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To tackle the challenge of isoform selectivity, we explored the entrance of the cavity for selected druggable
human Carbonic Anhydrases (hCAs). Based on X-ray crystallographic studies on the 4-(4-(2-chlorobenzoyl)
piperazine-1-carbonyl)benzenesulfonamide in complex with the brain expressed hCA VII (PDB code: 7NC4), a
series of 4-(4(hetero)aroylpiperazine-1-carbonyl)benzene-1-sulfonamides has been developed. To evaluate their
capability to fit the hCA VII catalytic cavity, the newer benzenesulfonamides were preliminary investigated by

means of docking simulations. Then, this series of thirteen benzenesulfonamides was synthesized and tested
against selected druggable hCAs. Among them, the 4-(4-(furan-2-carbonyl)piperazine-1-carbonyl)benzenesulfo-
namide showed remarkable affinity towards hCA VII (K;: 4.3 nM) and good selectivity over the physiologically
widespread hCA I when compared to Topiramate (TPM).

1. Introduction

Carbonic Anhydrases (CAs, EC 4.2.1.1) are a family of metal-
loenzymes regulating the cellular concentration of bicarbonate and
proton through the reversible hydration of carbon dioxide.! Twelve
catalytically active isoforms have been so far identified in humans; these
isoforms differ for catalytic efficiency and oligomeric structure as well as
tissue and cellular distribution.? hCAs control both physiological and
pathological processes (cancer, epilepsy, obesity, glaucoma);3 therefore,
many of them represent well-recognized targets to develop selective
hCA inhibitors (hCAIs) as theranostic agents for above-mentioned
diseases. >+ 1!

The crystal structures of the majority of human isoforms have been
determined, both in apo-state and in complex with various chernotypes,1
highlighting that the active site is localized in a conical cavity with a zinc
ion positioned at the bottom and coordinated by three histidine residues
(H94, H96, and H119) and a water molecule/hydroxide ion.'? The
middle portion of the cavity is composed of two halves comprising
crucial hydrophobic and hydrophilic residues; these two different walls

control the entrance of CO3 and release of bicarbonate after the hydra-
tion reaction. The catalytic process is supported by H64, a residue
operating as a proton shuttle and that is generally conserved in all cat-
alytic active hCAs with the exception of hCA III, VA and VB isoforms.'”

The most studied CAls belong to the class of sulfonamides and their
bioisosters. These compounds are endowed by the capability to inhibit
the binding of HoO/OH™ to zinc ion. Furthermore, the sulfonamide zinc
binder group (ZBG) also establishes additional polar contacts with T199
residue within the catalytic cavity. In addition to the crucial interactions
with metal ion region, effective CAls create a network of contacts with
hydrophobic/hydrophilic residues in the middle area of the cavity.
Finally, the classical sulfonamide CAIs possess a so-called “tail” that
enables each ligand to interact with the entrance of active site cavity
which is lined by amino acidic residues that are not highly conserved.'?
As consequence, the design of isoform/disease specific CAls generally
targets the middle and/or top areas of CA cavity.

The drug development process focused on CAls led to the identifi-
cation of several agents currently in therapy or early stage of clinical
trials. The first-generation molecules acetazolamide (AAZ, 1) and
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topiramate (TPM, 2) are well-known CAIs toward druggable isoforms
(see Figure 1). For instance, these two therapeutics inhibit brain diffused
hCA VII isoform, so that they might be clinically employed for treatment
of epilepsy and other neurological disorders.'* !> More recently, the 4-
ureido-benzenesulfonamide derivative SLC-0111 (3) entered clinical
evaluation as therapeutic agent for hypoxic tumors and its potential is
related to highest affinity toward hCA IX/hCA XII isoforms.”'® 2

In search of CA isoform selectivity, we have developed a library of
substituted piperazine-1-carbonyl-benzenesulfonamides which inhibi-
ted selected isoforms (e.g. hCA VII, hCA IX, hCA XII and hCA
XIV).!3142627 gor several 4-(4-arylpiperazine-1-carbonyl)benzene-1-
sulfonamides (e.g. compound 4) and related 4-(4-aroylpiperazine-1-
carbonyl)benzene-1-sulfonamides (e.g. compound 5) the crystal struc-
ture in complex with the target enzyme evidenced the ligands bound
within the hCA II cavity.?>%° As expected, the sulfonamide functionality
acted as ZBG, whereas, the piperazine core established favorable con-
tacts with residues paving the two walls of the middle region of the
cavity. Finally, the remaining aromatic fragment played the role of the
so-called “tail” interacting with rim of the cavity.

Inhibition assays have demonstrated that the prototype compound 5
was a highly effective inhibitor against hCA II, hCA VII, hCA IX and hCA
XII revealing that the introduction of a suitable substituent on the aro-
matic “tail” was able to improve the affinity for hCA VII or hCA IX/XI1.®
These findings prompted us to continue to explore the class of 4-(4-
aroylpiperazine-1-carbonyl)benzene-1-sulfonamides with the aim to
identify newer selective hCAIs for target-therapy for cancer or neuro-
logical diseases. Our idea was to acquire further structural information
about the optimal pattern of structural modifications to ameliorate CA
affinity/selectivity toward druggable hCAs.

