 84.7 51.6 31.2 90.0 90.0

8b 353.2 47.9 467.1 39.7 18.9 775.0 4.8 28.6 31.0 869.7

9 84.4 27.6 385.4 478.4 5.8 501.7 0.9 94.8 491.3 9.2

10a 502.4 24.2 586.9 20.9 70.4 8.8 0.3 143.0 8.4 22.4

10b 522.1 60.5 748.3 6229 6.0 47.8 0.7 25.7 138.9 289.5

11 168.8 18.5 82.2 336.5 4.2 30.9 2.2 47.9 358.2 900.9

15a 55.1 6.3 555.1 254.5 8.9 58.5 1.8 1184 55.8 861.5

15b 48.1 6.6 361.8 481.8 4.7 68.7 2.0 10.7 34.2 55.7

16a 71.4 5.2 282.8 70.5 7.6 49.3 4.4 166.3 19.8 658.6

16b 41.5 4.5 77.7 358.2 6.2 9.6 0.9 198.2 9.1 19.5

18a 85.2 5.1 378.2 90.6 8.7 30.5 2.8 1594 9.4 382.4

18b >10000 213.8 1573 347.8 40.9 4626 87.3 1419 >10000 >10000

18c 51.4 4.0 30.8 57.4 4.0 593.8 0.7 233.1 5.6 737.5

19a 48.0 1.7 347.7 119.5 88.0 37.6 9.6 385.9 90.5 40.7

19b 637.2 14.8 77.7 215.5 21.9 41.5 29.7 44.5 88.7 8.4

19c 46.4 6.1 8.9 45.1 3.0 484.8 0.9 245.7 7.2 65.2

AAZ 250.0 12.1 74.0 63.0 54.0 11.0 2.5 25.8 5.7 17.0

TPR 250 10.0 4900 63.0 30.0 45.0 0.9 58.0 3.8 47.0

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of ± 5-10 % 

of the reported values)
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# Inhibition data of 4a-d, 5a-c, 6a-c, 7a, b, 8a, b, 9, 10a, b, 11, 15a, b, 16a, b, 18a-c and 19a-c 

and the reference drug acetazolamide (AAZ) on the hCA III isoform were reported in Supporting 

Information Table S1

Based on reported data in Table 1, structure-activity relationship (SAR) considerations can be 

drawn:

i) As for the hCA I isoform, the seleno containing glucose derivative 4a resulted in a medium 

nanomolar inhibitor (KI of 80.3 nM). Full deprotection of the glucose moiety to afford 5a 

determined 6.7-fold enhancement of the KI value (i.e. KIs of 80.3 and 540.9 nM for 4a and 5a 

respectively). Interestingly the introduction of the amine moiety at 2-position of the 

benzenesulfonamide CAI warhead in 4a to give 4b suppressed any inhibition activity (KI > 10000 

nM) which was restored when the acetyl moieties were all removed (KI of 7682 nM for 5b). 

Regioselective deprotection of the primary alcohol in 4a to afford 6a didn’t significantly affect the 

inhibition potency (KIs of 80.3 and 78.4 nM for 4a and 6a respectively). Elongation of 4a by means 

of the thioureido phenyl moiety as in 15a determined a 1.5-fold enhancement of the potency which 

was slightly spoiled (i.e. 1.3-fold compared to 15a) after removal of the acetyl protecting moieties 

(KIs of 55.1 and 71.4 nM for 15a and 16a respectively). As expected, the conformationally 

restricted amide 18a was less potent hCA I inhibitor when compared to 15a (KIs of 55.1 and 85.2 

nM for 15a and 18 respectively). Interestingly full acetyl deprotection of 18a determined 

considerable gain of the inhibition potency (KI of 19a 48.0 nM). Compound 18b bearing a 

substituted metanilamide warhead was ineffective hCA I inhibitor and it became effective at 

medium nanomolar concentrations after removal of the protecting acetyl groups (i.e. 19b KI of 

637.2 nM). A slight (i.e. 1.2-fold) inhibition increase was observed when the seleno ether in 4a 
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was replaced with the thiol moiety instead (i.e. compound 7a). The opposite trend although with a 

similar magnitude (i.e. 1.5 eq) was observed for the glucose deprotected derivatives 5a/8a (KIs of 

540.9 and 622.2 nM for 5a and 8a respectively). The oxidation of the sulfur in 7a to afford 10a 

determined 7.2-fold increase of the KI value (i.e. KI of 502.4 nM) which was reduced up to 3.0-

fold after full deprotection of the glucosyl alcohols was carried out (i.e. KI of 11 168.8 nM). The 

galactosyl derivatives 4c and 4d reported medium-high nanomolar KI values (i.e. 95.8 and 9596 

nM for 4c and 4d respectively). Interestingly full deprotection of the sugar moiety in 4c to afford 

5c determined increase of the KI value matching with the one observed for the glucosyl derivatives 

4a/5a (i.e. 6.7-fold). On the contrary the removal of the protection on the primary alcohol in 4c 

and 4d to afford derivatives 6b and 6c determined improvement of the inhibition potencies (i.e. 

KIs of 86.2 and 6816 nM for 6b and 6c respectively). Again, the elongation of 4b by means of the 

thioureido (15b) and amide (18c) induced high improvements of the inhibition potency against the 

hCA I isoform. Specifically, introduction of the thioureido linker restored the inhibition potency 

of the cognate precursor 4b (KI of 48.1 nM for 15b), which was further increased after full 

deprotection of the sugar moiety (KI of 41.5 nM for 16b). A similar trend was observed for the 

amide containing series, being 19c 1.1-fold more effective when compared to the fully protected 

galactose precursor 18c (KIs of 51.4 and 46.4 nM for 18c and 19c respectively). A 1.9-fold 

inhibition potency increase was observed when the selenium ether moiety in compound 4c was 

replaced with the sulfur isostere instead (KIs of 95.8 and 50.8 nM for 4c and 7b respectively). 

Identical kinetic trend was observed for the fully deprotected galactosyl derivative 8b which was 

1.8-fold more potent when compared to its isosteric analogue 5c (KIs of 647 and 353.2 nM for 5c 

and 8b respectively). Manipulation of 7b by means of sulfur oxidation to afford 10b and 
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regioselective deprotection of the primary alcohol (9) was detrimental for the inhibition potency 

(KIs of 522.1 and 84.4 nM for 10b and 9 respectively). 

ii) A general overlook at the kinetic values in Table 1 for the hCA II isoform showed the 

compounds tested being more effective inhibitors when compared to the hCA I. Modifications at 

the glucosyl tail in 4a (KI of 41.4 nM) to afford the fully- and the mono-deprotected 5a and 6a 

derivatives respectively induced significant gain of the inhibition potency (KIs of 13.8 and 3.7 nM 

for 5a and 6a respectively). The introduction within the CAI warhead of the amine moiety as in 

4b and 5b spoiled the inhibition potency against the hCA II isoform, which was 151.9- and 290.9-

fold weaker when compared to their cognate precursors 4a and 5a respectively. Considerable 

increase of the hCA II inhibition potency of the glucosyl derivative 4a was obtained by means of 

its elongation to afford the derivatives containing the thioureido (15a; KI of 6.3 nM) and the amide 

(18a; KI of 5.1 nM) moieties respectively. Deprotection of the glucosyl moieties in 15a and 18a 

to afford 16a and 19a, resulted in further reduction of the associated KI values up to 5.2 and 1.7 

nM respectively (Table 1). Similarly, removal of the acetyl groups in 18b to afford the derivative 

19b was beneficial for the inhibition potency too which was enhanced up to 14.4-fold (KIs of 213.8 

and 14.8 nM for 18b and 19b respectively). Strong isosteric effect was observed for the sulfur 

containing derivatives 7a and 8a when compared to their selenium cognates 4a and 5a. Data in 

Table 1 accounted for the full protected glycosyl thioether 7a being 6.3-fold more effective hCA 

II inhibitor when compared to its selenium cognate 4a (KIs of 41.4 and 6.6 nM for 4a and 7a 

respectively). In analogy, compound 8a also was more potent than its bioisotere 5a although with 

reduced magnitude (i.e. 1.8-fold; KIs of 13.8 and 7.5 nM for 5a and 8a respectively). Manipulation 

of the sulfur tether in 7a by means of m-CPBA promoted oxidation to afford 10a was detrimental 

for the inhibition potency which was reduced up to 3.7-fold (i.e. KIs of 6.6 and 24.2 nM for 7a and 
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10a respectively). Conversely, slight restoration of the potency (1.3-fold) was obtained after 

removal of the acetyl groups on the glucosyl moiety in 10a (i.e. KI of 18.5 nM for compound 11). 

The galactosyl derivative 4c was very effective inhibitor of the hCA II isoform with a KI value of 

4.1 nM. Interestingly, full removal of the acetyl groups to afford 5c determined enhancement of 

the KI value up to 13.1-fold. Greater increase of the inhibition value (KI of 6317 nM) was observed 

for the aniline containing derivative 4d which retained the inhibition potency after removal of the 

primary alcohol protection (i.e. KI of 6c 6664 nM). Conversely the same chemical transformation 

applied to 4c to afford 6b determined a 4.2-fold decrease of the inhibition potency (i.e. KIs of 4.1 

and 17.2 nM for 4c and 6b respectively). The elongation strategy applied to the galactosyl 

derivative 4c to afford the thiouredo derivative 15b and the amide containing 18c didn’t result in 

relevant changes of the hCA II inhibition performances (i.e. KIs of 4.1, 6.6 and 4.0 nM for 

compounds 4c, 15b and 18c respectively). Full deprotection of the galactosyl moiety in 15b 

resulted in a slight increase of the inhibition potency (i.e. KI of 4.5 nM for 16b) whereas the same 

transformation in 18c to afford 19c determined opposite effects although with the same magnitude 

(KIs of 4.0 and 6.1 nM for 18c and 19c respectively). The galactosyl derivatives 4c and 7c showed 

close matching KI values of 4.1 and 4.9 nM respectively. In analogy the full deprotected derivatives 

7b and 5c didn’t show appreciable differences (i.e. KIs of 53.7 and 47.9 nM for 5c and 7b 

respectively), thus demonstrating the Se/S isosteric replacement being trivial on the in vitro 

inhibition against the hCA II isozyme. On the contrary selective deprotection of the primary 

alcohol in 7b to afford 9 determined a 5.6-fold decrease of the inhibition potency against the hCA 

II isoform (i.e. KI of 27.6 nM for compound 9). Oxidation of the sulfur tether in 7b to afford the 

derivative 10b resulted in important increase (i.e. 9.2-fold) of the KI value up to 60.5 nM, which 
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was reduced of 3.3-fold after the galactosyl moiety was fully deprotected to afford the compound 

11 (i.e. KI of 18.5 nM for compound 11). 

iii) All compounds considered in this study reported KI values for the hCA IV ranging in the 

medium-high nanomolar range. Deprotections of the glucosyl moiety in 4a (KI of 4118 nM) to 

either afford 5a (KI of 647.0 nM) and 6a (KI of 67.1 nM) was beneficial for the inhibition potency 

against the hCA IV. On the contrary the aniline containing moiety 4b and 5b was ineffective (KIs 