2. Results and discussion

Herein, in the first step of our study we solved the crystal structure of
the complex that hCA VII forms with the previously reported active
compound 4-(4-(2-chlorobenzoyl)piperazine-1-carbonyl)benzenesulfo-
namide (6, PDB code 7NG4).?® Crystals were obtained by the soaking
technique and the structure was determined at 1.60 A and refined to
final crystallographic R-work and R-free values of 0.196 and 0.214,
respectively (for data collection and refinement statistics see Table S1 in
Supplementary Material).

Electron density maps (|Fo-Fc| and |2Fo-Fc| maps) were calculated
at various stages of the crystallographic refinement revealing features
compatible with the presence of compound 6 within hCA VII active site
(Figure 2). These maps were very well defined for the carbonyl-benzene-
sulfonamide portion, while a higher disorder was observed for 2-chlor-
obenzoylpiperazine moiety, thus suggesting a certain degree of
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Figure 1. Chemical structures of some hCAIs: AAZ (1), TPM (2), SLC-0111 (3),
4-(4-(4-fluorobenzyl)piperazine-1-carbonyl)benzenesulfonamide (4), and 4-(4-
aroylpiperazine-1-carbonyl)benzenesulfonamide derivatives (5-6).
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P202

Figure 2. Sigma-A weighted |2Fo-Fc| simulated annealing omit map (con-
toured at 1.0 o) of inhibitor 6 bound to hCA VII active site (PDB code 7NC4).
The catalytic zinc ion is represented as a gray sphere. The zinc ion coordination
(black continuous lines), hydrogen bonds (black dashed lines) and residues
involved in van der Waals interactions are also depicted. The figure was
generated by using PyMOL program .

inhibitor flexibility within the enzyme active site. As already observed
for other hCAIs containing the sulfonamide moiety,”® compound 6 co-
ordinated the catalytic zinc ion through the deprotonated nitrogen atom
of the primary sulfonamide group, displacing the zinc-bound water
molecule/hydroxide ion and forming further hydrogen bond in-
teractions with T199 residue (Figure 2). The benzenesulfonamide core
established strong van der Waals interactions with the following amino
acids Q92, H94, V121, V143, L198, T199, T200 and W209, whereas the
carbonyl group was engaged into a hydrogen bond with NE2 atom of
Q92 side chain Finally, the 2-chlorobenzoylpiperazine tail was oriented
toward the rim of the catalytic cavity establishing several van der Waals
interactions with F131, G132 and A135, L198 and P202 residues as
shown in Figure 2.

Starting from this structural information, we decided to investigate
the effect of the substitution of the 2-chlorobenzoyl fragment with
several (hetero)aroyl fragments containing naphthalene, thiophene,
furan and pyrrole rings (see compounds 7a-m in Figure 3). The choice
was addressed to exploit a set of heteroaryl fragments possessing a
different degree of lipophilicity, H-bond donor/acceptor ability, polar
surface area (polarity) as well as other key features to optimize ADME/
Tox properties.

The binding poses of these molecules into hCA VII active site was
then explored by means of a docking approach using the crystallo-
graphic coordinates of the hCA VII/6 adduct as reference structure. The
docking protocol (see Supplementary Material) was first validated
through self-docking of derivate 6, whose best docking pose was in good
agreement with the experimental structure.

The visual inspection of the predicted binding poses of compounds
7a-m confirmed their ability to nicely fit the catalytic cavity of hCA VII,
(Figure 4). For all docked compounds the arylsulfonamide moiety was
located in the bottom of the cavity and participated in the interaction
with zinc ion, as shown in the structure of the hCA VII/6 adduct reported
in Figure 2. The piperazine core occupied the middle region of the
cavity; whereas a slight variation of the tail orientation was observed for
several compounds, which projected the heteroaromatic substituent
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Figure 3. Designed 4-(4-(hetero)aroylpiperazine-1-carbonyl)benzene-1-sul-
fonamides 7a-m.

Figure 4. Superposition of the binding pose of benzenesulfonamides 7a-m
(paleyellow stick) with 4-(4-(2-chlorobenzoyl)piperazine-1-carbonyl)benzene-
sulfonamide (6) (hotpink stick) bound to hCA VII active site. The protein is
depicted as light grey surface. Residues around 4 A by compound 6 are colored
in dark grey. Zinc ion is reported as green sphere. The figure was generated by
using PyMOL program. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

toward P202 residue rather than toward G132. Considering that the
different orientation of the tail could confer a different inhibition and
selectivity profile to the new 4-(4-(hetero)aroylpiperazine-1-carbonyl)
benzene-1-sulfonamides with respect to the prototype 6, we decided to
synthesize derivatives 7a-m following an optimized synthetic
procedure.”®

As shown in Scheme 1 the heteroaryl(piperazin-1-yl)methanones 9a-
m intermediates were obtained by the coupling reaction between the
commercially available 1-Boc-piperazine (8) and the suitable hetero-
aroyl chloride or carboxylic acid derivatives, followed by Boc group
removal in a one pot route. Then, 9a-m reacted with activated 4-sulfa-
moylbenzoic acid providing the title 4-(4-heteroaroylpiperazine-1-
carbonyl)benzene-1-sulfonamides 7a-m in good yields. The described
synthetic protocol was optimized by using microwaves irradiation thus
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Scheme 1. Reagents and conditions: (i) pathway A RCOCI, DIPEA, DCM/DMF
(2:1, v/v), MW, 10 min or pathway B RCO,H activated by HBTU in DCM/DMF
(2:1, v/v), MW, 1 min, then DIPEA, MW, 25 min; and (ii) TFA dropwise, 0 °C to
rt, MW, 5 min; (iii) activated 4-sulfamoylbenzoic acid by HBTU in DMF, MW, 1
h, then TEA, rt, overnight (overall yield 32-73%).
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reducing the reaction time from more than twelve hours to twenty-five
minutes. All the final compounds were fully characterized by spectro-
scopic (‘H-NMR and '3C NMR) and elemental analyses (see Supporting
Material).

The newly synthesized compounds were analyzed by using a
stopped-flow CO, hydrase assay for their inhibitory potency against the
widespread hCA I and hCAII, and the selected isoforms hCA VII, hCA IX
and hCA XII. Inhibition data are listed in Table 1 in comparison with 1
and 2 and the prototypes 5 and 6.

A careful SAR analysis of data reported in Table 1 suggests:

i. The 4-(4-(hetero)aroylpiperazine-1-carbonyl)benzene-1-sulfon-
amides 7a-m proved to be inhibitors of hCA I showing K; values
ranging from 3.4 to 454.8 nM. In detail, compounds 7b (2-thienyl
substituted) and 7 h (2-furyl substituted) acted as weak inhibitors
of the dominant hCA I compared to the parent compounds 5 and
6, suggesting that the introduction of these two five-membered
heteroaromatic rings was detrimental for the hCA I affinity.
However, the introduction of a further substituent on the thio-
phene ring as in compounds 7c-7e significantly improved the
inhibition properties against this isoform.

ii. All the investigated compounds strongly affected activity of the
cytosolic hCA II (K; values from 1.2 to 38 nM). In particular, the
introduction of several substituents as well benzene fused ring on
2-thiophene (7b), 2-furan (7h) or 2-pyrrole (71) rings led to an
improvement of affinity against this isoform. Among them,
compounds 7d (R = 3-bromothiophen-2-yl) and 7e (R= 5-
chlorothiophen-2-yl) resulted the most active hCA II inhibitors
(K; values of 1.8 and 1.2 nM, respectively).

iii. Notably, all newly synthesized compounds 7a-m demonstrated
high inhibitory effects against the target brain related hCA VII
with K;j values spanning from 4.3 to 84 nM. Specifically, the best
outcome has been obtained for the furan-tailed compound 7 h,
which although less active than the prototype 6 (K; values of 4.3
vs 2.9 nM) showed a better selectivity ratio over hCA I and hCA II
comparable with those of the anticonvulsant 2.

iv. The trans-membrane isoform hCA IX was poorly inhibited by
compounds 7a-1, suggesting that the introduction of different
aromatic system in place of benzene ring (cfr. compound 5) is
highly detrimental for the interaction with this isoform. Although
the hCA IX inhibition profile resulted the most affected for the
inclusion of different tails, a flat structural correlation was

Table 1
Inhibition data of human CA [, II, VII, IX and XII with compounds 5, 6, 7a-m and
the known inhibitors AAZ and TPM.

K; nM*

hCA 1 hCA II hCA VII hCA IX hCA XII
5 69.1 +£6.9 3.7+04 70.7 £7.1 37.1+37 8.5+ 0.8
6 94.4 £ 9.2 5.6 +£ 0.6 29+0.3 62.2 +£ 6.2 63.1 £6.3
7a 66.2 + 6.3 3.4+0.3 8.3+0.8 2989 + 295 91.8 £9.2
7b 425.8 + 4.0 38.0 £ 3.5 21.5+21 3279 + 324 644.3 + 64.4
7c 8.1+0.8 142+ 1.3 7.1 +0.7 2920 + 290 481.9 +48.2
7d 6.4 + 0.6 1.8+ 0.2 56.4 + 5.6 124.7 £12.5 6.2 + 0.6
7e 3.4+0.3 1.2+0.1 84.0 +£ 8.2 381.5+37.1 7.1+0.7
7f 127 £1.1 44+04 57.9+£5.1 171.2+£17.1 9.0 +£0.9
78 34.8 + 3.2 4.1+ 0.4 68.3 £ 6.2 97.9 £ 9.9 9.1 +0.9
7h 454.8 + 45.5 33.7£3.4 4.3+ 0.4 3175 + 312 494.6 + 49.5
7i 783+ 7.6 20.2 £2.0 155+ 1.5 3045 + 301 49.6 + 5.0
7j 148 £ 1.3 4.0+04 9.4+ 0.9 976.2 + 97.6 30.7 £3.1
7k 51.9 £5.1 2.8+ 0.3 7.2+ 0.7 2938 + 293 240.6 + 24.1
71 47.7 £ 4.4 6.8 +£0.7 7.6 £0.8 276.9 + 27.7 16.7 £ 1.7
7m 73.2+7.3 5.8+ 0.6 82.5+8.2 9.2+ 0.9 66.9 + 6.7
1 250 + 25.0 125+ 1.2 25+ 0.2 25.8 + 2.6 5.7+ 0.6
2 250 + 25.0 10 + 1.0 0.9 £ 0.09 58 +5.8 ND