> 10000 nM). Elongation of 4a by means of the arylthioureido spacer to afford 15a enhanced the 

inhibition potency up to 7.4-fold (KIs of 4118 and 555.1 nM for 4a and 15a respectively). Superior 

enhancement of the inhibition potency (i.e. 10.9-fold) was obtained with the introduction of the 

amide moiety as in compound 18a (KI of 378.2 nM). Full deprotection of the glycosyl tails in 15a 

and 18a further increased the compound’s potency against the hCA IV isoform. As reported in 

Table 1, 16a showed a KI value of 282.8 nM and 19a a KI of 347.7 nM, thus 2.0- and 1.1-fold 

respectively more potent when compared to their full protected cognate precursors. Of interest is 

the metanilamide containing derivative 18b as the deprotection of its sugar moiety to afford 19b 

greatly enhanced the inhibition potency on the hCA IV up to 20.2-fold and thus registered a KI 

value close matching with the reference AAZ (i.e. KIs of 77.7 and 74.0 nM for 19b and AAZ 

respectively). A strong isosteric effect was reported for the sulfur containing derivative 7a when 

compared to its counterpart 4a being their KI values separated by a 2.1-fold factor (i.e. KIs of 1949 

and 4118 nM for 7a and 4a respectively). Reduced differences (1.1-fold) were observed for the 

fully deprotected derivatives 8a/5a being the sulfur containing 8a affective in inhibiting the hCA 

IV isoform at 564.8 nM whereas its selenium counterpart 5a was at 647.0 nM. Again, oxidation 

of the thioether in 7a to afford the derivative 10a determined effective reduction of the KI value 

(i.e. 3.3-fold), which was further reduced upon full removal of the acetyl moieties to afford the 
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derivative 11 (i.e. KI of 82.2 nM). Among the galactosyl containing series the fully protected 

derivative 4c was a medium nanomolar hCA IV inhibitor (i.e. KI of 344.3 nM). Removal of the 

acetyl groups in 4c to afford 5c spoiled the inhibition potency of 1.7-fold (i.e. KI of 580.2 nM for 

5c), whereas modification of the CAI warhead as in 4d suppressed any activity for the hCA IV 

(i.e. KI > 10000 nM). Regioselective deprotection of the glucosyl tail in 4c and 4d to afford 

derivatives 6b and 6c was beneficial for the inhibition potency. Specifically, 6b was 2.4-fold more 

effective inhibitor of the hCA IV isoform whereas with compound 6c restoration of the activity 

was achieved (i.e. KIs of > 10000 and 7276 nM for 4d and 6c respectively). Elongation of the 

derivative 4c by means of the phenylthioureido linker to afford 15b determined slight increase of 

the KI value (i.e. KI of 361.8 nM for 15b). Full deprotection of the galactosyl moiety determined 

significant improvement of the inhibition potency up to 4.7-fold, thus close matching with the 

glucosyl derivative 19b and the reference drug AAZ (i.e. KI of 77.7 nM for 16b). Very interesting 

results were obtained for the amide containing derivative 18c which reported a KI value of 30.8 

nM, thus 2.4-fold more effective that the reference drug AAZ for the hCA IV isoform. 

Furthermore, removal of the acetyl protecting groups in 18c to afford the derivative 19c resulted 

in enhancement of the inhibition potency (i.e. 3.5-fold). Noteworthy is the KI value of 19c which 

was in the low nanomolar range (i.e. KI of 8.9 nM). Isosteric substitution of the selenium tether in 

4c with the sulfur instead (as in compound 7b) resulted in a 4-9-fold reduction of the inhibition 

potency (i.e. KIs of 344.3 and 1684 nM for 4c and 7b respectively). Removal of the galactosyl 

protective groups to afford 8b was beneficial for the inhibition against the hCA IV (i.e. KI of 467.1 

nM). Comparison between 5c and 8b, which differ for the S/Se tether, showed the latter being 

slightly more potent (i.e. 1.2-fold; KIs of 580.2 and 467.1 nM for 5c and 8b respectively). Major 

effects on the in vitro enzymatic assay was obtained when the primary alcohol in 7b was removed 
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to afford the derivative 9 (i.e. KIs of 1684 and 385.4 nM for 7b and 9 respectively). In addition, 

strong effect in the inhibition potency was observed after oxidation of the sulfur tether in 7b to 

afford the derivative 10b (i.e. KIs of 1684 and 748.3 nM for 7b and 10b respectively). Further 

enhancement of the inhibition potency was observed after removal of the protecting groups in 10b 

to afford the derivative 11 (i.e. KI of 82.2 nM). 

iv) As for the constitutively expressed hCA VA the glucosyl derivative 4a reported a medium 

nanomolar inhibition potency (KI of 595.9 nM) which was reinforced upon removal of the acetyl 

groups up to 2.0-fold (i.e. KI of 325.0 nM for 5a). Regioselective deprotection of the primary 

alcohol in 4a to afford 6a spoiled the inhibition potency, being such derivative 1.2-fold less 

effective (i.e. KIs of 595.9 and 735.8 nM for 4a and 6a respectively). Introduction within the CAI 

benzenesulfonamide head of the aniline group as in 4b set the KI value at 2541 nM, which was 

reduced of 1.1-fold after full deprotection of the glucosyl tail as in 5b (i.e. KI of 2301 nM). 

Elongation of the glucosyl compound 4a by means of the aryl thioureido moiety as in 15a enhanced 

the inhibition potency of 2.3-fold, which was further improved upon removal of the glucosyl 

protecting moieties to afford 16a (i.e. KI of 70.5 nM). As for the amide containing derivatives 18a, 

b a 6.6- and 2.0-fold respectively potency increase was observed (i.e. KIs of 90.6 and 347.8 nM 

for 18a and 18b). Removal of the acetyl groups to afford compounds 19a and 19b determined a 

1.3-fold increase for the former and 1.6-fold decrease of the inhibition potency for the latter (i.e. 

KIs of 119.5 and 215.5 nM for 19a and 19b respectively). A strong isosteric effect was obtained 

for both the thioether containing moiety 7a and 8a when compared to their selenium counterpart 

4a and 5a respectively. Data in Table 1 accounted for KI values of 595.9 and 91.1 nM for 4a and 

7a respectively. KIs of 325.0 and 72.6 nM were obtained for the isosteric couple 5a/8a. Oxidation 

of the thioether linker in 7a to afford the derivative 10a strongly reduced the KI value up to 20.9 
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nM, thus 3.0-fold lower when compared to the reference drug AAZ (i.e. KI of 63 nM for AAZ). 

Successive deprotection of the glucosyl moiety as in 11 heavily spoiled the inhibition potency 

against the hCA VA which gave a KI value of 336.5 nM. As for the galactosyl containing series 

the derivative 4c was a medium nanomolar hCA VA inhibitor being its associated KI value of 87.2 

nM. Full deprotection of the galactosyl moiety to afford the derivative 5c determined a 4.9-fold 

increase of the KI value (i.e. KI of 426.7 nM for 5c). The inhibition activity was partially restored 

when mono-deprotection of the primary alcohol as in 6b was operated thus determining a KI value 

of 96.8 nM. Introduction of the aniline moiety was detrimental for the inhibition of the hCA VA 

as the derivative 4d was a low micromolar inhibitor with a KI value of 6.6 µM. Mono-deprotection 

of the galactosyl tail allowed to partially gain inhibition potency as the KI of 6c was 27.9-fold 

lower when compared to the fully protected galactosyl derivative 4d. Introduction within 4c of the 

phenylthioureido moiety as in 15b determined a significant increase of the inhibition value which 

was of 481.8 nM. A slight increase of the inhibition potency (i.e. 1.3-fold) was observed when the 

glycosyl tail in 15b was deprotected to afford the derivative 16b. As for the phenylamide derivative 

18c a KI inhibition value of 57.4 nM was observed, which was 1.3-lower when the acetyl protecting 

groups were removed (i.e. KI of 45.1 nM for 19c). The sulfur containing 7a derivative reported a 

6.5-fold enhancement of the inhibition potency when compared to its isosteric analogue 4a. The 

same trend was reported for the fully deprotected isosteric pair 5a and 8a with the latter being 4.5-

fold more effective hCA VA inhibitor (i.e. KIs of 325.0 and 82.6 nM for 5a and 8a respectively). 

Among the galactosyl containing derivatives small differences of inhibition potency were observed 

between 7b/4c (i.e. 1.2-fold), whereas for 8b/5c the former compound was 10.7-fold more potent 

in inhibiting the hCA VA isozyme (i.e. KIs of 39.7 and 426.7 nM for 8b and 5c respectively). 

Mono-deprotection of the primary alcohol in 7b afforded the derivative 9 which reported a KI 
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value of 478.4 nM thus 4.9-fold less potent when compared to its selenium containing congener 

6b (i.e. KI of 96.8 nM).

v) Striking differences among the compound series were obtained for the hCA VB enzyme. 

The glucosyl 4a was a high nanomolar inhibitor (i.e. KI of 706.8 nM) and its activity was cancelled 

after introduction of the aniline moiety to afford 4b (i.e. KI >10000 nM). Interestingly full 

deprotection of the protecting groups in 4a to afford the derivative 5a determined important 

enhancement of the inhibition potency up to 8.1-fold. On the contrary no effects were observed in 

the case of 4b/5b (i.e. KIs >10000 nM). Deprotection of the primary alcohol in 4a determined very 

important enhancement of the inhibition potency up to 128.5-fold (KI of 5.5 nM for compound 

6a). Interestingly the elongated derivatives of 4a (i.e. compounds 15a and 18a) also were highly 

potent inhibitors with KI values of 8.9 and 8.7 nM for the thioureido and amido containing moieties 

respectively. Full deprotection of the glucosyl moiety in 15a and 18a afforded the corresponding 

free alcohols 16a and 19a with the former being 1.2-fold more effective than its fully protected 

counterpart (KI of 7.6 nM for 16a). Conversely the latter was 10.0-fold less potent when compared 

to its congener 18a (i.e. KI of 88.0 nM for 19a). As expected, the aniline containing moiety 18b 

showed a medium nanomolar inhibition value (KI of 40.9 nM) and its deprotection to afford the 

derivative 19b determined an increase of the inhibition potency up to 1.9-fold. Introduction of the 

thioether moiety as in compound 7a set the KI value to 503.1 nM thus slightly lower (1.4-fold) 

when compared to its selenium isostere 4a. Removal of the acetyl groups in 7a to afford 8a did 

not affect the KI value which matched each other (KIs of 503.1 and 503.8 nM for 7a and 8a 

respectively). A clear isosteric effect was observed between 8a and its selenium congener 5a with 

the latter being 5.8-fold more potent hCA VB inhibitor. In agreement with the previous discussed 

isoforms the oxidation of the sulfur tether in 7a to afford 10a determined an increase of the 
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inhibition potency up to 70.4 nM. Deprotection of the glycosyl tail in 10a further enhanced the 

compound potency which showed KI value of 4.2 nM (i.e. compound 11). As for the galactosyl 

series the derivative 4c was a very potent inhibitor with a KI value of 6.6 nM. Such an activity was 

almost retained after deprotection of the sugar tail (i.e. KI of 8.7 nM for 5c). The introduction of 

the aniline group in 4c to afford the derivative 4d spoiled the inhibition potency (i.e. KI of 406.0 

nM for 4d). Interestingly deprotection of the primary alcohol in 4c to afford the derivative 6b 

resulted in a further increase of the inhibition potency with a KI value of 2.6 nM. In analogy the 

galactosyl 6c was 2.4-fold more effective when compared to its fully protected congener 4d. 

Elongated molecules as 15b and 18c were very effective inhibitors with KI values in the low 

nanomolar range with KI values of 4.7 and 4.0 nM respectively. Removal of the galactosyl 

protecting groups in both 15b and 18c to afford 16b and 19c respectively, determined opposite 

effects on kinetics. Specifically, 16b showed a KI value of 6.2 nM, thus 1.3-fold less effective 

when compared to its precursor 15b. As for 19c an increase potency of the same magnitude (i.e. 

1.3-fold) was reported (KIs of 4.0 and 3.0 nM for 16b and 19c respectively). The presence of the 

sulfur tether as in compound 7b determined a KI value of 84.8 nM thus 12.8-fold higher than its 

selenium congener 4c. Removal of the galactosyl protecting groups in 7b afforded 8b and reduced 

the KI to 18.9 nM which in turn was 2.2-fold less efficient when compared to its selenium 

counterpart 5c. Manipulation of 7b to afford the sulfoxide 10b or removal of the protection on the 

primary alcohol (i.e. compound 9) determined nearly identical reduction of the KI value up to 5.8 

and 6.0 nM respectively.

vi) A 7.0-fold increase of the inhibition potency against the hCA VI isozyme was induced after 

full deprotection of the glucosyl 4a moiety to afford the derivative 5a (i.e. KIs of 58.4 and 8.3 nM 

for 4a and 5a respectively). The same trend, although with a reduced magnitude, was obtained for 
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4b/5b with the latter being 2.0-fold more potent (i.e. KIs of 4946 and 2477 nM for 4b and 5b 

respectively). Conversely, significant increase of the KI value was obtained when 4a was subjected 

to selective deprotection of the primary alcohol to afford compound 6a (KI of 350.0 nM for 6a). 

Interestingly no significant inhibition potency differences were observed on 15a and its glycosyl 

deprotected derivative 16a when compared to their shortest cognate precursor 4a (i.e. KI values of 

58.4, 58.5 and 49.3 nM for 4a, 15a and 16a respectively). Appreciable KI differences were 

obtained among the amide containing moiety 18a when compared to its shortest derivative 4a 

being the latter 1.9-fold more effective inhibitor on the hCA VI isozyme. Removal of the protecting 

groups on 18a to afford 19a (i.e. KI of 37.6 nM) determined a 1.2-fold increase of the inhibition 

potency. Interestingly the high nanomolar hCA VI inhibitor 18b was highly potentiated (i.e. up-to 

111.5-fold) upon removal of the acetyl groups to afford the derivative 19b (i.e. KI of 41.5 nM). 

Isosteric induced differences were reported for the sulfur containing derivatives 7a and 8a when 

compared to their corresponding selenium ethers 4a and 5a respectively. Data in Table 1 showed 

that 7a and 8a were 1.6- and 10.2-fold respectively less potent (i.e. KIs of 93.2 and 84.7 nM for 7a 

and 8a respectively). Interestingly oxidation of the sulfur tether in 7a to afford the derivative 10a 

greatly enhanced the inhibition potency up to 8.8 nM. However, removal of the glucosyl protecting 

groups as in 11 was detrimental for the inhibition potency which was increased up to 3.5-fold (i.e. 

KI of 30.9 nM for 11). As for the galactosyl derivatives, 4c was reported a very efficient hCA VI 

inhibitor bearing a KI of 8.3 nM whereas its fully deprotected derivative 5c was only slightly more 

effective (i.e. KI of 7.3 nM). Modification of the CAI warhead in 4c to afford 4d spoiled the 

inhibition potency (i.e. KI >10000 nM). Interestingly deprotection of the primary alcohol in 4c to 

afford the derivative 6b determined a 1.4-fold increase of the inhibition potency. The same 

transformation on 4d did not affect the KI value (i.e. KI > 10000 for 6c). Elongated molecules such 
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as 15b and 18c weere far less effective inhibitors of the hCA VI isozyme having KI values 8.3- 

and 71.5-fold higher when compared to their common cognate 4d (i.e. KIs of 68.7 and 593.8 nM 

for 15b and 18c respectively). Removal of the galactosyl protecting groups as in 16b and 19c was 

highly beneficial for the inhibition potency being the former 7.2- and the latter 1.22-fold more 

effective when compared to their precursors 15b and 18c respectively. 

An important isosteric effect was observed for the galactosyl derivatives when sulfur in 7b was 

replaced with the selenium in 4c instead as the former was 75.9-fold more potent inhibitor of the 

hCA VI isoform. The hydrolysis of the acetyl groups in 7b to afford the derivative 8b resulted in 

a slight worsening of the inhibition potency (KIs of 629.6 and 775.0 nM for 7b and 8b 

respectively). Also, in this case the sulfur containing moiety 8b was far less effective hCA VI 

inhibitor when compared to its selenium congener 5c (i.e. KIs of 775.0 and 7.3 nM for 8b and 5c 

respectively). Analogous kinetic trend was also reported for the mono-deprotected galactosyl 

derivative 9 in comparison to its selenium counterpart 6b being the latter 82.2-fold more potent 

inhibitor. Finally, oxidation of the sulfur tether in 7b, drastically reduced the KI value of 13.2-fold 

(KIs of 629.6 and 47.8 nM for 7b and 10b respectively).

vii) The set of compounds afforded a very distinctive kinetic profile for CNS abundantly 

expressed hCA VII as the structural modifications introduced determined important effects on the 

associated KI values (Table 1). The glucosyl derivative 4a was very effective inhibitor showing a 

KI value of 14.6 nM. Full deprotection of the glucosyl moiety to afford compound 5a determined 

slight reduction of the inhibition potency (i.e. KI value of 26.3 nM). Conversely regioselective 

deprotection of the glucosyl primary alcohol to afford 6a determined a significant increase of the 

inhibition potency which reported a KI value of 0.8 nM thus 3.1-fold more potent when compared 

to the reference AAZ (i.e. KI of 2.5 nM). Modifications at the CAI warhead as in 4b and 5b 
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suppressed the inhibition potency against the hCA VII (i.e. KIs > 10000 nM). The elongation 

approach afforded quite interesting results. Specifically, the thioureido derivative 15a showed a 

KI value of 1.8 nM thus 8.1-fold more effective when compared to its shorter counterpart 4a. 

Removal of the acetyl protecting groups in 15a to afford 16a spoiled the potency of 2.4-fold. As 

for the benzamide containing spacer 18a a KI of 2.8 nM was reported, and again removal of the 

acetyl groups was detrimental for the in vitro inhibition potency (i.e. KI of 9.6 nM for 19a). 

Opposite kinetic trend was obtained for the benzamide containing pair 18b/19b being the latter 

2.9-fold less effective inhibitor of the hCA VII (i.e. KIs of 87.3 and 29.7 nM for 18b and 19b 

respectively). Slight isosteric effects were observed among the glucose containing pairs 7a and 4a 

being the former 1.3-fold less effective. Identical trend, although with enhanced magnitude, was 

reported for 8a/5a (i.e. KIs of 26.3 and 51.6 nM for 5a and 8a respectively). As for the galactosyl 

series, the seleno containing arylsulfonylamide 4c was particularly effective hCA VII inhibitor 

(i.e. KI of 0.5 nM). Full deprotection of the galactosyl moiety in 4c to afford 5c heavily spoiled the 

inhibition potency up to 61-fold (i.e. KIs of 0.5 and 30.3 nM for 4c and 5c respectively). Conversely 

the derivative 6b, which was obtained by means of regioselective deprotection of 4c, retained most 

of the inhibition potency against the hCA VII isoform being 1.6-fold less effective thus with an 

associated KI value of 0.8 nM. Additional variations within the seleno arylsulfonylamide series 

such as in 4d and 6c determined full suppression of the inhibition potency (i.e. KIs > 10000 nM). 

Better results were obtained when the elongation approach was applied. For instance, the 

phenylthioureido 15b was a low nanomolar hCA VII inhibitor (i.e. KI value of 2.0 nM) and its 

activity was further enhanced when the galactosyl tail was subjected to full deprotection to afford 

16b (i.e. KI of 0.9 nM). 
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In vitro glucose uptake measurement studies. 

The final compounds reported in this study were screened for the effects on glucose uptake 

mediated by GLUT1 (i.e. compounds 6a, c, 18b, c and 19a-c were not included). To this end, a 

standard glucose uptake assay was carried out as previously described [33, 34]. Briefly, H1299 

human non-small cell lung carcinoma (NSCLC) cells were treated with the tested compounds at a 

fixed concentration (30 µM). After 15 minutes, the cells were incubated for 30 minutes in glucose-

free KRP buffer in the presence of 2-deoxy-D-[3H]-glucose. Then, the cells were rinsed with cold 

PBS and lysed in 0.2 M NaOH. The resulting lysates were moved to scintillation counting vials. 

The levels of radioactivity found in the cell lysates were measured by liquid scintillation counting. 

The obtained data are indicated in Table 2 as percentage uptake of control tests and do not take in 

consideration any contribution arising from GLUT3 and 4 isoforms which are expressed, although 

in very lower concentration when compared to GLUT1, from NSCLC cells [33, 34].

Table 2. In vitro glucose uptake measurement studies.

Compound Glucose uptake (%) at 30 µM Cell Viability (%) at 30 µM

4a 276.7±1.3 98.9±12.7

4b 152±21.2 95.8±3.2

4c 118.9±5 90.8±2.6

4d 180.9±28.2 89.8±4.7

5a 118.8±15.8 75.1±13

5b 137.9±20.7 64.6±4.8

5c 161.6±34.3 83.8±14.6

6b 80.8±10.9 81.3±10.3
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Much to our surprise, most compounds either did not affect or even increased the glucose 

uptake in this assay, thus indicating that they generally do not interfere with GLUT1 activity or, 

rather, may induce an enhanced request for glucose. On the other hand, only compound 16a gave 

a significant inhibition (18 % Glucose uptake) at 30 µM concentration. Compound 16a is a seleno-

glycoside containing a β-glucose portion linked to a diaryl-thiourea moiety displaying a terminal 

sulfonamide group. It is likely that the glucose portion of this molecule is able to effectively 

interact with GLUT1 and to inhibit the glucose uptake through this transporter. It is interesting to 

note that the corresponding β-galactose analogue (16b) does not induce any inhibition in this assay, 

thus confirming the specificity that this transporter has for glucose analogues, as long as the rest 

of the molecule does not interfere with its interaction.