@ Errors in the range of 4= 10% (SD) of the reported value, from 3 different
assays. Recombinant hCA I, hCA II and hCA VII full-length and hCA IX, hCA XII
catalytic domains were used.
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observed. Unique in this series, the 2-indolyl derivative 7m un-
expectedly inhibited hCA IX demonstrating very low nanomolar
activity (Kj value of 9.2 nM).

v. The nature of (hetero)aromatic moiety demonstrated a relevant
role in inhibition of hCA XII isoform. In some case the introduc-
tion of appropriate substituents on thienyl ring led to a significant
enhancement of activity up to low nanomolar concentrations thus
restoring the same potency of prototype 5 as observed for com-
pounds 7d, 7e, 7f and 7g.

Taken together these results suggest that even small modifications of
(hetero)aroyl tail may induce a significant effect on the inhibition po-
tency as well as on the isoform selectivity against the different CA iso-
forms. Based on the comparison of calculated physicochemical
properties (http://www.swissadme.ch) and the results of structure-
affinity relationship analysis, it was observed that the hCA affinity/
selectivity of sulfonamides 9a-m did not associated with their different
lipophilic properties as well as with the presence of heterocycles con-
taining multiple H-bond acceptor/donor functionalities. In terms of
calculated PK properties, except for polar nitro-substituted compounds
(7f and 7j), we generally found that the studied compounds were pre-
dicted orally bioavailable (see Supporting Material). However, they
possessed poor estimated adsorption to CNS, therefore the exploitation
of active hCA VII inhibitor 7h might result impaired.

3. Conclusions

The current study reports a structure-inspired drug design which led
to the identification of a class of 4-(4-(hetero)aroylpiperazine-1-
carbonyl)benzene-1-sulfonamides as human CAIs. This library of thir-
teen compounds has been designed by the replacement of benzene ring
of the known hCA inhibitors 4-(4-aroylpiperazine-1-carbonyl)benzene-
1-sulfonamide with a variable hetero-aromatic system. In general, these
compounds induced a consistent inhibition of the selected hCAs and K;
spanned from a low micromolar to a low nanomolar range. Specifically,
the 4-(4-(furan-2-carbonyl)piperazine-1-carbonyl)benzenesulfonamide
(7h) turned out as the most potent hCA VII inhibitor of the study and
proved to be selective for hCA VII over other studied isoforms.

4. Experimental section
4.1. X-ray crystallography

Crystals of the hCA VII/6 adduct were obtained by using the soaking
technique. A mutated form of hCA VII isoform, where the cysteine res-
idues in position 183 and 217 were mutated to serines, was used, since
this mutant is more easily crystallized.’" In particular, crystals of un-
bound protein were grown at room temperature by the hanging drop
vapor diffusion technique using a protein concentration of 5 mg/mL (in
20 mM Tris-HCl pH 8.0 and 100 mM NacCl) and 18% v/v Peg3350, 0.2 M
sodium acetate and 0.1 M Tris pH 8.5 as precipitant solution. A few hCA
VII crystals were then transferred in a 2 pL drop of freshly prepared
precipitant solution containing also the inhibitor at the concentration of
40 mM and glycerol (25% v/v) as cryoprotectant. These crystals were
kept in the soaking solution for one hour and then flash-frozen in liquid
nitrogen.

X-ray diffraction data were collected by using a copper rotating
anode generator developed by Rigaku, equipped with a Rigaku Saturn
CCD detector. Diffraction data were indexed, integrated and scaled
using the HKL2000 software package.®! Data collection statistics are
reported in Table 1S.

The initial phases of the structure were calculated using the atomic
coordinates of the unbound hCA VII (PDB accession code 6G4T) with
waters removed.>?

The structure was refined using the program CNS4, >>3% whereas
model building, and map inspections were performed using the program
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0.%° The topologies and parameters for the inhibitor molecule were
generated using the PRODRG server. °° Several rounds of energy mini-
mization and B-factor refinement alternated with manual rebuilding
were necessary to reduce the crystallographic R-work/R-free values to
0.196/0.214. Refinement statistics are summarized in Table 1S (Sup-
plementary Material).