7a 143.9±42.1 96.9±10.9

7b 117.6±5.3 78.6±5.6

8a 183.2±32.9 93.6±23.5

8b 111.1±8.4 88.4±5.5

10a 239.2±29.3 96.6±7.6

11 243.1±38.2 96±8.9

15a 136.4±36.3 94±5.1

15b 91±16.2 86.1±7.4

16a 18±1.4 90.1±10.9

16b 101.3±18.1 85.6±4.2

18a 115.8±16.7 77.4±9.1

Vehicle treated 100±14.6 100±7.2
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All these compounds underwent an antiproliferative MTT assay in the same NSCLC 

H1299 cell lines incubated with 30 µM concentration. The percentage values of viable cells after 

48h exposure are reported in Table 2. None of the tested compounds exhibited significant 

antiproliferative effect, with only two compounds (i.e. 5a and 5b) displaying a reduction of cell 

viability at or below 75%. These two compounds are β-selenoglucosides containing an aryl 

substituent that is directly linked to the selenium atom. This structural feature does not seem to 

induce any significant effect on cellular glucose uptake, but somehow it slightly affects the 

proliferation rate of this cancer cell line.

hCA II X-Ray crystallography.

The X-ray crystal structure of hCA II in adduct with the inhibitor 8a was determined at 1.48 Å 

resolution with the aim to establish the major interactions occurring between the amino acid 

residues lining the enzyme active site with the ligand (Figure 2 and Table S2 in Supporting 

Information file). Among the series here reported, compound 8a was assumed as ideal ligand either 

for its particularly favorable binding affinity for the hCA II (KI of 7.5 nM) and for its structural 

features such as compactness and absence of chalcogen elements which all together are beneficial 

for X-ray investigations. Overall inspection of the refined structure clearly showed fully defined 

electron density within the hCA II active site and fully compatible with inhibitor 8a buried deep 

within the enzymatic cleft, with the primary sulfonamide moiety anchored to the zinc metal ion 

according to the canonical binding cluster typical of the α-hCAs [35] (Figure 2 and Figure S1 in 

Supporting Information file).
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Figure 2. X-Ray crystal structure of the hCA II/8a complex (PDB: 7ZWB). Van der Waals 

interactions, hydrogen bonds and water bridges are shown in blue and red colors respectively.

The ligand-enzyme complex was stabilized by several hydrogen bonds and water bridge 

interactions. For instance, the glucosyl hydroxyl groups were engaged in an intricate network with 

Asn62, Asn67 and Gln92 which also involved the Glu69 residue by means of a water bridge. The 

observed peculiar conformational folding of the ligand on the sulfur tether acting as a hinge 

allowed the hydroxyl group at 3-position of the glucose to interact effectively with Thr200 located 

at the bottom of the active site. 

A second molecule of 8a was found bound out of the active site, thus located in a region 

not involved with the enzymatic mechanism (Figure 2 and Figure S1 in Supporting Information 

file). In this case only one valuable hydrophobic interaction between the benzene ring of 8a and 
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Asn11 was retrieved. Conversely, several hydrogen bonds contributed to stabilize the adduct. For 

instance, the primary sulfonamide showed hydrogen bonds with Asp19, Asn11 and through a water 

bridge with Trp5. The glucosyl moiety interacted with His4 and Asn11 and by means of a water 

bridge with Asn11.

In vivo animal studies.

We evaluated the effects of selected compounds endowed with variable abilities to induce glucose 

uptake on in vivo induced maximal electroshock seizures (MES) model (Table 3). Specifically, 

we considered the highly effective compound 4a, the derivative 4b which had an intermediate 

potency and the least effective of the series compound 16a. We initially tested the effects of a 100 

mg/kg dose for each of the compounds and then subsequent doses were modulated according to 

the observed effects in order to build a dose response curve for each compound and to calculate 

the corresponding ED50s (Table 3).

Table 3. ED50 values of compounds 4a, 4b and 16a.

Compound ED50 (mg/kg)† ED50 (nmol/kg)†

4a 183.7 (175-197.6) 324.3 (308.9-348.8)

4b 59.81 (54-64.9) 102.9 (92.9-111.6)

16a 132.2 (92.6-192.7) 241 (168.9-351.3)

† In brackets are data confidence limits.
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All compounds selected were able to reduce the occurrence of tonic extension in the MES 

model with the following order of potency according to their ED50 values: 4b > 16a > 4a. Notably, 

4b was able to completely abolish the occurrence of seizures at the dose of 75 mg/kg without 

inducing any obvious side effects which were instead clearly noticeable (e.g., ataxia and sedation) 

at dose of 100 mg/kg. On the other hand, either 4a and 16a were not able to abolish completely 

the induces seizures at the tested doses. In addition, both compounds when administered at higher 

concentrations induced marked sedation and thus were not useful for the purposes of this study. In 

detail we found that compound 4a showed marked toxicity at 150 mg/kg and 20 % of animals died 

at 300 mg/kg. The derivative 16a was toxic at 100 mg/kg with 30 % mortality at 200 mg/kg 

(Figure 3).

Figure 3. Effects of 4a, 4b and 16a on tonic extension in the MES model.

Conclusions.

Here we report a set of compounds structurally based on the GLUT1 substrates D-glucose and D-

galactose which have been substituted at the anomeric position with a β-oriented arylsulfonamide 

moiety intended to interact with the hCA isoforms. All compounds have been profiled in vitro on 

the human expressed CAs and the obtained data accounted for quite a variegate inhibition pattern, 

thus allowing to decipher the main structure activity relationships (SARs) governing either potency 
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and selectivity for the enzymes considered. The adduct hCA II/8a was investigated by means of 

X-ray crystallography and allowed to determine the binding mode of such an inhibitor which 

confirmed an extended network of hydrogen bonds contributing to stabilize the complex. It is 

therefore reasonable to consider that a similar cluster of interactions also occurs among the set of 

compounds reported featured with high binding affinities. 

Surprisingly, the glucose uptake evaluation in vitro showed all the compound series (except 

for 16a) being effective activators of GLUT1 with values up to 277% at 30 μM concentration in 

respect to the reference compound glucose. It is noteworthy that no cytotoxicity effects were 

registered at the same concentration. 

Compounds 4a, 4b and 16a endowed with high, intermediate and low GLUT1 activation 

properties respectively as well as distinct CA inhibition profiles were investigated for their ability 

to abolish the occurrence of seizures in vivo by means of the induced MES model. The glucosyl 

derivative 4b was particularly effective in suppressing the seizures at the dose of 75 mg/kg without 

showing any side effects at the same concentration. 

Overall, the results here reported allowed to obtain and develop compounds endowed with 

dual targeting features on the relevant targets related to GLUT1-DS associated epileptic symptoms. 

Quite surprisingly we demonstrated that the effectiveness of such compounds mainly relies on the 

ability to activate the GLUT1 transporter rather than to suppress the progression of uncontrolled 

electric spikes through a Carbonic Anhydrase mediate pathway [24]. It is worth considering that 

our study is focused on GLUT1 and does not give evidence for any other transporter isoform which 

may contribute to the overall glucose uptake enhancement registered. Appropriate measurement 

experiments are currently ongoing in such a direction. 
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All this paves the way for an unprecedently reported approach useful for the management 

of such pathology which lacks effective pharmacological tools.

Page 33 of 74

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



EXPERIMENTAL SECTION

Materials and methods.

Anhydrous solvents and all reagents were purchased from Sigma-Aldrich, VWR and TCI. All 

reactions involving air- or moisture-sensitive compounds were performed under a nitrogen 

atmosphere. Nuclear magnetic resonance (1H NMR, 13C NMR, 77Se NMR) spectra were recorded 

using a Bruker Advance III 400 MHz spectrometer in DMSO-d6. Chemical shifts are reported in 

parts per million (ppm) and the coupling constants (J) are expressed in Hertz (Hz). Splitting 

patterns are designated as follows: s, singlet; d, doublet; t, triplet; m, multiplet; bs, broad singlet; 

dd, double of doubles. The assignment of exchangeable protons (NH) was confirmed by the 

addition of D2O. Analytical thin-layer chromatography (TLC) was carried out on Merck silica gel 

F-254 plates. Flash chromatography purifications were performed on Merck silica gel 60 (230–

400 mesh ASTM) as the stationary phase, and ethyl acetate, n-hexane, acetonitrile and methanol 

were used as eluents. The solvents used in MS measurements were acetone, acetonitrile 

(Chromasolv grade), purchased from Sigma-Aldrich (Milan, Italy), and mQ water 18 MΩ, 

obtained from Millipore’s Simplicity system (Milan, Italy). The mass spectra were obtained using 
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a Varian 1200L triple quadrupole system (Palo Alto, CA, USA) equipped with electrospray source 

(ESI) operating in both positive and negative ions. Stock solutions of analytes were prepared in 

acetone at 1.0 mg mL–1 and stored at 4 °C. Working solutions of each analyte were freshly prepared 

by diluting stock solutions in a mixture of mQ H2O/ACN 1/1 (v/v) up to a concentration of 1.0 μg 

mL–1 The mass spectra of each analyte were acquired by introducing, via syringe pump at 10/L 

min–1, the working solution. Raw data were collected and processed by Varian Workstation, 

version 6.8, software. All compounds reported are >95% of purity. 

General Procedure for the synthesis of Compounds 4a-d:

NaBH4 (3.0 eq.) was portion-wise added to a solution of selenocyanatobenzenesulfonamide 

derivative 2a, b (1.0 eq.) in EtOH (2 mL) at 0°C under inert atmosphere (N2). After 30 min, the 

Acetobromo sugar 1a, b (1.0 eq.) was slowly added and the reaction mixture was stirred at room 

temperature for 2 h, until complete consumption of the starting material was observed by TLC. 

The reaction was quenched by addition of saturated aq. NH4Cl (2mL) and diluted with EtOAc (5 

mL), The layers were separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried 

over Na2SO4, filtered and concentrated under vacuum. The crude material was purified by flash 

chromatography to yield derivatives 4a-c.

Page 35 of 74

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-sulfamoylphenyl)selanyl)tetrahydro-2H-

pyran-3,4,5-triyl triacetate (4a):

Following the General Procedure, Acetobromo-α-D-glucose 1a (1.53 mmol) and 4-

selenocyanatobenzenesulfonamide 2a (1.53 mmol) gave, after purification by flash column 

chromatography (EtOAc/Hex 1:1), 4a as a white solid (50%). 1H NMR (DMSO-d6, 400 MHz) δ 

(ppm): 7.78 (2H, d, J = 8.58 Hz), 7.75 (2H, d, J = 8.53 Hz), 7.46 (2H, bs), 5.61 (1H, d, J = 10.17 

Hz), 5.39 (1H, t, J = 9.44 Hz), 4.99-4.92 (2H, m), 4.20-4.11 (3H, m), 2.06 (3H, s), 2.05 (3H, s), 

2.03 (3H, s), 1.98 (3H, s). 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 170.8, 170.4, 170.2, 170.0, 

133.8, 133.7, 127.8, 127.0, 80.1, 76.3, 73.6, 71.2, 68.8, 62.8, 21.4, 21.3, 21.2, 21.1. 77Se NMR 

(DMSO-d6, 76 MHz) δ (ppm): 410.4. MS (ESI negative) m/z: 566.2 [M-H]-

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((3-amino-4-sulfamoylphenyl)selanyl) 

tetrahydro-2H-pyran-3,4,5-triyl triacetate (4b):

Following the General Procedure, Acetobromo-α-D-glucose 1a (1.53 mmol) and 2-amino-4-

selenocyanatobenzenesulfonamide 2b (1.53 mmol) gave, after purification by flash column 
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chromatography (EtOAc/Hex 1:1), 4b as a white solid (46%). 1H NMR (DMSO-d6, 400 MHz) δ 

(ppm): 7.79 (1H, d, J = 2.01 Hz), 7.42 (1H, dd, J = 8.50, 2.01 Hz), 7.40 (2H, bs), 6.79 (1H, d, J = 

8.53 Hz), 6.15 (2H, bs), 5.32 (1H, t, J = 9.42 Hz), 5.20 (1H, d, J = 10.14 Hz), 4.89 (1H, t, J = 9.69 

Hz), 4.81 (1H, m), 4.16 (1H, dd, J = 12.20, 5.21 Hz), 4.07-4.00 (2H,m), 2.07 (3H, s), 2.06 (3H, s), 

2.01 (3H, s), 1.96 (3H, s). 13C NMR (DMSO-d6, 100 MHz) δ (ppm):171.0, 170.4, 170.2, 170.0, 

147.0, 141.1, 136.3, 125.3, 118.3, 110.3 81.2, 76.2, 73.8, 71.6, 68.8, 62.8. 21.5, 21.4, 21.3, 21.2. 

77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 396.5. MS (ESI negative) m/z: 581.3 [M-H]-

Synthesis of (2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-((4-sulfamoylphenyl)selanyl)tetrahydro-2H-

pyran-3,4,5-triyl triacetate (4c):

Following the General Procedure, Acetobromo-α-D-galactose 1b (1.65 mmol) and 4-

selenocyanatobenzenesulfonamide 2a (1.65 mmol) gave, after purification by flash column 

chromatography (EtOAc/Hex 1:1), 4c as a white solid (66%). 1H NMR (DMSO-d6, 400 MHz) δ 

(ppm): 7.78 (4H, aps), 7.46 (2H, bs), 5.55 (1H, d, J = 10.08 Hz), 5.39 (1H, d, J = 2.81 Hz), 5.28 

(1H, dd, J = 9,88, 3.43 Hz), 5.13 (1H, t, J = 9.96 Hz), 4.37 (1H, t, J = 6.25 Hz), 4.11 (2H, d, J = 

6.15 Hz), 2.15 (3H, s), 2.07 (3H, s), 2.05 (3H, s), 1.96 (3H, s). 13C NMR (DMSO-d6, 100 MHz) δ 
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(ppm): 170.8, 170.7, 170.3, 170.2, 144.1, 134.3, 133.3, 126.9, 80.7, 75.6, 71.7, 68.6, 62.7, 60.7, 

21.4 (X2), 21.3, 21.2. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 413.4. MS (ESI positive) m/z: 

568.1 [M+H]+

Synthesis of (2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-((3-amino-4-sulfamoylphenyl)selanyl) 

tetrahydro-2H-pyran-3,4,5-triyl triacetate (4d):

Following the General Procedure, Acetobromo-α-D-galactose 1b (1.44 mmol) and 2-amino-4-

selenocyanatobenzenesulfonamide 2b (1.44 mmol) gave, after purification by flash column 

chromatography (EtOAc/Hex 1:1), 4d as a white solid (66%). 1H NMR (DMSO-d6, 400 MHz) δ 

(ppm): 7.81 (1H, d, J = 1.83 Hz), 7.44 (1H, dd, J = 8.48, 1.84 Hz), 7.32 (2H, bs), 6.80 (1H, d, J = 

8.52 Hz), 6.12 (2H, bs), 5.31 (1H, d, J = 3.13 Hz), 5.22 (1H, d, J = 9.76, 3.41 Hz), 5.13 (1H, d, J 

= 10.05 Hz), 5.03 (1H, t, J = 9.88 Hz), 4.22 (1H, t, J = 6.15 Hz), 4.09-4.05 (2H, m), 2.12 (3H, s), 

2.09 (3H, s), 2.03 (3H, s), 1.94 (3H, s). 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 170.9, 170.8, 

170.3, 170.2, 146.8, 140.8, 136.1, 125.3, 118.2, 110.8, 82.0, 75.3, 71.7, 68.9, 68.5, 62.6, 21.5, 21.4, 

21.3, 21.2 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 450.4. MS (ESI positive) m/z: 582.2 [M+H]+
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General Procedure for the synthesis of Compounds 5a-c:

Na (10.0 eq.) was portion wise added to a solution of 4a-c (1.0 eq.) in MeOH (2 mL) at room 

temperature under inert atmosphere (N2). The reaction mixture was stirred at room temperature 

until complete consumption of the starting material was observed by TLC. The reaction was 

quenched by addition of Amberlist 120 until the pH was acid. The mixture was filtered and 

concentrated under vacuum to yield the corresponding derivatives 5a-c.

Synthesis of 4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-

yl)selanyl)benzenesulfonamide (5a):

Following the General Procedure, Na ( 2.5 mmol) and 4a ( 0.25 mmol) gave 5a as a white solid 

(60%).1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.77 (2H, d, J = 8.48 Hz), 7.71 (2H, d, J = 8.44 

Hz), 7.39 (2H, bs), 5.43 (1H, d, J = 5.86 Hz), 5.18 (1H, d, J = 4.66 Hz), 4.64-4.61 (2H, m), 4.63 

(1H, t, J = 5.64 Hz), 3.73 (1H, dd, J = 10.30, 5.14 Hz), 3.49-3.25 (1H, m), 3.23-3-17 (4H, m). 13C 

NMR (DMSO-d6, 100 MHz) δ (ppm): 143.1, 136.5, 132.5, 126.8, 84.9, 83.2 79.1, 74.1, 70.7, 61.9. 

77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 412.2. MS (ESI positive) m/z: 399.2 [M+H]+
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Synthesis of 2-amino-4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-

pyran-2-yl)selanyl)benzenesulfonamide (5b):

Following the General Procedure, Na (2.5 mmol) and 4b ( 0.25 mmol) gave 5b as a white solid 

(63%).1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.83 (1H, s), 7.53 (1H, d, J = 8.35 Hz), 7.52 (2H, 

bs), 7.32 (1H, d J = 8.46 Hz ), 5.04 (6H, bs), 4.62 (1H, d, J = 9.65 Hz), 3.69 (1H, d, J = 11.53 Hz), 

3.46 (1H, dd, J = 11.57, 4.51 Hz), 3.18-3.05 (4H, m). 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 

146.2, 140.7, 135.3, 125.4, 118.2, 112.2, 85.8, 83.0, 79.0, 74.1, 70.7, 62.1. 77Se NMR (DMSO-d6, 

76 MHz) δ (ppm): 393.0. MS (ESI positive) m/z: 414.3 [M+H]+

Synthesis of 4-(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-

yl)selanyl)benzenesulfonamide (5c):

Following the General Procedure, Na (2.5 mmol) and 4c ( 0.25 mmol) gave 5c as a white solid 

(98%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.77 (2H, d, J = 8.52 Hz), 7.70 (2H, d, J = 8.49 

Hz), 7.38 (2H, bs), 5.27 (1H, d, J = 6.13 Hz), 5.00-4.95 (2H, m), 4.69 (1H, bs), 4.58 (1H, d, J = 

4.38 Hz), 3.78. (1H, bs), 3.60-3.53 (5H, m), 3.21 (1H, d, J = 5.25 Hz). 13C NMR (DMSO-d6, 100 
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MHz) δ (ppm):142.9, 137.0, 132.2, 126.8, 85.6, 81.5, 75.5, 70.9, 69.4. 77Se NMR (DMSO-d6, 76 

MHz) δ (ppm): 412.3. MS (ESI positive) m/z: 399.2 [M+H]+

General Procedure for the synthesis of Compounds 6a-c:

Tin derivative catalyst (0.1 eq.) was added to a solution of derivative 4a,c,d (1.0 eq.) in MeOH/THF 

solution (2 mL) at room temperature under inert atmosphere (N2). The reaction mixture was stirred 

at room temperature for 18 h until complete consumption of the starting material observed by TLC. 

The reaction was quenched by addition of H2O. The layers were separated and the aqueous layer 

was extracted with EtOAc (2 x 5 mL), dried over Na2SO4, filtered and concentrated under vacuum. 

The crude material was purified by flash chromatography to yield derivatives 6a-c.

Synthesis of (2R,3R,4S,5R,6S)-2-(hydroxymethyl)-6-((4-sulfamoylphenyl)selanyl) tetrahydro-

2H-pyran-3,4,5-triyl triacetate (6a):

Following the General Procedure, derivative 4a (0.44 mmol) and tin derivative catalyst (0.044 

mmol) gave, after purification by flash column chromatography (EtOAc/Hex 1:1), 6a as a white 

solid (66%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.79 (2H, d, J = 8.66 Hz), 7.76 (2H, d, J = 
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8.58 Hz), 7.42 (2H, bs), 5.57 (1H, d, J = 10.12 Hz), 5.34 (1H, t, J = 9.38 Hz), 4.97-4.90 (3H, m), 

3.88 (1H, m), 3.59-3.55. (2H, m), 2.03 (3H, s), 2.02 (3H, s), 1.96 (3H, s). 13C NMR (DMSO-d6, 

100 MHz) δ (ppm):170.4, 170.1, 170.0, 144.1, 134.1, 133.5, 126.9, 80.4, 79.7, 74.2, 71.4, 69.1, 

60.9, 21.3, 21.2, 21.1. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 408.6. MS (ESI negative) m/z: 

523.4 [M-H]-

Synthesis of (2R,3S,4S,5R,6S)-2-(hydroxymethyl)-6-((4-sulfamoylphenyl)selanyl) tetrahydro-

2H-pyran-3,4,5-triyl triacetate (6b):

Following the General Procedure, derivative 4c (0.44 mmol) and tin derivative catalyst (0.044 

mmol) gave, after purification by flash column chromatography (EtOAc/Hex 1:1), 6b as a white 

solid (66%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.77 (4H, aps), 7.44 (2H, bs), 5.52 (1H, d, 

J = 9.96 Hz), 5.40 (1H, d, J = 3.11 Hz), 5.24 (1H, dd, J = 9.88, 3.34 Hz), 5.14 (1H, d, J = 9.91 Hz), 

5.00 (1H, t, J = 5.55 Hz), 4.09-4.04 (2H, m), 3.55-3.49 (1H, m), 2.13 (3H, s), 2.05 (3H, s), 1.94 

(3H, s). 13C NMR (DMSO-d6, 100 MHz) δ (ppm):170.7, 170.4, 170.2, 143.9, 134.6, 133.2, 126.9, 

81.1, 78.6, 72.2, 68.8, 68.2, 21.4, 21.4, 21.3. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 412.1. MS 

(ESI negative) m/z: 523.3 [M-H]-
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Synthesis of (2S,3R,4S,5S,6R)-2-((3-amino-4-sulfamoylphenyl)selanyl)-6-

(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (6c): 

Following the General Procedure, derivative 4d (0.44 mmol) and tin derivative catalyst (0.044 

mmol) gave, after purification by flash column chromatography (EtOAc/Hex 1:1), 6c as a white 

solid (64%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.82 (1H, d, J = 1.74 Hz), 7.45 (1H, d, J = 

10.33 Hz), 7.30 (2H, bs), 6.79 (1H, d, J = 8.48 Hz), 6.09 (2H, bs), 5.35 (1H, d, J = 3.05 Hz), 5.17 

(1H, dd, J = 9.41, 3.31 Hz), 5.11-5.01 (2H, m), 4.89 (1H, t, J = 5.60 Hz), 3.91 (1H, t, J = 6.60 Hz), 

3.52-3.48 (2H, m), 2.09 (3H, s), 2.08 (3H, s), 1.93 (3H, s). 13C NMR (DMSO-d6, 100 MHz) δ 

(ppm): 170.8, 170.4, 170.2, 146.7, 140.7, 135.9, 125.4, 118.2, 111.1, 82.3, 78.2, 72.4, 69.2, 68.1, 

59.7, 21.6, 21.5, 21.3. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 399.1. MS (ESI negative) m/z: 

538.4 [M-H]-

General Procedure for the synthesis of Compounds 7a-b:

NaBH4 (3.0 eq.) was portion wise added to a solution of disulfide derivative 3 (1.0 eq.) in EtOH 

(2 mL) at 0°C under inert atmosphere (N2). After 30 min, the Acetobromo sugar 1a,b (2.0 eq.) was 
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slowly added and the reaction mixture was stirred at room temperature for 2 h, until complete 

consumption of the starting material was observed by TLC. The reaction was quenched by addition 

of saturated aq. NH4Cl (2mL) and diluted with EtOAc (5 mL), The layers were separated and the 

aqueous layer was extracted with EtOAc (2 x 5 mL), dried over Na2SO4, filtered and concentrated 

under vacuum. The crude material was purified by flash chromatography to yield derivatives 7a-

b.