The stereochemical quality of the model was finally checked using
Procheck and Whatcheck programs.®” Coordinates and structure factors
have been deposited in the Protein Data Bank (accession code 7NC4).

4.2. Docking studies

Docking studies were performed by Gold software V 2020.2.0 °°
using as starting structure the crystal structure of hCA VII in complex
with the inhibitor 6 (PDB code 7NC4) reported in the previous section.
Ligand and water molecules were discarded and hydrogen atoms were
added to protein with Discovery Studio Visualiser V20. Ligand struc-
tures were built by VegaZZ software °® and energy minimized by
employing a conjugate gradient minimization by AMMP calculation.
The region of interest used by Gold program was defined in order to
contain residues within 10 A from the original position of the ligand in
the X-ray structure. A scaffold constraint (penalty = 5.0) was used to
restrict the solutions in which the sulfonamide moiety was able to co-
ordinate the metal within the catalytic binding site. ChemPLP was
chosen as fitness function and the standard default settings were used in
all calculations. Ligands were submitted to 100 genetic algorithm runs
and the “allow early termination” command was deactivated. Results
differing by less than 0.75 A in ligand-all atom RMSD, were clustered
together. The best GOLD-calculated conformation was considered both
for analysis and representation.

4.3. Chemistry

All reagents were used without further purification and bought from
common commercial suppliers. Microwave-assisted reactions were car-
ried out in a Focused Microwawe TM Synthesis System, Model Discover
(CEM Technology Ltd Buckingham, UK). Melting points were deter-
mined on a Buchi B-545 apparatus (BUCHI Labortechnik AG Flawil,
Switzerland) and are uncorrected. By combustion analysis (C, H, N)
carried out on a Carlo Erba Model 1106-Elemental Analyzer we deter-
mined the purity of synthesized compounds; the results confirmed a >
95% purity. Merck Silica Gel 60 F254 plates were used for analytical TLC
(Merck KGaA, Darmstadt, Germany,). "H-NMR and '*C-NMR spectra
were measured in dimethylsulfoxide-ds (DMSO-dg) with a Varian
Gemini 500 spectrometer (Varian Inc. Palo Alto, California USA);
chemical shifts are expressed in & (ppm) and coupling constants (J) in
hertz. All exchangeable protons were confirmed by addition of D0. R¢
values were determined on TLC plates (SiO2) using a mixture of DCM/
MeOH (92:8, v/v) as eluent.

4.3.1. General procedures for the synthesis of (hetero)aroyl(piperazin-1-yl)
methanone derivatives 9a-m

The intermediates 9a-m were prepared in two-step one-pot reaction.
The first step was conducted following pathway A (for 9a-c and 9 h-k) or
pathway B (9d, 9f-g and 9 1-m).

Pathway A: to a solution of 1-Boc-piperazine (8) (200 mg, 1.07
mmol) in DCM/DMF (2 mL, 2:1, v/v) placed in a cylindrical quartz tube
(@ 2 cm), DIPEA (208 uL, 1.6 mmol) and the appropriate aroyl chloride
derivatives (1.07 mmol) were added. The mixture was irradiated at
room temperature (250 W) for 10 min.

Pathway B: HBTU was added to a solution of the appropriate car-
boxylic acids (1.07 mmol) in DCM/DMF (2 mL, 2:1, v/v) and placed in a
cylindrical quartz tube (@ 2 cm). The mixture was subjected to micro-
wave irradiation at 250 W for 1 min; then, 1-Boc-piperazine (8) (200 mg,
1.07 mmol) and DIPEA (208 pL, 1.6 mmol) were added and the reaction
mixture was irradiated in a microwave oven at 250 W for 25 min.
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In the second step, TFA (8.56 mmol) was added at 0° C and irradiated
in a microwave oven 250 W for 5 min. Upon complete N-Boc-depro-
tection, the reaction mixture was cooled into ice and diluted with DCM
(2 mL) and 2 M K5COs solution (2 mL). The mixture was extracted with
DCM (38 x 5 mL), the combined organic layers were dried over NaySOy4,
filtered, and concentrated under vacuo. The residue was treated with
Ety0 giving the desired known intermediates 9a-m. The chemical
properties, as well as the structural assignments, for the resulting com-
pounds 9a-m were in good agreement with the literature **~**. The
registered CAS numbers have been already assigned as reported in
Supplementary Material (Table S2).

4.3.2. General procedures for the synthesis of 4-(4-(hetero)
aroylpiperazine-1-carbonylbenzenesulfonamide derivatives (7a-m)

The activation of the 4-(aminosulfonyl)benzoic acid (1 M equivalent)
was conducted by addition of HBTU (1 M equivalent) in dime-
thylformamide (DMF) (2 mL); the mixture reaction was stirred for 1 h at
room temperature. Then, a mixture of TEA (2 M equivalents) and
appropriate 4-aroylpiperazine derivatives 9a-m (1 M equivalent) was
added dropwise. The reaction mixture was left overnight at room tem-
perature and then quenched with HyO (10 mL) and extracted with
EtOAc (3 x 10 mL). The organic phase was washed with saturated NaCl
solution, dried with NaySO4 and concentrated until dryness under
reduced pressure. The residue was purified by crystallization from Et,0
and EtOH to give the desired final compounds 7a-m as white powder.