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-sulfamoylphenyl)thio)tetrahydro-2H-

pyran-3,4,5-triyl triacetate (7a):

Following the General Procedure, Acetobromo-α-D-glucose 1a (2 mmol) and disulfide derivative 

3 (1 mmol) gave, after purification by flash column chromatography (EtOAc/Hex 1:1), 7a as a 

white solid (90%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.81 (2H, d, J = 8.32 Hz), 7.63 (2H, 

d, J = 8.34 Hz), 7.45 (2H, bs), 5.51 (1H, d J = 10.05 Hz ), 5.43 (1H, t, J = 9.41 Hz), 4.99-4.91 (2H, 

m), 4.24-4.12 (3H, m), 2.07 (3H, s), 2.06 (3H, s), 2.04 (3H, s), 1.99 (3H, s). 13C NMR (DMSO-d6, 

100 MHz) δ (ppm): 170.9, 170.4, 170.2, 170.0, 143.7, 138.3, 130.7, 127.1, 83.3, 75.3, 73.7, 70.3, 

68.9, 62.8, 21.4, 21.3, 21.2. MS (ESI negative) m/z: 518.3 [M-H]-. 

Page 44 of 74

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Synthesis of (2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-((4-sulfamoylphenyl)thio)tetrahydro-2H-

pyran-3,4,5-triyl triacetate (7b):

Following the General Procedure, Acetobromo-α-D-galactose 1b (2 mmol) and disulfide 

derivative 3 (1 mmol) gave, after purification by flash column chromatography (EtOAc/Hex 1:1), 

7b as a white solid (40%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.81 (2H, d, J = 8.55 Hz), 

7.65 (2H, d, J = 7.65 Hz), 7.45 (2H, bs), 5.44 (1H, d J = 10.01 Hz), 5.40 (1H, d, J = 3.27 Hz), 5.31 

(1H, dd, J = 9.88, 3.45 Hz), 5.11 (1H, t, J = 9.93 Hz), 4.42 (1H, t, J = 6.13 Hz), 4.12 (2H, d, J = 

6.16 Hz), 2.17 (3H, s), 2.09 (3H, s), 2.05 (3H, s), 1.97 (3H, s). 13C NMR (DMSO-d6, 100 MHz) δ 

(ppm): 170.8, 170.7, 170.4, 170.2, 143.5, 138.8, 130.4, 127.0, 83.8, 74.6, 71.9, 68.4, 67.7, 62.7, 

21.4 (X2), 21.3, 21.2. MS (ESI negative) m/z: 518.3 [M-H]-

General Procedure for the synthesis of Compounds 8a-b:

Na (10.0 eq.) was portion wise added to a solution of 7a,b (1.0 eq.) in MeOH (2 mL) at room 

temperature under inert atmosphere (N2). The reaction mixture was stirred at room temperature 

until complete consumption of the starting material was observed by TLC. The reaction was 
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quenched by addition of Amberlist 120 until the pH was acid. The mixture was filtered and 

concentrated under vacuum to yield the corresponding derivatives 8a-b.

Synthesis of 4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-

yl)thio)benzenesulfonamide (8a).

Following the General Procedure, Na (1.8 mmol) and 7a (0.18 mmol) gave 8a as a white solid 

(67%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.75 (2H, d, J = 7.77 Hz), 7.62 (2H, d, J = 7.82 

Hz), 7.38 (2H, bs), 5.45 (1H, d J = 5.48 Hz), 5.19 (1H, d, J = 3.66 Hz), 5.07 (1H, d, J = 4.37 Hz), 

4.82 (1H, d, J = 9.46 Hz), 4.63 (1H, m), 3.74 (1H, d, J = 7.21 Hz), 3.49-3.38 (2H, m), 3.27-3.15 

(4H, m). 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 142.3, 141.4, 129.3, 126.9, 86.7, 81.9, 79.1, 

73.3, 70.7, 61.8. MS (ESI negative) m/z: 350.4 [M-H]-.

Synthesis of 4-(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-

yl)thio)benzenesulfonamide (8b).

Following the General Procedure, Na (1.8 mmol) and 7b (0.18 mmol) gave 8b as a white solid 

(88%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.75 (2H, d, J = 8.59 Hz), 7.62 (2H, d, J = 8.57 
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Hz), 7.38 (2H, bs), 4.78 (1H, d J = 9.58 Hz), 4.25 (6H, bs), 3.77 (1H, d, J = 2.89 Hz), 3.61-3.52 

(2H, m), 3.43-3.41 (1H, m). 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 142.1, 141.8, 129.0, 126.9, 

87.3, 80.2, 75.6, 70.0, 69.3, 61.5. MS (ESI negative) m/z: 350.3 [M-H]-

Synthesis of (2R,3S,4S,5R,6S)-2-(hydroxymethyl)-6-((4-sulfamoylphenyl)thio)tetrahydro-2H-

pyran-3,4,5-triyl triacetate (9).

Tin derivative catalyst (0.1 eq.) was added to a solution of 7b (1.0 eq.) in MeOH/THF solution (2 

mL) at room temperature under inert atmosphere (N2). The reaction mixture was stirred at room 

temperature for 18 h until complete consumption of the starting material observed by TLC. The 

reaction was quenched by addition of H2O. The layers were separated and the aqueous layer was 

extracted with EtOAc (2 x 5 mL), dried over Na2SO4, filtered and concentrated under vacuum. 

The crude material was purified by flash chromatography to yield derivatives 9 in 54%. 1H NMR 

(DMSO-d6, 400 MHz) δ (ppm): 7.79 (2H, d, J = 8.41 Hz), 7.65 (2H, d, J = 8.47 Hz), 7.43 (2H, 

bs), 5.42-5.40 (2H, m), 5.28 (1H, dd, J = 9.87, 3.35 Hz), 5.12 (1H, t, J = 9.90 Hz), 5.01 (1H, bs), 

4.13 (1H, t, J = 6.70 Hz), 3.55-3.51 (1H, m), 2.15 (3H, s), 2.08 (3H, s), 1.95 (3H, s). 13C NMR 
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(DMSO-d6, 100 MHz) δ (ppm):170.7, 170.4, 170.3, 143.4, 139.1, 130.2, 127.0, 84.0, 77.5, 72.4, 

68.2, 67.9, 59.8, 21.4, 21.3, 21.2. MS (ESI negative) m/z: 476.5 [M-H]-

General Procedure for the synthesis of Compounds 10a-b:

meta-Chloroperoxybenzoic acid (m-CPBA) (2 eq.) was added to a solution of derivative 7a,b (1.0 

eq.) in Acetonitrile/H2O solution (ratio 5:1, 2 mL) at room temperature under inert atmosphere 

(N2). The reaction mixture was stirred at 0°C for 1 h until complete consumption of the starting 

material observed by TLC. The reaction was quenched by addition of H2O. The layers were 

separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried over Na2SO4, filtered 

and concentrated under vacuum. The crude material was purified by flash chromatography to yield 

derivatives 10a-b.

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-sulfamoylphenyl)sulfonyl) tetrahydro-

2H-pyran-3,4,5-triyl triacetate (10a).

Following the General Procedure, 7a (0.4 mmol) and mCPBA (0.8 mmol) gave, after purification 

by flash column chromatography (EtOAc/Hex 70:30), 10a as a white solid (57%). 1H NMR 
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(DMSO-d6, 400 MHz) δ (ppm): 8.13 (2H, d, J = 8.46 Hz), 8.05 (2H, d, J = 8.45 Hz), 7.76 (2H, 

bs), 5.42-5.37 (2H, m), 5.22 (1H, t, J = 9.49 Hz), 4.84 (1H, t, J = 9.31 Hz), 4.10 (2H, d, J = 9.31 

Hz), 4.05-4.01 (1H, m), 2.06 (3H, s), 2.01 (3H, s), 1.98 (3H,s), 1.93 (3H, s). 13C NMR (DMSO-d6, 

100 MHz) δ (ppm): 170.9, 170.5, 170.2, 169.8, 150.4, 139.2, 131.5, 127.4, 87.7, 75.6, 73.4, 68.2, 

67.3, 62.3, 21.5, 21.4, 21.3, 21.2. MS (ESI negative) m/z: 550.3 [M-H]-

Synthesis of (2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-((4-sulfamoylphenyl)sulfonyl) tetrahydro-

2H-pyran-3,4,5-triyl triacetate (10b).

Following the General Procedure, 7b (0.2 mmol) and mCPBA (0.4 mmol) gave, after purification 

by flash column chromatography (EtOAc/Hex 70:30), 10b as a white solid (54%). 1H NMR 

(DMSO-d6, 400 MHz) δ (ppm): 8.05 (2H, d, J = 8.30 Hz), 7.87 (2H, d, J = 8.22 Hz), 7.59 (2H, 

bs), 5.46 (1H, d, J = 9.64 Hz), 5.32-5.27 (2H, m), 5.08 (1H, d, J = 9.57 Hz), 4.37 (1H, t, J = 5.92 

Hz), 4.07-4.05 (2H, m), 2.12 (3H, s), 2.02 (3H, s), 1.92 (3H,s), 1.64 (3H, s). 13C NMR (DMSO-d6, 

100 MHz) δ (ppm): 170.8, 170.7, 170.3, 169.5, 147.3, 149.9, 127.0, 126.5, 92.4, 75.3, 71.9, 68.3, 

65.8, 64.3, 21.5, 21.3, 21.2, 21.1. MS (ESI negative) m/z: 550.5 [M-H]-
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Synthesis of 4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-

yl)sulfonyl)benzenesulfonamide (11).

Na (1.0 mmol) was added to a solution of 10b (0.1 mmol) in MeOH (2 mL) at room temperature 

under inert atmosphere (N2). The reaction mixture was stirred at room temperature until complete 

consumption of the starting material was observed by TLC. The reaction was quenched by addition 

of Amberlist 120 until the pH was acid. The mixture was filtered and concentrated under vacuum 

to yield the corresponding derivative 11 in 50%. 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 8.13 

(2H, d, J = 8.34 Hz), 8.06 (2H, d, J = 8.35 Hz), 7.69 (2H, bs), 5.46 (1H, d, J = 4.52 Hz), 5.27 (1H, 

bs), 5.14 (1H, bs), 4.56 (1H, d, J = 9.31 Hz), 4.51 (1H, m), 3.55-3.21 (6H, m), 3.10 (1H, t, J = 8.69 

Hz) . 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 149.4, 141.4, 131.0, 126.9, 92.3, 82.1, 78.2, 70.8, 

69.8, 61.2. MS (ESI negative) m/z: 382.4 [M-H]-

General Procedure for the synthesis of Compounds 13a-b:

NaBH4 (3.0 eq.) was portion wise added to a solution of 4-selenocyanatoaniline 12 (1.0 eq.) in 

EtOH (2 mL) at 0°C under inert atmosphere (N2). After 30 min, the Acetobromo sugar 1a,b (1.0 

eq.) was slowly added and the reaction mixture was stirred at room temperature for 2 h, until 
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complete consumption of the starting material was observed by TLC. The reaction was quenched 

by addition of saturated aq. NH4Cl (2mL) and diluted with EtOAc (5 mL), The layers were 

separated and the aqueous layer was extracted with EtOAc (2 x 5 mL), dried over Na2SO4, filtered 

and concentrated under vacuum. The crude material was purified by flash chromatography to yield 

derivatives 13a-b.

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-aminophenyl)selanyl)tetrahydro-2H-

pyran-3,4,5-triyl triacetate (13a):

Following the General Procedure, Acetobromo-α-D-glucose 1a (2 mmol) and 4-

selenocyanatoaniline 12 (2 mmol) gave, after purification by flash column chromatography 

(EtOAc/Hex 1:1), 13a as a light yellow solid (47%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 

7.21  (2H, d, J = 8.52 Hz), 6.53 (2H, d, J = 8.57 Hz), 5.38 (2H, bs), 5.29 (1H, d, J = 9.43 Hz), 5.12 

(1H, d, ), 5.14 (1H, J = 10.08 Hz), 4.83 (1H, t, J = 9.80 Hz), 4.76 (1H, m), 4.15-4.11 (2H, m), 4.10-

3.98 (1H, m), 2.06 (3H, s), 2.05 (3H, s), 2.01 (3H, s), 1.95 (3H, s). 13C NMR (DMSO-d6, 100 

MHz) δ (ppm): 170.8, 170.3, 170.1, 169.8, 150.4, 137.8, 115.1, 110.3, 80.5, 75.9, 73.9, 71.5, 68.8, 
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62.7, 21.4, 21.2, 21.1. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 388.4. MS (ESI negative) m/z: 

502.4 [M-H]-

Synthesis of (2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-((4-aminophenyl)selanyl)tetrahydro-2H-

pyran-3,4,5-triyl triacetate (13b):

Following the General Procedure, Acetobromo-α-D-galactose 1b (2 mmol) and 4-

selenocyanatoaniline 12 (2 mmol) gave, after purification by flash column chromatography 

(EtOAc/Hex 1:1), 13b as a light yellow solid (60%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 

7.24 (2H, d, J = 8.53 Hz), 6.54 (2H, d, J = 8.59 Hz), 5.37 (2H, bs), 5.30 (1H, dd, J = 3.42, 0.75 

Hz), 5.21 (1H, ddd, J = 8.59, 3.47, 1.01 Hz), 5.08-5.01 (2H, m), 4.20 (1H, t, J = 6.47 Hz), 4.10-

4.00 (2H, m), 2.11 (3H, s), 2.07 (3H, s), 2.04 (3H, s) 1.94 (3H, s). 13C NMR (DMSO-d6, 100 MHz) 

δ (ppm): 170.8, 170.7, 170.3, 170.1, 150.3, 137.3, 115.2, 111.5, 82.0, 75.2, 71.8, 69.0, 68.6, 62.6, 

21.6, 21.4, 21.3, 21.2. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 392.1. MS (ESI negative) m/z: 

502.3 [M-H]-

General Procedure for the synthesis of Compounds 15a-b:
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4-Isothiocyanatobenzenesulfonamide 14 (1.0 eq.) was added to a solution of derivative 13,b (1.0 

eq.) in Acetonitrile (2 mL) at room temperature under inert atmosphere (N2) until complete 

consumption of the starting material was observed by TLC. The reaction was quenched by addition 

of H2O  and the precipitate was collected to yield derivatives 15a,b.

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-(3-(4-sulfamoylphenyl)thioureido) 

phenyl)selanyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (15a):

Following the General Procedure, derivative 13a (1 mmol) and 4-

isothiocyanatobenzenesulfonamide 14 (1.0 eq.) gave 15a as a light yellow solid (64%).1H NMR 

(DMSO-d6, 400 MHz) δ (ppm): 10.18 (1H, bs), 10.15 (1H, bs), 7.80 (2H, d, J = 8.72 Hz), 7.72 

(2H, d, J = 8.68 Hz), 7.55 (4H, aps), 7.32 (2H, bs), 5.43 (1H, d, J = 10.14 Hz), 5.36 (1H, t, J = 9.41 

Hz), 4.95-4.87 (2H, m), 4.19-4.09 (3H, m), 2.06 (3H, s), 2.02 (3H, s), 1.97 (3H, s). 13C NMR 

(DMSO-d6, 100 MHz) δ (ppm): 213.0, 170.8, 170.3, 170.1, 170.0, 143.5, 140.3, 140.1, 135.0, 

127.1, 124.6, 123.5, 123.2, 80.4, 76.2, 73.7, 71.5, 68.8, 65.8, 21.4, 21.3, 21.2, 21.1. 77Se NMR 

(DMSO-d6, 76 MHz) δ (ppm): 398.5. MS (ESI negative) m/z: 715.6 [M-H]-
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Synthesis of (2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-((4-(3-(4-sulfamoylphenyl)thioureido) 

phenyl)selanyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (15b):

Following the General Procedure, derivative 13b (1 mmol) and 4-

isothiocyanatobenzenesulfonamide 14 (1.0 eq.) gave 15b as a light yellow solid (61%).1H NMR 

(DMSO-d6, 400 MHz) δ (ppm): 10.20 (1H, bs), 10.17 (1H, bs), 7.80 (2H, d, J = 8.69 Hz), 7.72 

(2H, d, J = 8.70 Hz), 7.57 (2H, d, J = 8.82 Hz), 7.54 (2H, d, J = 8.86 Hz), 7.34 (2H, bs), 5.40-5.29 

(2H, m), 5.27 (1H, dd, J = 9.86, 3.36 Hz), 5.13 (1H, d, J = 9.95 Hz), 4.32 (1H, t, J = 6.25 Hz), 4.10-

4.07 (2H, m), 2.15 (3H, s), 2.08 (3H, s), 2.05 (3H, s), 1.96 (3H, s). 13C NMR (DMSO-d6, 100 

MHz) δ (ppm): 180.4, 171.0, 170.9, 170.5, 170.4, 143.6, 140.2, 140.1, 134.5, 127.2, 124.8, 124.2, 

123.6, 81.4, 75.5, 71.8, 68.6, 65.9, 62.8, 21.6, 21.5, 21.4, 21.3. 77Se NMR (DMSO-d6, 76 MHz) δ 

(ppm): 400.8. MS (ESI negative) m/z: 715.7 [M-H]-

General procedure for the synthesis of derivatives 16a,b:

Na (10 eq.) was added to a solution of 15a,b (1 eq.) in MeOH (2 mL) at room temperature under 

inert atmosphere (N2). The reaction mixture was stirred at room temperature until complete 

consumption of the starting material was observed by TLC. The reaction was quenched by addition 
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of Amberlist 120 until the pH was acid. The mixture was filtered and concentrated under vacuum 

to yield the corresponding derivative 16a,b.

Synthesis of 4-(3-(4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-

pyran-2-yl)selanyl)phenyl)thioureido)benzenesulfonamide (16a):

Following the General Procedure, Na (1.4 mmol) and 15a ( 0.14 mmol) gave 16a as a yellow solid 

(60%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 10.18 (1H, bs), 10.13 (1H, bs), 7.80 (2H, d, J = 

8.70 Hz), 7.73 (2H, d, J = 8.72 Hz), 7.60 (2H, d, J = 8.48 Hz), 7.47 (2H, d, J = 8.49 Hz), 7.32 (2H, 

bs), 4.84 (1H, d, J = 9.60 Hz), 4.09 (10H, bs). 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 180.2, 

143.5, 140.0, 139.2, 134.0, 127.1, 125.7, 124.7 123.5, 85.7, 83.1, 79.1, 74.1, 70.7, 62.0. 77Se NMR 

(DMSO-d6, 76 MHz) δ (ppm): 398.1. MS (ESI negative) m/z: 547.5 [M-H]-

Synthesis of 4-(3-(4-(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-

pyran-2-yl)selanyl)phenyl)thioureido)benzenesulfonamide (16b):

Following the General Procedure, Na ( 2.5 mmol) and 4a ( 0.25 mmol) gave 5a as a white solid 

(60%).1H NMR (DMSO-d6, 400 MHz) δ (ppm): 10.17 (1H, bs), 10.12 (1H, bs), 7.79 (2H, d, J = 
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8.56 Hz), 7.73 (2H, d, J = 8.60 Hz), 7.58 (2H, d, J = 8.39 Hz), 7.45 (2H, d, J = 8.41 Hz), 7.34 (2H, 

bs), 5.23, (4H, bs), 4.82 (1H, d, J = 9.77 Hz), 4.3.75-3.34 (6H, m). 13C NMR (DMSO-d6, 100 MHz) 

δ (ppm): 180.3, 143.6, 140.0, 139.0, 133.6, 127.1, 126.5, 124.9, 123.6, 86.6, 81.4, 75.5, 71.1, 69.3, 

61.4. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 398.2. MS (ESI negative) m/z: 547.7 [M-H]-

General procedure for the synthesis of derivatives 18a-d:

To derivative 13a,b (1 eq) in DMF (3 mL) cooled to 0 °C was added carboxylic acid derivative 

17a,b (1 eq) and HATU (1.2 eq). After 10 min at 0 °C, DIPEA (2 eq) was added and the reaction 

stirred at room temperature under inert atmosphere (N2) until complete consumption of the starting 

material was observed by TLC. The reaction was quenched by addition of saturated NH4Cl 

solution and diluted with EtOAc. The layers were separated and the aqueous layer was extracted 

with EtOAc (2 x 5 mL), dried over Na2SO4, filtered and concentrated under vacuum. The crude 

material was purified by flash chromatography to yield derivatives 18a-d.