4.3.3. 4-(4-(2-Naphthoyl)piperazine-1-carbonyl)benzenesulfonamide (7a)

Yield: 56% (286 mg); m.p.: 273-275 °C; R¢: 0.39. H NMR (500 MHz,
DMSO-de): (5) 3.41-3.72 (m, 8H, CH,), 7.50 (s, 2H, NHy), 7.53-7.65 (m,
5H, ArH), 7.90-8.02 (m, 6H, ArH). 13C NMR (126 MHz, DMSO-dg): (8)
41.9, 47.1, 126.1, 126.9, 127.0, 127.4, 127.5, 127.8, 127.9, 128.4,
128.6, 132.4, 133.1, 133.4, 139.0, 145.2, 168.3, 169.5. Anal. for
(C22H21N304S): C 62.4%, H 5.0%, N 9.9%; Found: C 62.5%, H 4.7%, N
9.6%.

4.3.4. 4-(4-(Thiophene-2-carbonyl-)piperazine-1carbonyl)
benzenesulfonamide (7b)

Yield: 40% (144 mg); m.p.: 224-226 °C; Ry: 0.49. 'H NMR (500 MHz,
DMSO-dg): (8) 3.41-3.76 (m, 8H, CHy), 7.14 (t, J; = 3.2 Hz, J, = 4.8 Hz,
1H, ArH), 7.45 (d, J = 3.2 Hz, 1H, ArH), 7.48 (bs, 2H, NH,), 7.64 (d, J =
8.2 Hz, 2H, ArH), 7.78 (d, J = 4.8 Hz, 1H, ArH), 7.89 (d, J = 8.2 Hz, 2H,
ArH). I3CNMR (126 MHz, DMSO-dg): (8) 41.4, 46.4, 125.9, 126.9,
127.4, 127.7, 129.4, 129.7, 132.2, 136.3, 138.6, 144.8, 161.1, 167.9.
Anal. for (C16H17N304S5): C 50.6%, H 4.5%, N 11.1%; Found: C 50.5%,
H 4.7%, N 10.9%.

4.3.5. 4-(4-(3-Methylthiophene-2-carbonyl)piperazine-1-carbonyl)
benzenesulfonamide (7¢c)

Yield: 35% (109 mg); m.p.: 248-250 °C; R¢: 0.34. H NMR (500 MHz,
DMSO-dp): (8) 2.20 (m, 3H, CH3), 3.54-3.68 (m, 8H, CHy), 6.94 (m, 1H,
ArH), 7.47 (bs, 2H, NHy), 7.62 (m, 1H, ArH), 7.63 (d, J = 8.2 Hz, 2H,
ArH), 7.89 (d, J = 8.2 Hz, 2H, ArH). 3C NMR (126 MHz, DMSO-dg):
14.3,41.2,47.3,125.7,126.8,127.5,129.8,129.9, 136.9, 138.6, 144.7,
163.5, 167.9. Anal. for (C17H19N304S2): C 51.9%, H 4.9%, N 10.7%;
Found: C 51.7%, H 5.0%, N 10.8%.

4.3.6. 4-(4-(3-Bromothiophene-2-carbonyl)piperazine-1-carbonyl)
benzenesulfonamide (7d)

Yield: 48% (163 mg); m.p.: 218-220 °C; Ry: 0.40. 'H NMR (500 MHz,
DMSO-dg): (8) 3.39-3.72 (m, 8H, CHy), 7.15 (d, J = 5.1 Hz, 1H, ArH),
7.48 (bs, 2H, NHj), 7.63-7.65 (m, 2H, ArH), 7.79 (d, J = 5.1 Hz, 1H,
ArH), 7.90 (m, 2H, ArH). '3C NMR (126 MHz, DMSO-dg): 41.6, 46.9,
109.2, 126.0, 127.8, 127.9, 129.3, 130.0, 130.2, 131.9, 138.9, 145.1,
161.6, 168.2. Anal. for (C16H16BrN304S2): C 41.9%, H 3.5%, N 9.2%;
Found: C 41.8%, H 3.7%, N 9.3%.
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4.3.7. 4-(4-(5-Chlorothiophen-2-yDcarbonyl]piperazin-1-yDcarbonyl)
benzenesulfonamide (7e)

Yield: 44% (149 mg); m.p.: 217-219 °C; R¢: 0.37. 'H NMR (500 MHz,
DMSO-de): (8) 3.68-3.77 (m, 8H, CHy), 7.17 (d, J = 3.9 Hz, 1H, ArH),
7.35 (d, J = 3.9 Hz, 1H, ArH), 7.49 (bs, 2H, NH,), 7.64 (d, J = 8.2 Hz,
2H, ArH), 7.90 (d, J = 8.2 Hz, 2H, ArH). 13C NMR (126 MHz, DMSO-dg):
41.4, 46.4, 125.7, 125.9, 127.0, 127.3, 127.7, 129.5, 132.2, 136.3,
138.6, 144.8, 161.1, 167.9. Anal. for (C;6H16CIN304S2): C 46.4%, H
3.9%, N 10.15%; Found: C 46.2%, H 3.7%, N 10.3%.

4.3.8. 4-(4-(5-Nitrothiophen-2-yl)carbonyl)piperazin-1-yl)carbonyl)
benzenesulfonamide (7f)

Yield: 32% (81 mg); m.p.: 252-254 °C; R¢: 0.37. 'H NMR (500 MHz,
DMSO-dp): (8) 3.43-3.75 (m, 8H, CHy), 7.49 (m, 3H, NH,, ArH), 7.64 (d,
J = 8.2 Hz, 2H, ArH), 7.90 (d, J = 8.2 Hz, 2H, ArH), 8.10 (s, 1H, ArH).
13C NMR (126 MHz, DMSO-dg): 41.7, 46.3, 125.9, 127.69, 127.74,
128.68, 128.79, 129.2, 138.8, 143.7, 145.0, 152.3, 160.6, 168.1. Anal.
for (C16H16N406S2): C 45.3%, H 3.8%, N 13.2%; Found: C 45.5%, H
3.7%, N 13.5%.

4.3.9. 4-(4-(1-Benzothiophen-2-ylcarbonylpiperazin-1-yl]carbonyl)
benzenesulfonamide (7 g)

Yield: 43% (232 mg); m.p.: 244-246 °C; Ry: 0.18. 'H NMR (500 MHz,
DMSO-dg): (8) 3.66-3.82 (m, 8H, CHy), 7.45-7.46 (m, 3H, ArH), 7.49
(bs, 2H, NH,), 7.64 (d, J = 8.2 Hz, 2H, ArH), 7.77 (s, 1H, ArH), 7.90 (d, J
= 8.2 Hz, 2H, ArH), 8.01-8.02 (m, 1H, ArH). '3C NMR (126 MHz,
DMSO-dg): (8) 41.9, 47.4,122.8, 125.20, 125.26, 126.06, 126.08, 126.3,
127.9, 128.8, 136.8, 139.0, 139.6, 145.2, 163.0, 168.3. Anal. for
(C20H19N304S52): C 55.9%, H 4.5%, N 9.8%; Found: C 55.6%, H 4.3%, N
9.9%.

4.3.10. 4-(4-(Furan-2-carbonyl)piperazine-1-carbonyl)
benzenesulfonamide (7 h)

Yield: 60% (208 mg); m.p.: 211-213 °C; R¢: 0.68. TH NMR (500 MHz,
DMSO-de): (6) 3.37-3.79 (m, 8H, CH>), 6.64 (m, 1H, ArH), 7.04 (m, 1H,
ArH), 7.48 (bs, 2H, NH,), 7.64 (d, J = 8.2, 2H, ArH), 7.89 (m, 1H, ArH),
7.90 (d, J = 8.2, 2H, ArH). 3¢ NMR (126 MHz, DMSO-dg): (8) 42.0,
47.2, 111.6, 116.2, 126.1, 127.9, 139.0, 145.1, 145.2, 146.9, 158.8,
168.3. Anal. for (C;6H17N305S): C 54.1%, H 5.1%, N 11.1%; Found: C
54.3%, H 4.8%, N 10.9%.

4.3.11. 4-(4-(3-Methylfuran-2-yl)carbonyl]piperazin-1-yl)carbonyl)
benzenesulfonamide (71i)

Yield: 43% (167 mg); m.p.: 189-191 °C; R¢: 0.43. 'H NMR (500 MHz,
DMSO-dp): (8) 2.16 (s, 3H, CH3), 3.37-3.69 (m, 8H, CHy), 6.50 (m, 1H,
ArH), 7.47 (bs, 2H, NH)), 7.61-7.68 (m, 3H, ArH), 7.89 (m, 2H, ArH).
13¢ NMR (126 MHz, DMSO-dg): 11.3, 41.9, 47.5, 114.6, 125.9, 126.5,
127.8, 138.9, 142.3, 143.4, 145.0, 159.8, 168.1. Anal. for
(C17H19N305S): C 54.1%, H 5.1%, N 11.1%; Found: C 53.8%, H 5.2%, N
10.9%.

4.3.12. 4-(4-(5-Nitrofuran-2-yl)carbonyl)piperazin-1-yl)carbonyl)
benzenesulfonamide (7j)

Yield: 38% (102 mg); m.p.: 253-255 °C; R¢: 0.40. 'H NMR (500 MHz,
DMSO-dp): (8) 3.74-3.89 (m, 8H, CHy), 7.29 (m, 1H, ArH), 7.48 (bs, 2H,
NHy), 7.64 (d, J = 8.2, 2H, ArH), 7.76 (m, 1H, ArH), 7.90 (d, J = 8.2, 2H,
ArH). '3C NMR (126 MHz, DMSO-dg): 42.3, 46.4, 112.7, 112.8, 116.9,
117.2, 125.8, 127.3, 127.6, 138.5, 144.8, 147.2, 151.1, 156.8, 167.9.
Anal. for (C16H16N407S): C 54.1%, H 5.1%, N 11.1%; Found: C 53.7%, H
4.8%, N 11.3%.