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-(4-sulfamoylbenzamido)phenyl) 

selanyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (18a):
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Following the General Procedure, 13a (2.5 mmol) and 17a (0.25 mmol) gave, after purification by 

flash column chromatography (MeOH/DCM 1:9), 18a as a light yellow solid (40%). 1H NMR 

(DMSO-d6, 400 MHz) δ (ppm): 10.56 (1H, bs), 8.14 (2H, d, J = 8.42 Hz), 8.00 (2H, d, J = 8.41 

Hz), 7.81 (2H, d, J = 8.66 Hz), 7.59-7.58 (4H, m), 5.41-5.33 (2H, m), 4.90-4.84 (2H, m), 4.20-

4.06 (3H, m), 2.09 (3H, s), 2.07 (3H, s), 2.02 (3H, s), 1.96 (3H, s). 13C NMR (DMSO-d6, 100 

MHz) δ (ppm): 170.9, 170.4, 170.2 170.0, 165.6, 147.5, 140.1, 138.6, 135.8, 129.3, 126.6, 122.1, 

121.6, 80.4, 76.2, 73.8, 71.4, 68.8, 62.8, 21.5, 21.4, 21.3, 21.2. 77Se NMR (DMSO-d6, 76 MHz) δ 

(ppm): 397.7. MS (ESI negative) m/z: 685.1 [M-H]-

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-(4-chloro-3-sulfamoylbenzamido) 

phenyl)selanyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (18b):

Following the General Procedure, 13a (0.4 mmol) and 17b (0.4 mmol) gave, after purification by 

flash column chromatography (EtOAc/Hex 1:1), 18b as a light yellow solid (49%). 1H NMR 

(DMSO-d6, 400 MHz) δ (ppm): 10.65 (1H, bs), 8.56 (1H, d, J = 2.02 Hz), 8.22 (1H, dd, J = 8.30, 

2.05 Hz), 7.88 (1H, d, J = 8.27 Hz), 7.80-7.78 (4H, m), 7.58 (2H, d, J = 8.57 Hz), 5.41-5.32 (2H, 

m), 4.90-4.85 (2H, m), 4.19-4.08 (3H, m), 2.08 (3H, s), 2.06 (3H, s), 2.02 (3H, s), 1.96 (3H, s). 
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13C NMR (DMSO-d6, 100 MHz) δ (ppm): 170.9, 170.4, 170.2, 170.0, 164.6, 142.2, 139.9, 135.8, 

134.6, 134.5, 132.9, 132.6, 129.5, 122.2, 121.8, 80.4, 76.2, 73.8, 71.4, 68.8, 62.8, 21.5, 21.4, 21.3, 

21.2. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 398.4. MS (ESI negative) m/z: 719.1 [M-H]-

Synthesis of (2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-((4-(4-sulfamoylbenzamido)phenyl) 

selanyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (18c):

Following the General Procedure, 13b (0.6 mmol) and 17a (0.6 mmol) gave, after purification by 

flash column chromatography (MeOH/DCM 1:9), 18a as a light yellow solid (42%). 1H NMR 

(DMSO-d6, 400 MHz) δ (ppm): 10.57 (1H, bs), 8.14 (2H, d, J = 8.38 Hz), 8.00 (2H, d, J = 8.18 

Hz), 7.81 (2H, d, J = 8.68 Hz), 7.62-7.60 (4H, m), 5.37-5.28 (2H, m), 5.26 (1H, d, J = 9.89, 3.27 

Hz), 5.09 (1H, t, J = 9.94 Hz), 4.30 (1H, t, J = 5.91 Hz), 4.11-4.10 (2H, m), 2.14 (3H, s), 2.09 (3H, 

s), 2.07 (3H, s), 1.95 (3H, s). 13C NMR (DMSO-d6, 100 MHz) δ (ppm):170.9, 170,8, 170.4, 170.3, 

165.6, 147.6, 139.8, 138.6, 135.1, 129.4, 126.6, 123.0, 121.7, 81.4, 75.5, 71.8, 68.6, 65.9, 62.8, 

21.6, 21.5, 21.4, 21.3. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 400.3. MS (ESI negative) m/z: 

685.0 [M-H]-
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General Procedure for the synthesis of Compounds 19a-c:

Na (10.0 eq.) was portion wise added to a solution of 18a-c (1.0 eq.) in MeOH (2 mL) at room 

temperature under inert atmosphere (N2). The reaction mixture was stirred at room temperature 

until complete consumption of the starting material was observed by TLC. The reaction was 

quenched by addition of Amberlist 120 until the pH was acid. The mixture was filtered and 

concentrated under vacuum to yield the corresponding derivatives 19a-c.

Synthesis of 4-sulfamoyl-N-(4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)tetrahydro-2H-pyran-2-yl)selanyl)phenyl)benzamide (19a):

Following the General Procedure, Na (0.6 mmol) and 18a (0.6 mmol) gave 19a as a light yellow 

solid (42%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 10.48 (1H, bs), 8.14 (2H, d, J = 8.31 Hz), 

7.99 (2H, d, J = 8.29 Hz), 7.75 (2H, d, J = 8.56 Hz), 7.64 (2H, d, J = 8.53 Hz), 7.56 (2H, bs), 4.96 

(7H, bs), 4.82 (1H, d, J = 9.71 Hz), 3.72 (1H, d, J = 11.27 Hz), 3.50-3.45 (1H, m), 3.24-3.11 (4H, 

m). 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 165.4, 147.5, 139.1, 138.7, 134.7, 129.3, 126.6, 

124.4, 121.6, 85.6, 83.1, 79.1, 74.1, 70.8, 62.0. 77Se NMR (DMSO-d6, 76 MHz) δ (ppm): 396.9. 

MS (ESI negative) m/z: 517.0 [M-H]-
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Synthesis of 4-chloro-3-sulfamoyl-N-(4-(((2R,3S,4R,5R,6S)-3,4,5-trihydroxy-6-

(hydroxymethyl)tetrahydro-2H-pyran-2-yl)selanyl)phenyl)benzamide (19b):

Following the General Procedure, Na (0.6 mmol) and 18b (0.6 mmol) gave 19b as a light yellow 

solid (42%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 10.59 (1H, bs), 8.56 (1H, d, J = 1.91 Hz), 

8.21 (1H, dd, J = 8.26, 1.91 Hz), 7.78 (2H, bs), 7.73 (2H, d, J = 8.62 Hz), 7.64 (2H, d, J = 8.60 

Hz), 5.04 (6H, bs), 4.82 (1H, d, J = 9.78 Hz), 3.72 (1H, d, J = 10.73 Hz), 3.50-3.47 (1H, m), 3.24-

3.11 (4H, m). 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 164.4, 142.1, 138.9, 134.7, 134.4, 133.7, 

132.9, 132.6, 129.4, 124.6, 122.2, 121.8, 85.6, 83.1, 79.0, 74.1, 70.8, 62.0. 77Se NMR (DMSO-d6, 

76 MHz) δ (ppm): 397.0. MS (ESI negative) m/z: 550.9 [M-H]-

Synthesis of 4-sulfamoyl-N-(4-(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl) 

tetrahydro-2H-pyran-2-yl)selanyl)phenyl)benzamide (19c):

Following the General Procedure, Na (0.6 mmol) and 18c (0.6 mmol) gave 19c as a light yellow 

solid (42%). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 10.59 (1H, bs), 8.13 (2H, d, J = 8.37 Hz), 

7.99 (2H, d, J = 8.36 Hz), 7.74 (2H, d, J = 8.62 Hz), 7.62 (2H, d, J = 8.59 Hz), 7.55 (2H, bs), 4.80 
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(1H, d, J = 9.71 Hz), 4.15 (4H, bs), 3.75 (1H, d, J = 2.73 Hz), 3.56-3.50 (3H, m), 3.45 (1H, t, J = 

5.97 Hz), 3.35 (1H, dd, J = 8.97, 3.10 Hz) . 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 165.4, 147.4, 

138.8, 138.7, 134.2, 129.2, 126.6, 125.1, 121.7, 86.5, 81.3, 75.5, 71.0, 69.3, 61.5. 77Se NMR 

(DMSO-d6, 76 MHz) δ (ppm): 397.3. MS (ESI negative) m/z: 517.1 [M-H]-

Carbonic anhydrase inhibition assay.

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

hydration activity [32]. 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 Na2SO4 (for maintaining constant ionic strength), following the initial rates of the CA-

catalyzed CO2 hydration reaction for a period of 10–100 s. The CO2 concentrations ranged from 

1.7 to 17 mM for the determination of the kinetic parameters and inhibition constants. 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 methods 

using PRISM 3 and the Cheng-Prusoff equation as reported earlier and represent the mean from at 
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least three different determinations. All CA isoforms were recombinant proteins obtained in house, 

as reported earlier [36, 37].

Crystallization and X-ray data collection

Crystals of hCA II were obtained using the hanging drop vapor diffusion method using 24 well 

Linbro plate. 2 µL of 10 mg/mL solution of hCA II in Tris-HCl 20 mM pH 8.0 were mixed with 2 

µL 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 100K using a solution obtained by adding 15% (v/v) glycerol to the mother liquor 

solution as cryoprotectant. Data on crystals of the complexes were collected using synchrotron 

radiation at the XRD2 beamline at Elettra Synchrotron (Trieste, Italy) with a wavelength of 1.000 

Å and a DECTRIS Pilatus 6M detector. Data were integrated and scaled using the program XDS 

[38]. Data processing statistics were showed in supporting information.

Structure determination

The crystal structure of hCA II (PDB accession code: 4FIK) without solvent molecules and other 

heteroatoms was used to obtain initial phases of the structures using Refmac5 [39]. 5% of the 
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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 [40]. The quality of the 

final models were assessed with COOT and RAMPAGE [41]. Crystal parameters and refinement 

data are summarized in Electronic Supplementary Information (ESI). Atomic coordinates were 

deposited in the Protein Data Bank (PDB accession code: 7ZWB). Graphical representations were 

generated with Chimera [42].

Maximal electroshock induced seizures in mice

For experiments in mice, we used male C57BL/6 mice weighing 22-28 g (8 weeks old, Envigo 

Italy SRL, Correzzana, Milano, Italy), housed in groups of 8-10 per cage under stable conditions 

of humidity (60 ± 5%) and temperature (21 ± 2°C). The animals were maintained on a 12 h light 

and 12 h dark cycle (lights on at 7:00 pm). Food and water were provided ad libitum. All 

experimental protocols and animal handling procedures were conducted in conformity with 

international and national law and policies (EU Directive 2010/63/EU for animal experiments, 

ARRIVE guidelines, and the Basel declaration, including the “3R” concept). The experimental 

protocols and the procedures reported herein were approved by the Animal Care Committee of the 

University of Catanzaro, Italy. All efforts were made to minimize animal suffering and to use only 
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the number of animals necessary to produce reliable scientific data. Maximal electroshock seizures 

were induced in mice via ear-clip electrodes by a constant supra-threshold current (rectangular 20-

ms impulses, 80 mA, 60Hz, 0.2 s duration) [43, 44]. The prevention of the hindlimb tonic extensor 

was set as the protection endpoint. The dose-response curves were estimated by testing 5 doses 

and 10 mice per dose for each compound. The calculation of ED50 values was statistically 

performed according to the method of Litchfield and Wilcoxon [45], as previously described [43].
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