4.3.13. 4-(4-(1-Benzofuran-2-ylcarbonylpiperazin-1-yl)carbonyl)
benzenesulfonamide (7 k)

Yield: 55% (318 mg); m.p.: 209-211 °C; R¢: 0.24. 'HNMR (500 MHz,
DMSO-de): (8) 3.43-3.84 (m, 8H, CHjy), 7.33-7.36 (m, 1H, ArH),
7.44-7.49 (m, 4H, NH,, ArH), 7.65-7.66 (m, 3H, ArH), 7.75-7.76 (m,
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1H, ArH), 7.90-7.92 (m, 2H, ArH). 13C NMR (126 MHz, DMSO-de): 41.8,
47.2, 111.4, 112.0, 122.6, 123.9, 126.0, 126.8, 127.8, 138.9, 145.1,
148.1, 154.1, 159.2, 168.2. Anal. for (CooH19N305S): C 58.1%, H 4.6%,
N 10.2%; Found: C 58.3%, H 4.8%, N 10.1%.

4.3.14. 4-(4-(1H-Pyrrole-2-carbonylpiperazine-1-carbonyD
benzenesulfonamide (7 1)

Yield: 62% (279 mg); m.p.: 247-249 °C; R¢: 0.42. H NMR (500 MHz,
DMSO-dp): (8) 3.71-3.81 (m, 8H, CHy), 6.12 (m, 1H, ArH), 6.53 (m, 1H,
ArH), 6.90 (m, 1H, ArH), 7.49 (bs, 2H, NH>), 7.64 (d, J = 8.2, 2H, ArH),
7.90 (d, J = 8.2, 2H, ArH), 11.47 (bs, 1H, NH). °C NMR (126 MHz,
DMSO-dg): (8) 41.9, 47.2, 108.5, 108.7, 112.1, 112.4, 121.5, 121.7,
124.0, 125.6, 125.8, 127. 7, 138.9, 144.7, 161.6, 168.1. Anal. for
(C16H18N404S): C 53.0%, H 5.0%, N 15.5%; Found: C 53.1%, H 5.2%, N
15.3%.

4.3.15. 4-(4-(1H-Indole-2-carbonyl)piperazine-1-carbonyl)
benzenesulfonamide (7 m)

Yield: 73% (209 mg); m.p.: 239-241 °C; R¢: 0.42. 'H NMR (500 MHz,
DMSO-dg) (8): 3.22-4.00 (m, 8H, CHy), 6.84 (bs, 1H, NH), 7.03-7.06 (m,
1H, ArH), 7.18-7.21 (m, 1H, ArH), 7.44-7.61 (m, 4H, ArH, NH2),
7.65-7.66 (m, 2H, ArH), 7.91-7.94 (m, 2H, ArH), 11.66 (bs, 1H, NH).
13C NMR (126 MHz, DMSO-dg): 41.6, 46.7, 104.3, 112.0, 119.7, 121.3,
125.8,126.7,127.5,135.9, 138.7, 141.2, 144.9, 162.1, 167.9. Anal. for
CooH2oN405S: C 58.2%; H 4.9%; N 13.6%. Found: C 58.1%; H 5.0%; N
13.4%.

4.4. CA inhibition assay

An Applied Photophysics stopped-flow instrument has been used for
assaying the CA catalysed CO, hydration activity. Phenol red (at a
concentration of 0.2 mM) has been used as indicator, working at the
absorbance maximum of 557 nm, with 10 — 20 mM Hepes (pH 7.5) as
buffer, and 20 mM NaySO4 or 20 mM NaClOy4 (for maintaining constant
the ionic strength), following the initial rates of the CA-catalyzed CO»
hydration reaction for a period of 10-100 s. The CO2 concentrations
ranged from 1.7 to 17 mM for the determination of the kinetic param-
eters and inhibition constants. For each inhibitor at least six traces of the
initial 5-10% of the reaction have been used for determining the initial
velocity. The uncatalyzed rates were determined in the same manner
and subtracted from the total observed rates. Stock solutions of inhibitor
(10 mM) were prepared in distilled-deionized water and dilutions up to
0.01 nM were done thereafter with distilled-deionized water. Inhibitor
and enzyme solutions were preincubated together for 15 min at room
temperature prior to assay, in order to allow for the formation of the E-I
complex. The inhibition constants were obtained by non-linear least-
squares methods using PRISM 3, as reported earlier, and represent the
mean from at least three different determinations. CA isoforms were
recombinant ones obtained as reported earlier by this group and their
concentration in the assay system was of 5-10 nM. 5,645
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